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(57) ABSTRACT

The present invention provides a method of detecting produc
tion of antibiotic-inactivating factor and for determining the 
antibiotic susceptibility of a microorganism comprising the 
following steps, a culture of the microorganism suspected of 
producing inactivating factors and/or whose susceptibility is 
to be determined is admixed with an antibiotic to which 
susceptibility is to be assayed, and a permeabilizing agent for 
the microorganism present in a non-growth-inhibiting micro- 
organism-permeabilizing effective amount to form an assay 
culture. The assay culture is incubated under appropriate 
culture conditions and for a time sufficient to determine pro
duction of antibiotic-inactivating factors and/or the suscepti
bility of the microorganism to the antibiotic. In another 
aspect, the present invention provides an improved method 
for antibiotic susceptibility testing of a microorganism in a 
culture by admixing the culture with an antibiotic to which 
susceptibility is to be assayed, and incubating the culture for 
a time sufficient to determine the susceptibility of the micro
organism to the antibiotic, the improvement comprising 
admixing the culture with a permeabilizing agent for the 
microorganism present in a non-growth inhibiting microor- 
ganism-permeabilizing effective amount.
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DEVICE AND METHOD FOR DETECTING 
ANTIBIOTIC INACTIVATING ENZYMES

CROSS-REFERENCE TO RELATED 
APPLICATIONS

The present application is a continuation-in-part applica
tion of U.S. application Ser. No. 11/176,420, filed Jul. 7,2005 
now U.S. Pat. No. 7,267,962, which claims priority of U.S. 
application Ser. No. 10/387,788 filed Mar. 13, 2003, which 
claims priority of U.S. Provisional Application Ser. No. 
60/364,232 filed Mar. 13, 2002, all of which are incorporated 
herein by reference in their entirety.

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT

None.

BACKGROUND OF THE INVENTION

Clinicians and veterinarians often select antibiotic thera
pies for infections on the basis of laboratory test results. The 
laboratory tests, known as antimicrobial or antibiotic suscep
tibility tests, determine the in vitro antimicrobial activity of 
antibiotics against the microorganisms that cause infections. 
If the antibiotic susceptibility test indicates that an antibiotic 
is sufficiently potent to treat an infection, the microoigamsm 
causing the infection is reported to be “susceptible” to the 
antibiotic. If the test indicates a lack of sufficient antimicro
bial potency for successful therapy, the microorganism is 
reported as “resistant” to the antibiotic. In some tests other 
categories of susceptibility may be reported, e.g. “moderate 
susceptibility” or “intermediate susceptibility.”

A problem with currently available antimicrobial suscep
tibility tests is their failure to reliably predict the in vivo effect 
and therefore the outcome of clinical therapy. Sometimes an 
antibiotic will fail to cure an infection even though the micro
organism is susceptible to the antibiotic in the laboratory test. 
That is, the current routine laboratory tests can be misleading 
and give an over-optimistic impression of the therapeutic 
potential of antibiotics. These tests can therefore cause 
patients to be given ineffective treatments. In serious infec
tions, this inadequacy of current laboratory tests can have 
fatal consequences.

There are many reasons for failures of antibiotic therapies 
that were initiated on the basis of antibiotic susceptibility 
tests. Some involve patient-related factors. Some involve 
pathogen-related factors. However one explanation is error 
arising from a deficiency in the antibiotic susceptibility test 
itself. That deficiency is that current routine antibiotic sus
ceptibility tests do not detect the antibiotic-inactivating 
potential of some microorganisms. Some microorganisms 
produce enzymes that inactivate antibiotics. Such enzymes, 
which are not reliably detected in routine antibiotic suscepti
bility tests, may cause sufficient antibiotic inactivation at the 
site of an infection in vivo to cause a treatment failure. Well 
known enzymes of this type are the (3-lactamases that certain 
bacteria produce to inactivate (3-lactam antibiotics. (3-lacta
mases are bacterial enzymes that inactive (3-lactam antibiotics 
by hydrolysis of the (3-lactamase bond. These enzymes may 
differ in their substrate profiles, i.e. the drugs they can inac
tivate.

