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Antibiotic disks with and without clavulanic acid, 3-aminophenylboronic acid, or EDTA were tested with a
set of 55 Klebsiella pneumoniae and Escherichia coli strains producing well-characterized extended-spectrum,
AmpC, or carbapenem-hydrolyzing B-lactamases. A relatively simple scheme was devised for distinguishing
B-lactamase types in clinical isolates with or without intact outer membrane porins.

The ever increasing variety of B-lactamases that have been
reported in Escherichia coli, Klebsiella pneumoniae, Klebsiella
oxytoca, and other members of the family Enterobacteriaceae
constitute a diagnostic challenge for the clinical microbiology
laboratory (18, 22, 31). Many methods for the detection of
extended-spectrum B-lactamases (ESBLs), plasmid-mediated
AmpC B-lactamases, and carbapenemases have been pro-
posed; but some procedures are technically demanding and
time-consuming, others are hard to interpret, and still others
require specialized reagents and reagents that are difficult to
obtain (6).

The CLSI has published guidelines for ESBL detection that
involve an initial screening with standard cefpodoxime, cefta-
zidime, aztreonam, cefotaxime, or ceftriaxone disks, followed
by a confirmatory test with ceftazidime and cefotaxime disks
alone and in combination with clavulanic acid (11). Augmen-
tation of the zone of inhibition by =5 mm is considered a
positive test result. Resistance to a cephamycin is very sugges-
tive of the presence of an AmpC-type enzyme but can be
mimicked by porin loss in K. pneumoniae (14, 24). Recently, a
test for AmpC-type B-lactamases that involves augmentation
of the inhibition zone around ceftazidime and cefotaxime disks
by a boronic acid compound has been proposed by Yagi et al.
(46). Other inhibitors have also been proposed to aid with the
detection of metallo-B-lactamases (2, 21). Testing is compli-
cated by the fact that the pattern of resistance may be altered
by porin loss (24).

The aim of the present study was to evaluate the perfor-
mance of such simple disk tests with a sample of clinical iso-
lates and E. coli transconjugants making a variety of well-
characterized B-lactamases with the hope of proposing a
relatively simple disk scheme that could be used by laborato-
ries without sophisticated equipment to distinguish the main
classes of B-lactamases.

MATERIALS AND METHODS

Bacterial strains, chemicals, and antibiotics. Table 1 lists the bacterial strains
used in this study and the B-lactamases that they produce. The enzymes pro-
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duced by previously unpublished strains were identified by isoelectric focusing,
PCR amplification, cloning, and sequencing, as described previously (1, 19, 28,
36). Plasmids were transferred to porin-deficient K. pneumoniae strain C2 (24) by
conjugation (16). Lithium clavulanate was purchased from the U.S. Pharmaco-
peia (www.usp.org), while 3-aminophenylboronic acid (APB) and EDTA diso-
dium salt (EDTA) were obtained from Sigma (St. Louis, MO). Mueller-Hinton
agar and antibiotic disks were purchased from Becton Dickinson and Company
(Sparks, MD). The aztreonam, cefepime, cefotaxime, cefoxitin, ceftazidime, and
ceftriaxone disks each contained 30 pg of antibiotic, while the cefpodoxime and
imipenem disks each contained 10 pg of antibiotic.

Susceptibility testing. Disk susceptibility testing followed the recommenda-
tions of the CLSI by using unsupplemented Mueller-Hinton agar and incubation
at 37°C for 16 to 20 h (11). E. coli ATCC 25922 was used for quality control.
Inhibitory disks were made by adding 10 wg clavulanate (11), 300 pg APB (46),
or 200 pg neutralized EDTA to antibiotic disks.

RESULTS

Oxyimino-f3-lactam resistance. The following isolates were
tested: 27 clinical isolates of K. pneumoniae and E. coli and 12
E. coli transconjugants producing TEM-, SHV-, and CTX-M-
type ESBLs; 8 clinical isolates and 4 E. coli transconjugants
making AmpC type B-lactamases; 2 strains producing carbap-
enemases; and 2 clinical isolates making both plasmid-medi-
ated extended-spectrum and AmpC B-lactamases. The en-
zymes in all strains were fully characterized. About 30% of the
ESBL-producing strains and 50% of the AmpC-producing
strains also made a pI 5.4 enzyme consistent with the TEM-1
B-lactamase, and most of the K. pneumoniae clinical isolates
had a pI 7.6 enzyme consistent with SHV-1; but except for the
two strains indicated in Table 1, none of the strains made more
than a single ESBL, AmpC, or carbapenem-hydrolyzing B-lac-
tamase.