Plasmid-mediated AmpC (3-lactamases were first reported 
in the 1980’s. Bauemfeind, A., Y. Chong, and S. Schweighart 
1989. Extended broad-spectrum (3-lactamase in Klebsiella 
pneumoniae including resistance to cephamycins. Infection.

1
17:316-321. They arose as a consequence of the transfer of 
chromosomal genes for inducible AmpC (3-lactamases onto 
plasmids. These enzymes have been reported in isolates of E. 
coli, K. pneumoniae, K. oxytoca, Salmonella spp., Citro- 
bacter freundii, Enterobacter aerogenes, and Proteus mira- 
bilis. The genes are typically encoded on large plasmids con
taining other antibiotic encoding resistance genes, leaving 
few therapeutic options. Extended spectrum beta-lactamases 
(ESBLs) were first reported in 1983 (Knothe, H., P. Shah, V. 
Kremery, M. Antal, and S. Mitsuhashi, 1983. Transferable 
resistance to cefotaxime, cefoxitin, cefamandole and 
cefuroxime in clinical isolates of Klebsiella pneumoniae and 
Serratia marcescens. Infection 11:315-7). These enzymes 
have been reported most commonly in Klebsiella spp. and E. 
coli isolates. ESBLs cause clinically significant resistance to 
penicillins, cephalosporins and aztreonam. In some isolates, 
the resistance in not reliably detected by routine susceptibility 
tests. As with AmpC- (3-lactamases, the ESBLs are usually 
encoded by genes on large plasmids that carry genes for 
resistance to other classes of antibiotics. Carbapenem-hydro- 
lyzing (3-lactamases were reported at least as early as 1997 
(Livermore, D. M. 1997. Acquired carbapenemases. J Anti- 
microb Chemother 39:673-6). The carbapenem-hydrolyzing 
enzymes are the most diverse group of all (3-lactamases. The 
plasmid-mediated versions of these enzymes must not be 
ignored because some possess the most extensive substrate 
profiles of all (3-lactamases. All may cause problems of false 
susceptibility in routine susceptibility tests.

Although it has been over ten years since plasmid-medi
ated AmpC (3-lactamases, ESBLs, and carbapenem-hydroly- 
izing (3-lactamases were discovered, some clinical labs and 
physicians remain unaware of their clinical importance. As a 
result, these (3-lactamases often go undetected. Without 
detection, correct therapy for infected patients may not be 
given and can lead to uncontrolled spread of resistant strains. 
Currently there are no Clinical and Laboratory Standards 
Institute (CLSI) recommendations for detection of plasmid- 
mediated AmpC, extended-spectrum or carbapenem-hydro
lyzing (3-lactamases.

The currently used antibiotic susceptibility tests, which 
reliably measure only the antimicrobial activity of antibiotics 
in vitro and not the ability of the microorganisms to cause 
antibiotic inactivation in vivo, fail to take into account this 
very important determinant of the outcome of therapy. This 
deficiency in the tests places clinicians at a disadvantage in 
selecting the most appropriate antibiotics for their infected 
patients.

In summary, there is a need for antibiotic susceptibility 
tests that provide clinicians with information about both the 
antimicrobial activity of antibiotics and, additionally, the 
ability of microoiganisms to inactivate antibiotics. Such tests 
should improve the quality of therapeutic decision-making by 
clinicians when selecting antibiotic therapies for patients 
with infections.

Antibiotic susceptibilities are determined routinely by 
either disk diffusion or antibiotic dilution methods, or by 
methods that are derivatives of these two methods. In disk 
diffusion methods [for example see Bauer, A. W. et al., Ameri
can Journal of Clinical Pathology. 45:493-496 (1966); Bell, 
S. M , Pathology. 7:Suppl 1-48 (1975); Stokes, E. J., et al., 
Association of Clinical Pathologists Broadsheet, No. 55 (re
vised) (1972)] a standard quantity of the causative microor
ganism is uniformly spread over the surface of an appropriate 
culture medium (hereafter referred to as agar). Then several 
filter paper disks impregnated with specific amounts of 
selected antibiotics are placed on the agar surface. The agar is 
then incubated for an appropriate period at an appropriate
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temperature. During incubation the antibiotics diffuse out of 
the disks into the agar and the microorganism grows on the 
surface of the agar, except in the areas where antibiotics 
inhibit its growth. Inhibition of growth is detected as clear 
zones of no growth (inhibition zones) on the agar around the 
antibiotic disks. The sizes of the inhibition zones are mea
sured and compared to established interpretive criteria to 
determine the microorganism’s susceptibility or resistance to 
antibiotics.

Dilution methods test antibiotic susceptibility on either 
solid agar or in liquid broth. [National Committee for Clinical 
Laboratory Standards 1997. Methods for dilution antimicro
bial susceptibility tests for bacteria that grow aerobically. 
Approved standard M7-A4. National Committee for Clinical 
Laboratory Standards, Villanova, Pa.] In the dilution method 
a constant quantity of microbial inoculum is introduced into a 
series of tubes or wells of broth (or onto one or more agar 
plates) containing varying concentrations of antibiotic. After 
incubation for an appropriate period the broth (or agar) tests 
are inspected and the lowest concentration of antibiotic that 
prevents detectable growth of the microorganism recorded. 
This concentration is the minimum inhibitory concentration 
(MIC) of the antibiotic.

Both disk diffusion and dilution methods are generally 
deficient in that they do not yield information about the ability 
of microorganisms to inactivate antibiotics.

Various techniques for detecting antibiotic-inactivating 
enzymes of bacteria have been reported in the scientific lit
erature. Some techniques are used to detect the activity of 
specific antibiotic-inactivating enzymes (e.g. (3-lactamases), 
while others are non-specific and detect enzymes that inacti
vate more than one class of antibiotics. The following are 
exemplary tests used to detect antibiotic-inactivating 
enzymes of bacteria.

Specific tests for the detection of chloramphenicol acetyl- 
transferase are reviewed in Chauchereau, A., et al., Analytical 
Biochemistry. 188:310-316 (1990). These are complex tests 
to detect enzymatic inactivation of chloramphenicol and 
require special instruments capable of measuring the absor
bance of light at specific wavelengths or of measuring radio
activity. Such tests are not antibiotic susceptibility tests and 
their complexity is such that they are unsuitable for routine 
clinical microbiology laboratories.

The production of (3-lactamases by Staphylococcus aureus 
is inferred by the production of a distinctive heaped-up mar
gin of the inhibition zone around a penicillin antibiotic disk. 
Gill, V. J ,  et al., J. Clin. Microbiol. 14:437-40 (1981). Beta- 
lactamase production by many types of bacteria can also be 
detected chemically by testing the bacteria with an indicator 
substance such as nitrocefin. Oberhofer, T. R., et al., J. Clin. 
Microbiol. 15:196-9 (1982); O’Callaghan, C. H , et al, 
A.A.C. 1:283-288 (1972). These tests are reliable indicators 
only of (3-lactamase-determined resistance of Staphylococ
cus aureus, Staphylococcus epidermidis, Moraxella 
catarrhalis, Neisseria and Haemophilus species to certain 
types of penicillin antibiotics. They do not predict the poten
tial for any other bacteria to resist these penicillins, and they 
do not predict the potential for any bacteria to be resistant to 
any of the other classes of (3-lactam antibiotics, such as cepha
losporins, cephamycins, monobactams, monocarbams, pen- 
ems or carbapenems. In short, these are useful tests of limited 
scope. For tests of (3-lactam antibiotics, a more comprehen
sive test is needed to detect the activities of all (3-lactamases 
against all (3-lactam antibiotics.

Disk diffusion tests can be modified by a pre-incubation 
procedure to determine the ability of (3-lactamases from Sta
phylococcus aureus to inactivate (3-lactam antibiotics. Lacey,

3
R. W , and A. Stokes, J Clin Pathol. 30:35-9 (1977). This 
procedure results in smaller inhibition zones than those for 
which the interpretive criteria of the tests were calibrated. The 
preincubation procedure thereby invalidates the interpretive 
tables that are necessary to determine antibiotic susceptibility 
or resistance. This is a serious deficiency because it would be 
unethical to base therapy on this procedure which lacks vali
dated interpretive criteria.