For the ESBL-producing strains, the distributions of the
zone diameters obtained on disks containing ceftazidime, ce-
fotaxime, aztreonam, cefpodoxime, ceftriaxone, or cefepime
are shown in Fig. 1, where the darker bars represent isolates
that failed to meet the currently recommended CLSI break-
points for ESBL screening by the disk test. The particular
B-lactamases produced by such strains are listed in Table 2. No
disk criteria recognized every ESBL-producing strain. Screen-
ing with a cefpodoxime disk provided the fewest false-negative
results, but nonetheless, three ESBL-producing strains would
have been overlooked. The number of strains overlooked in-
creased to five with an aztreonam disk and to eight with single



1972 JACOBY ET AL.

TABLE 1. Test strains and B-lactamases

Strain Designation B-Lactamase(s) Reference

K. pneumoniae 3689 TEM-3 19

E. coli J53 pUD16 TEM-4 32

K. pneumoniae ~ CF504 TEM-5 33

E. coli J53 pIF100 TEM-7 13

K. pneumoniae  2633E TEM-9 41

E. coli 14714 TEM-10 17

K. pneumoniae  G11 TEM-11 43

K. pneumoniae 5934 TEM-12 39

E. coli MCV36 TEM-12 Unpublished
E. coli J53 pMG274 TEM-15 29

K. pneumoniae  CF1304 TEM-16 10

E. coli UABS TEM-19 Unpublished
E. coli TEM-20 TEM-20 5

E. coli TEM-21 TEM-21 5

K. pneumoniae  CF1104 TEM-24 10

E. coli CF1609 TEM-25 35

K. pneumoniae 5657 TEM-26 39

K. pneumoniae  L1J64974 TEM-26 Unpublished
E. coli J53 pMG276 TEM-52 29

K. pneumoniae  G19 TEM-61 43

K. pneumoniae 3635 TEM-71 36

K. pneumoniae K28 TEM-88 29

K. pneumoniae  NEDH-1 SHV-2 24

E. coli J53 pUD18 SHV-3 27

E. coli J53 pUD21 SHV-4 9

K. pneumoniae 147460 SHV-5 Unpublished
K. pneumoniae ~ WCMC12 SHV-5 Unpublished
K. pneumoniae  Maryl2 SHV-5 Unpublished
K. pneumoniae  JD227 SHV-5 Unpublished
E. coli J53 pSLH47 SHV-6 3

K. pneumoniae ~ WCMC9 SHV-7 Unpublished
K. pneumoniae 48188 SHV-12 Unpublished
K. pneumoniae 49760 SHV-12 Unpublished
K. pneumoniae  MCV41¢ SHV-18 37

E. coli GC4209 CTX-M-5 8

E. coli J53 p4-3 CTX-M-9 44

E. coli J53 pMG267 CTX-M-14 28

K. pneumoniae  Indial7 CTX-M-15 20

E. coli 4202 CTX-M-15 Unpublished
K. pneumoniae ~ SLK54 ACC-1 26

K. pneumoniae ~ BLI18 ACT-1 1

E. coli UMMC29 CMY-2 1

K. pneumoniae  UCLA14 DHA-1 1

K. pneumoniae  BA32 FOX-1 12

E. coli J53 p1734 FOX-3 23

E. coli GCE FOX-4 7

K. pneumoniae  UABI1 FOX-5 1

E. coli XL1Blue pHP15 LAT-1 42

K. pneumoniae 96D MIR-1 30

E. coli J53 pPRMOX1 MOX-1 15

E. coli J53 pKOL MOX-2 38

K. pneumoniae  6206° KPC-3 Unpublished
E. coli DH10B pNOR- VIM-2 34

2001
K. pneumoniae 77845 ACT-1 and Unpublished
TEM-10
K. pneumoniae  JD225 FOX-5 and Unpublished
SHV-5

“Identical in source and phenotype to ATCC 700603, a reference strain for
ESBL testing.
b Isolated at New York University Medical Center in 2003.

ceftazidime or cefotaxime disks. Screening with two disks in-
creased the rate of ESBL detection, but the combination of
ceftazidime and cefotaxime still missed two strains producing
the SHV-5 and SHV-7 ESBLs.
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Strains making KPC-3, VIM-2, or 12 different AmpC-type
B-lactamases were also positive with each antibiotic disk by use
of the criteria for the ESBL screening test, with two exceptions:
a transconjugant making MOX-1, which would not have been
identified as a resistance suspect with a ceftazidime or aztreo-
nam disk, and an E. coli transconjugant making VIM-2, which
had a 40-mm zone diameter with aztreonam, an antibiotic
known to be unaffected by VIM-2 (34).