The clover leaf test [Andremont, A , et a l. Proceedings 
Reunion Interdisciplinaire de Chimiothérapie Antiinfec
tieuse. Société française de Microbiologie, Paris:50 (1982); 
Kjellander, J ,  et a l. Acta Pathologica Microbiologica Scan- 
dinavica. 61:494 (1964)] is a special technique used to detect 
(3-lactamases and is also claimed to detect two other types of 
antibiotic-inactivating enzymes, chloramphenicol acetyl- 
transferase and erythromycin esterase. This test is not an 
antibiotic susceptibility test and must be set up as an addi
tional procedure. This is inconvenient and therefore a disad
vantage. Furthermore there are doubts about the validity of 
results obtained with this procedure. Jorgensen, P. E , Che
motherapy. 31:95-101 (1985); Reig, M , e ta l, European jour
nal of Clinical Microbiology. 3:561-562 (1984).

The cefoxitin induction test [Sanders, C. C , and W. E. 
Sanders, Jr, A.A.C. 15:792-797 (1979)] is a special proce
dure for detecting a particular type of bacterial (3-lactamase, 
the inducible AmpC (3-lactamase of Bush Group 1. Bush, K , 
et a l, A.A.C. 39:1211-1233 (1995). This test does not detect 
all types of (3-lactamases, and like the clover leaf test it is a 
special procedure that can be used to supplement antibiotic 
susceptibility tests. It is not, in itself, an antibiotic suscepti
bility test.

The double disk potentiation test (and its derivatives) 
involves strategically placing an amoxicillin/clavulanate or 
ticarcillin/clavulanate disk 20 to 30 mm from disks contain
ing cefotaxime, ceftriaxone, ceftizoxime, ceftazidime, 
cefepime or aztreonam on an agar plate. It is therefore pos
sible to determine if a strain of Enterobacteriaceae produces a 
special type of (3-lactamase known as an extended-spectrum 
(3-lactamase. Brun-Buisson, C , et a l. Lancet. ii:302-306 
(1987). The test is based on the ability of the (3-lactamase 
inhibitor, clavulanate, to inhibitthe extended-spectrum (3-lac- 
tamase and prevent it from inactivating the cephalosporin or 
aztreonam antibiotics in the test. This is a special procedure, 
not a routine antibiotic susceptibility test, and detects only 
certain types of (3-lactamases. It is therefore inconvenient and 
limited in scope.

A variety of disk and dilution tests have been derived from 
the principle of the double disk test. Brown, D. F, et a l, J. 
Antimicrob. Chemother. 46:327-8 (2000); Cormican, M. G , 
et a l, JCM. 34:1880-1884 (1996); Ho, P. L , et a l, JAC. 
42:49-54 (1998); Moland, E. S , et a l, JCM. 36:2575-9 
(1998); Sanders, C. C , et a l, JCM. 34:2997-3001 (1996); 
Schooneveldt, J. M , et a l. Pathology. 30:164-8 (1998); 
Thomson, K. S , et a l, Antimicrob. Agents Chemother. 
43:1393-400 (1999). That is, they use the ability of a (3-lac- 
tamase inhibitor to inhibit an extended-spectrum (3-lactamase 
to detect this type of (3-lactamase.

The 3-dimensional test [Thomson, K. S , et a l, J. Antimi
crob. Chemother. 13:45-54 (1984); Thomson, K. S , andC. C. 
Sanders, A.A.C. 36:1877-1882 (1992); U.S. Pat. No. 5,466, 
583] is an approach that partially fulfills the need for 
improved antibiotic susceptibility testing.

In performing the direct form of the 3-dimensional test a 
standard quantity of the causative microorganism is uni
formly spread over the surface of an agar plate in the usual 
manner for performing a disk diffusion test. However, before 
placing the antibiotic disks onto the surface of the agar, the
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3-dimensional inoculation is performed. This is effected by 
using a sterile scalpel to cut a slit in the agar 3 mm to one side 
of where the antibiotic disks will be placed. A dense liquid 
inoculum of the test microoigamsm is then dispensed into the 
slit, the antibiotic disks are placed on the agar 3 mm from the 
slit, and the test is incubated.