Clavulanic acid enhancement. The distributions of the zone
diameter increases with the test strains and the various antibi-
otic disks on addition of clavulanic acid are shown in Fig. 2,
while the particular enzymes present in strains that failed this
confirmatory test are indicated in Table 2. It is evident that
many strains failed to show zone diameters of 5 mm or more by
clavulanic acid enhancement of the cefpodoxime or ceftriax-
one disks, whose use, appropriately, is not recommended as
part of the CLSI ESBL detection criteria. Ceftazidime plus
clavulanic acid was the best single disk combination, but 4 of
the 39 ESBL-producing strains failed the confirmatory test. By
combined testing with ceftazidime and cefotaxime, all the
ESBL-producing strains had zone diameters of =5 mm with
clavulanic acid enhancement. Fittingly, the CLSI confirmatory
test requires the use of both ceftazidime and cefotaxime alone
and in combination with clavulanic acid (11).

There were a few false-positive results with the clavulanic
acid enhancement test. A clinical isolate making the AmpC
enzyme ACT-1 had a 5-mm enhancement of the zone of inhi-
bition around a ceftazidime disk, while a transconjugant mak-
ing the AmpC enzyme MOX-2 showed a 5-mm zone enhance-
ment with clavulanic acid and an aztreonam disk. A clinical
isolate making the carbapenemase KPC-3 also had a 5-mm
enhancement with clavulanic acid of the zone around a cefo-
taxime disk and a 6-mm enhancement of the zone around an
aztreonam disk, a result that was not unexpected since this
class A enzyme is known to be susceptible to clavulanic acid
inhibition (45). Other resistance properties of the ACT-1-
and MOX-2-producing strains, such as their resistance to
cefoxitin, would, however, correct any confusion that they
produced ESBLs.

Cefoxitin resistance. The 12 AmpC B-lactamase-producing
strains had zone diameters with a cefoxitin disk of 11 mm or
less, with the exception of a clinical isolate making ACC-1,
which had an 18-mm cefoxitin zone and which, consequently,
would be considered cefoxitin susceptible, a known peculiarity
of the enzyme (4). The strain producing the VIM-2 carbapen-
emase was also cefoxitin resistant, but the strain making the
KPC-3 carbapenemase and all the ESBL-producing strains
were cefoxitin susceptible, except for the special case of strain
NEDH-1.

Strain NEDH-1 carries a plasmid encoding the ESBL
SHV-2 and lacks both the OmpK35 and the OmpK36 porins
(24). Cefoxitin resistance is due to porin loss since it persists if
the plasmid is eliminated, while the plasmid itself does not
express cefoxitin resistance if it is transferred to a new host.
Consequently, porin loss or the presence of a metallo-B-lacta-
mase such as VIM-2 needs to be ruled out before cefoxitin
resistance can be considered a reliable indicator of the pres-
ence of an AmpC B-lactamase.

APB enhancement. Yagi et al. (46) have proposed augmen-
tation of ceftazidime or cefotaxime resistance with APB as
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FIG. 1. Distribution of diameters of zones of inhibition obtained with various antibiotic disks and ESBL-producing strains. The darker shaded
columns lie outside the current CLSI screening criteria for ESBL detection. No criteria have been established for cefepime.

diagnostic of the presence of an AmpC-type B-lactamase. By
adoption of a =5-mm enlargement of the zone of inhibition as
a positive test result (46), APB inhibited ceftazidime and ce-
fotaxime resistance in most AmpC-producing strains; the ex-
ceptions were ACT-1- and MOX-2-producing strains, which
failed with ceftazidime plus APB, and DHA-1- and FOX-1-
producing strains, which failed with cefotaxime plus APB.
There were, however, no false-positive results with any ESBL-
producing strain or with strains making VIM-2 or KPC-3. With
cefoxitin and cefoxitin-APB disks, all AmpC-producing strains
were positive except for the strain making ACC-1, which was
unaffected (because the enzyme has hardly any activity against
cefoxitin) (4). Also, no change in cefoxitin resistance when
APB was used with cefoxitin was seen when plasmids encoding
the AmpC enzymes ACT-1 and DHA-1 were introduced into
porin-deficient strain C2 because strain C2 itself had no zone
of inhibition around the cefoxitin disk. The strain C2 deriva-
tives, however, still showed positive responses with ceftazidime
and APB.