After incubation the inhibition zones are measured by stan
dard procedures to determine the susceptibility or resistance 
of the microorganism to the test antibiotics according to the 
interpretive criteria of the disk diffusion test. However, in 
addition to this, enzymatic inactivation of the antibiotics can 
be detected by inspecting the intersections of the 3-dimen
sional inoculum with the margins of the inhibition zones. 
Antibiotic inactivation results in a distortion or discontinuity 
in the usually circular inhibition zone. (These distortions or 
discontinuities are hereafter referred to as “3-dimensional 
effects”.)

The 3-dimensional test thus allows the laboratory to report 
to the clinician not only the susceptibility or resistance of a 
microorganism to antibiotics, but also the ability of the micro
organism to inactivate the antibiotics. As a hypothetical 
example, whereas a conventional antibiotic susceptibility test 
might indicate that a microorganism was susceptible to the 
two antibiotics, cefaclor and cefoxitin, the 3-dimensional test 
might provide additional information to show that the micro
organism produced an enzyme capable of inactivating cefa
clor but not cefoxitin. Thus, although the conventional test 
indicated that both antibiotics appeared to be equally effica
cious, it would appear, from the additional information pro
vided by the 3-dimensional test, that only cefoxitin might not 
be inactivated in the patient and therefore would constitute a 
more effective treatment than cefaclor. In this example, the 
information provided by the 3-dimensional test could assist a 
clinician to make a better choice of therapy.

In addition to the direct form of the 3-dimensional test, the 
indirect form is used for testing microorganisms when inhi
bition zones are small or absent, or as a research or diagnostic 
method. The indirect test is performed by inoculating the 
surface of the agar with a fully susceptible assay strain such as 
Escherichia coli ATCC 25922. After this, the 3-dimensional 
slit is cut in the agar and inoculated with a suspension of the 
test microorganism. Although the indirect test precludes the 
simultaneous determination of antibiotic susceptibilities, it 
permits investigation of the antibiotic inactivating enzymes of 
microorganisms for which the inhibition zones are too small 
to yield 3-dimensional results when the test is performed in 
the direct form of the test.

There are several problems with the 3-dimensional test. 
These problems include the following:

a. The procedure for making the slit in the agar for the 
3-dimensional test is inconvenient and technically difficult to 
perform correctly.

b. Making the slit is potentially dangerous to laboratory 
staff because a scalpel blade contaminated with pathogenic 
bacteria is an infection hazard.

c. It is also technically difficult to accurately deliver the 
liquid 3-dimensional inoculum into the slit without overfill
ing the slit and possibly invalidating the test.

A variety of chemicals have been reported to disrupt or 
permeabilize microbial membranes, thereby increasing their 
permeability and causing loss of cellular contents. These 
include certain antibiotics, detergents, chelating agents, poly
cations, hydrophobic dyes, and enzymes. Nikaido, H., and M. 
Vaara, Microbiol Rev. 49:1-32 (1985); Piers, K. L., et ah, 
Antimicrob. Agents Chemother. 38:2311 -2316 (1994). These 
chemicals are often bacteriostatic and/or bacteriocidal in nor
mal use.

5
BRIEF SUMMARY OF THE INVENTION

In one embodiment, the present invention provides a 
method for detecting whether a microorganism produces 
antibiotic-inactivating factors. In accordance with his 
method, a culture of the microoigamsm is admixed with an 
antibiotic for which inactivation is to be detected and a per- 
meabilizing agent for the microoigamsm present in a non- 
growth-inhibiting microorganism-permeabilizing effective 
amount to form an assay culture. The assay culture may 
optionally include a strain of microorganism with known 
susceptibility to the antibiotic. The assay culture is incubated 
under appropriate culture conditions and for a time sufficient 
to detect antibiotic-inactivating factor production by the 
microorganism to the antibiotic.

Preferably, the permeabilizing agent is dissolved or dis
persed in a carrier. The carrier can be a solid carrier. A pre
ferred solid carrier is a paper disk. Alternatively, the carrier 
can be a liquid carrier.

In one aspect of this embodiment, the permeabilizing agent 
is a buffer solution. A preferred buffer solution is Tris/EDTA.

In another aspect of this embodiment, the culture is pro
vided on a solid growth medium. Alternatively, the culture is 
provided in a liquid growth medium.

In a further aspect, the carrier is a solid carrier, the culture 
is provided on a solid growth medium, the antibiotic is pro
vided on a solid support, and the admixing is done by con
tacting the culture with the solid carrier and the antibiotic 
provided on a solid support.

In yet another aspect, the present invention further provides 
for determination of antibiotic susceptibility of the microor
ganism.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a close up of a zone of distortion surrounding 
a cefoxitin disk.

FIG. 2 shows one embodiment of the invention. Here, the 
indirect form of a method of the invention is shown in which 
five test microorganisms and a negative control oiganism are 
tested. In this assay the fully susceptible strain E. Coli ATCC 
25922 was used as the lawn culture to assay for inactivating 
factors produced by the test and control microoiganisms. 
Three commercially manufactured cefoxitin disks (labeled 
FOX 30) are bracketed by the reagent test disks. A test or 
control organism was applied to each of the reagent disks 
prior to their placement proximal to the cefoxitin disks. 
Strong indentations of the inhibition zone maigins indicate 
inactivation of cefoxitin by inactivating factors released from 
the test microorganisms subsequent to encountering the per
meabilizing agent in the disks. The negative control has no 
distortion (bottom disk of top set of 3 disks with orientation 
pointing to 12 o’clock). A weakly positive test occurred at the 
disk closest to 9 o’clock (shown as slight flattening or blunt
ing of the inhibition zone margin). This result was obtained 
with a strain of Klebsiella pneumoniae previously determined 
to be a low level producer of a cefoxitin-inactivating (3 -lacta
mase. (This strain is a potential candidate as a quality control 
strain associated with the threshold of sensitivity of detection 
of the test for this particular antibiotic inactivating factor).

FIG. 3 shows a three-dimensional test demonstrating the 
enzymatic inactivation of cefoxitin by a penicillin-resistant 
strain of Klebsiella.

FIG. 4 shows an embodiment of the invention as described 
above for FIG. 2, except that only a single cefoxitin disk is 
shown. The portion of FIG. 4 marked “Positive” displays the 
distorted inhibition zone characteristic of a permeabilizing
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agent of the invention. The portion of FIG. 4 marked “Nega
tive” displays the lack of distortion where a control reagent 
disk, not having a permeabilizing agent, is placed proximal to 
the antibiotic disk.

FIG. 5 shows the direct form of the method of the invention 
and a zone of distortion around a meropenem antibiotic disk. 
The test microorganism is inoculated on both the permeabi- 
lizer disk and the agar.

FIG. 6 shows the indirect form of the method of the inven
tion and a distortion in the zone of inhibition around a mero
penem antibiotic disk. The test microorganism is inoculated 
on the permeabilizer disk and a fully susceptible strain of E. 
coli ATCC 25922 is the lawn culture.

FIG. 7 shows the direct form of the method of the invention 
and a distortion in the zone of inhibition around an imipenem 
antibiotic disk. The test microorganism is inoculated onto the 
permeabilizer disk and the agar.

DETAILED DESCRIPTION OF THE INVENTION

The invention provides a novel method of determining the 
antibiotic susceptibility of a microorganism based upon 
increasing the permeability of the cell wall and/or cell mem
brane^) of a microorganism by incubating a microoigamsm 
in the presence of a permeabilizing agent. This permeabiliz
ing agent is preferably present in an amount that neither kills 
the microorganism nor significantly inhibits its ability to rep
licate, but nevertheless permeabilizes the microorganism. 
While not wishing to be bound by theory, it is believed that the 
presence of an appropriate concentration of permeabilizing 
agent permits the enhanced liberation or release of antibiotic
inactivating factors (e.g., enzymes) from the microorganism. 
The liberation or release of such antibiotic-inactivating fac
tors permits a microorganism to grow in the presence of the 
antimicrobial agent that is inactivated by the released factors.