Imipenem resistance. Only two carbapenemase-producing
strains were available for testing. Both KPC-3 and VIM-2

caused a decrease in imipenem susceptibility (zone diameters,
16 and 20 mm, respectively) in strains of E. coli and K. pneu-
moniae, but the zones were still within the susceptible range
(=16 mm). For the strain producing KPC-3, clavulanic acid
increased the imipenem zone diameter, but only by 3 mm.

AmpC-type enzymes can also produce carbapenem resis-
tance in porin-deficient K. pneumoniae strains (24). K. pneu-
moniae strain C2 was derived from NEDH-1 by elimination of
the plasmid encoding SHV-2. On introduction of AmpC-en-
coding plasmids into strain C2, imipenem zone diameters of 10
mm (plasmid pMG251 making ACT-1) or 18 mm (plasmid
pMG247 making DHA-1) were observed, indicating that the
degree of imipenem resistance depends on the particular
AmpC B-lactamase involved. In both strains, resistance was
still affected by APB, with zone diameter increases of 9 and 5
mm, respectively. Strain C2 carrying pNOR-2001 and produc-
ing VIM-2 was fully resistant, with no zone of inhibition
around the 6-mm imipenem disk.

EDTA enhancement. EDTA chelates the metal required
for class B B-lactamase activity and has been used in screen-
ing tests for metallo-B-lactamase production (2). Addition
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TABLE 2. ESBL-producing strains failing to meet CLSI criteria

Test

Enzyme“

Screening test
Ceftazidime zone size >22mm
Cefotaxime zone size >27 mm
Aztreonam zone size >27 mm
Cefpodoxime zone size >17 mm
Ceftriaxone zone size >25 mm
Ceftazidime and cefotaxime”
Ceftazidime and aztreonam
Ceftazidime and cefpodoxime
Ceftazidime and ceftriaxone

None
None

Confirmatory test

Ceftazidime

Cefotaxime

Aztreonam

Cefpodoxime Many
Ceftriaxone Many
Ceftazidime and cefotaxime® None
Ceftazidime and aztreonam CTX-M-15

TEM-20, TEM-25, SHV-3, SHV-5, SHV-7, CTX-M-5, CTX-M-14, CTX-M-15
TEM-7, TEM-10, TEM-11, TEM-12, TEM-26, SHV-5, SHV-6, SHV-7
TEM-7, TEM-20, TEM-25, SHV-3, SHV-6

TEM-11, TEM-12, SHV-6

TEM-7, TEM-10, TEM-11, SHV-6, SHV-18

SHV-5, SHV-7

TEM-20, TEM-25, SHV-3

TEM-88, SHV-2, CTX-M-14, CTX-M-15
TEM-5, TEM-7, TEM-10, TEM-11, TEM-12, TEM-26, TEM-61, SHV-5, SHV-6
TEM-10, TEM-12, TEM-25, SHV-6, CTX-M-15

“ The enzyme in strains failing the CLSI screening criteria (screening test) or the enzyme in strains failing the CLSI clavulanate inhibition test (zone enhancement,

<5 mm).
b Screening test failure for both agents.
¢ Confirmatory test failure for both agents.

of 200 wg EDTA to imipenem disks produced a 12-mm zone
diameter enhancement with an E. coli strain producing
VIM-2 and a 15-mm zone diameter enhancement with the
VIM-2-encoding plasmid in porin-deficient strain C2.
EDTA had no effect on the imipenem susceptibilities of
strains making the AmpC enzyme ACT-1 or DHA-1 or class
A carbapenemase KPC-3 whether it was in a strain with
normal or deficient porins.

Dual resistance. Two clinical isolates produced both an
AmpC enzyme and an ESBL (either TEM-10 or SHV-12).
Testing showed that the strains met the screening criteria for
ESBL production with any of the recommended antibiotic
disks and were also cefoxitin resistant. By the use of conven-
tional susceptibility criteria, they would have been labeled as
ceftazidime, aztreonam, and cefpodoxime resistant but cefo-
taxime and ceftriaxone intermediate. Both strains gave dual
responses to inhibitors, with zone diameter increases of =5
mm on disk supplementation with either clavulanic acid or
APB, indicating that each of the resistance genes could be
independently recognized in these two strains.