In another aspect, the invention provides a novel method of 
determining the presence of antibiotic-inactivating factors, 
such as antibiotic-inactivating enzymes, comprising the fol
lowing steps. First, a culture of the microorganism which is 
suspected of producing or liberating antibiotic-inactivating 
factors is admixed with an antibiotic to which the antibiotic
inactivating factors are capable of inactivation, and a perme
abilizing agent for the microorganism present in a non- 
growth-inhibiting microorganism-permeabilizing effective 
amount to form an assay culture. Next, the assay culture is 
incubated under appropriate culture conditions and for a time 
sufficient to determine the presence of antibiotic-inactivating 
factors produced or liberated by the microorganism capable 
of inactivating the antibiotic.

It has been found that a permeabilizing agent can be used to 
detect antibiotic-resistant microorganisms that would other
wise register as falsely sensitive to a test antibiotic, by facili
tating the liberation or release of antibiotic-inactivating fac
tors. Surprisingly, the microoigamsm can grow in the 
presence of a permeabilizing agent that is normally lethal to a 
microorganism, or inhibits the growth of a microoigamsm.

The invention comprises the use of a permeabilizing agent, 
in a non-growth-inhibiting, microorganism-permeabilizing 
effective amount. Determining a non-growth-inhibiting 
amount of a permeabilizing agent is a matter of routine 
experimentation involving the titration of the permeabilizing 
agent for its ability to significantly inhibit microoigamsm 
growth. Exemplary methods are described in Examples 1 and 
2, herein. Similar, the determination of a microorganism- 
permeabilizing effective amount of a permeabilizing agent is 
a matter of routine experimentation involving the titration of 
the permeabilizing agent for its ability to permeabilize a

7
microorganism, such as by liberation of antibiotic-inactivat
ing factors from a known antibiotic-resistant strain of a test 
microorganism.

The permeabilizing agent, in the amount set forth herein, is 
admixed with a culture of a microoigamsm whose suscepti
bility to an antibiotic is to be determined. Alternatively, the 
admixture is made to determine the microorganism’s capac
ity to generate or liberate one or more antibiotic-inactivating 
factors. The culture is prepared according to methods that are 
well known in the art, such as by introducing an inoculum of 
the microorganism (such as from a clinical sample) into an 
appropriate growth medium. The growth medium can be a 
liquid growth medium, such as Luria or Meuller-Hinton 
broths, or a sold growth medium, such as an agar plate supple
mented with necessary nutrients, such as a Mueller-Hinton 
agar plate.

Once the culture is prepared, the microorganism is 
admixed with one or more antibiotics (antimicrobial agents) 
to be assayed. In the case of assaying the microoigamsm for 
its ability to make or excrete an antibiotic-inactivating factor, 
the presence of the antibiotic is required both to provide a 
control for the assay, and to facilitate the production or lib
eration of the inactivating factor itself. The antibiotic can be 
needed to initiate or enhance the production of the antibiotic 
inactivating factor by the microorganism. In the absence of 
the antibiotic, the microorganism does not necessarily need to 
make, maintain, sequester, or liberate the antibiotic-inactivat
ing factor.

Antibiotic-susceptibility assays are set forth elsewhere 
herein, and are not meant to be limiting with respect to such 
assays that can be adapted for use in the instant invention. The 
culture is also admixed with the permeabilizing agent.

If needed, a control culture, without either antibiotic or 
permeabilizing agent, or both, can be prepared under similar 
conditions. Where the admixture is done with a liquid growth 
medium and a permeabilizing agent in a liquid carrier, as 
described elsewhere herein, serial dilutions of the antibiotic 
to be assayed are prepared in the liquid growth medium. 
Parallel samples are admixed with or without the permeabi
lizing agent in the liquid carrier. An antibiotic that at a par
ticular antibiotic dilution shows antimicrobial activity in the 
absence of permeabilizing agent, but is ineffective at that 
dilution in the presence of permeabilizing agent, would be 
considered ineffective against the assayed microorganism, on 
the basis that the microorganism liberates a factor that inac
tivates that antibiotic.