Provisional interpretation. So many individual enzymes are
known that full characterization of the B-lactamase responsible
for resistance requires the use of molecular techniques such as
bla gene amplification by PCR and DNA sequencing, but some
empirical rules can be gleaned from simple disk zone diame-
ters. For example, the ratio of the zone diameter obtained with
cefotaxime to that obtained with ceftazidime was 0.6 or less for
the three strains with CTX-M-type enzymes but was more than
0.6 for all 28 of the TEM and SHV ESBL producers. The same
cefotaxime zone diameter/ceftazidime zone diameter ratio was
1.8 or less for 9 of 9 strains producing ESBLs in the SHV
family but for only 9 of 19 TEM ESBL producers. More strains
will need to be tested to see if such a ratio is consistently
discriminating.

DISCUSSION

Based on the response to disk tests with and without inhib-
itors, a relatively simple scheme for distinguishing -lactama-
ses is described in Table 3. Initial screening uses ceftazidime
and cefotaxime disks and the screening criteria proposed for
ESBL detection by the CLSI: positive responses are zones of
inhibition of <22 mm for ceftazidime and <27 mm for cefo-
taxime. AmpC- and carbapenem-producing strains will also be
screen test positive. Positive strains should be retested with
ceftazidime and cefotaxime disks containing clavulanic acid
and with cefoxitin and imipenem disks. ESBL-producing
strains will show a =5-mm zone enhancement with clavulanic
acid (Fig. 2 and Table 2). Strains with one of the currently
uncommon class A carbapenemases, such as a plasmid-medi-
ated KPC enzyme, give similar responses to clavulanic acid but
may demonstrate reduced susceptibility rather than resistance
to imipenem. Strains producing AmpC B-lactamases or class B
carbapenemases will not respond to clavulanic acid and will
generally be cefoxitin resistant. They should be retested with
disks containing APB. If resistance to ceftazidime, cefotaxime,
or cefoxitin is reduced by APB, an AmpC B-lactamase is
present. If it is not, testing should be repeated with disks
containing EDTA; a positive response indicates the presence
of a class B carbapenemase. The testing can be done in a single
batch to speed detection, especially if strains with enzymes
other than ESBLs are prevalent, but at the expense of using
additional resources.

The scheme is not perfect. An occasional ESBL-producing
strain may be overlooked in an initial screen with ceftazidime
and cefotaxime (Fig. 1 and Table 2). A strain producing a class
A carbapenemase will have a positive response to clavulanic
acid and may be falsely categorized as producing an ESBL if a
reduction in imipenem susceptibility is not evident, a detection
problem previously noted by Smith Moland et al. (40). A pos-
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FIG. 2. Distribution of zone diameter increases with addition of 10 pg clavulanic acid to antibiotic disks for ESBL-producing strains. The darker
shaded columns represent strains with <5 mm of zone diameter enhancement. The ESBL confirmatory test recommended by the CLSI uses

clavulanic acid only with ceftazidime and cefotaxime.

itive response to APB indicates the production of an AmpC
B-lactamase but not necessarily a plasmid-mediated enzyme
since in E. coli strains this phenotype may result as well from
overexpression of the chromosomal ampC gene (25). More

TABLE 3. Summary of diagnostic criteria”

CAZ Clavulanic

B-Lactamase Il)gsrslf or  acid FOX¢ resApl())Ese IPM? rfs]ggrée
CTX¢ response

ESBL - P Yes® S No S No
+ P Yes R No S No
AmpC - P No R Yes S No
+ P No R No R/S No
Carbapenemase — P Yes S No IS No
class A + P Yes R No IS No
Carbapenemase — P No R No IS Yes
class B + P No R No R Yes

“ CAZ, ceftazidime; CTX, cefotaxime; FOX, cefoxitin; IPM, imipenem.
® Loss of porins OmpK35 and OmpK36 in K. pneumoniae.
¢ P, positive CLSI screening test result.

@R, resistant; S, susceptible; |S, decreased susceptibility by CLSI disk inter-

pretive criteria.
¢ The enhancement of the zone of inhibition was =5 mm.
/For AmpC, an APB response was seen with CAZ or CTX but not FOX.

strains producing CTX-M-type ESBLs and carbapenemases
also need to be evaluated to improve the criteria for their
detection.
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