The thus prepared culture is then incubated under appro
priate culture conditions and for a time sufficient to determine 
the susceptibility of the microoigamsm to the antibiotic or 
antibiotics of interest. For example, an agar plate can be 
incubated at 35 degrees Celsius for 12 to 18 hours in an 
environmentally controlled incubator. A culture in a liquid 
medium can be incubated in a shaking water bath at 35 
degrees Celsius for 12 to 18 hours on a bench top. The appro
priate culture conditions and sufficient times are well known 
to workers of ordinary skill in the art.

As noted, the permeabilizing agent can be provided in a 
liquid or a solid carrier, dispersed or dissolved therein. For 
example, in the case of a liquid permeabilizing agent, such as 
a buffer solution, the buffer solution is itself in a liquid carrier. 
Alternatively, a detergent can be dispersed in an aqueous 
medium, or in growth broth, for use in the methods of the 
invention.

In another aspect, the permeabilizing agent is provided on 
a solid support. For example, the buffer solution can be 
impregnated onto a solid support such as a piece of filter

8

5

10

15

20

25

30

35

40

45

50

55

60

65



US 7,452,691 B2

paper. The filter paper is then left to dry, and the permeabi- 
lizing agent is dispersed onto the solid carrier.

In one embodiment, the impregnated disk is used in an 
antibiotic sensitivity assay to permeabilize the microorgan
ism whose antibiotic sensitivity is being measured, without 
killing or significantly inhibiting the growth of the microor
ganism. An appropriate amount (concentration) of a perme- 
abilizing agent to be used in preparing these impregnated 
disks can be determined to effectuate liberation of antibiotic
inactivating factor(s) from a microorganism, without killing 
or inhibiting the growth of a microoiganism.

The invention is designed to increase the amount of infor
mation provided by laboratory tests in which the susceptibil
ity of microorganisms to antimicrobial agents (sometimes 
referred to herein as antibiotics) is evaluated by disk diffusion 
methods or by other antibiotic-sensitivity determining meth
ods. The invention provides a means to routinely detect the 
ability of microoiganisms to inactivate antibiotics. The infor
mation can be useful in selecting appropriate anti-infective 
therapies for the treatment of infections, in providing epide
miological information about microorganisms, in antibiotic 
research, and in other fields of biological research such as 
genetics and enzymology.

In a preferred embodiment, the invention comprises pro
viding a filter paper disk impregnated with an agent such as a 
chemical that will facilitate the release of antibiotic inactivat
ing enzymes from bacteria or other microorganisms. This 
filter paper disk impregnated with the chemical is sometimes 
referred to herein as the reagent disk. Typically the agent in 
the reagent disk will be a permeabilizing agent that will 
disrupt the outer membrane, or both the outer and cytoplas
mic membranes of a microorganism such as a bacterium to 
release antibiotic-inactivating enzymes from within the 
microorganism. In a preferred method of the invention, a disk 
impregnated with a permeabilizing agent is provided.

A suitable growth-medium-containing agar plate is inocu
lated with a lawn of test microorganism (e.g., a clinical 
sample, or a strain of bacteria for which antibiotic sensitivity 
is to be determined). An antibiotic-impregnated disk is placed 
onto the lawn of microorganism. The test microorganism is 
additionally inoculated onto a provided reagent disk, and that 
reagent disk is placed on the agar adjacent to, but not in 
contact with, an antibiotic disk of interest. The agar plate is 
then incubated according to methods well known in the art. 
After incubation, the results are interpreted as follows. Enzy
matic inactivation of an antibiotic can be detected by inspect
ing the margin of the inhibition zone in the vicinity of the 
reagent disk. Antibiotic inactivation results in a distortion in 
the usually circular zone of inhibition. The presence of this 
distortion indicates that the test microorganism is capable of 
producing antibiotic-inactivating factors. From a clinical per
spective, the use of an antibiotic that exhibits a zone of dis
tortion would be contraindicated for treatment of an infection 
with the test microorganism.

ft should be understood that while a preferred embodiment 
of the invention is as described above, the invention is not 
limited to that embodiment. Other solid carriers other than a 
filter paper disk, such as filter paper strips, pieces of nitrocel
lulose, or other carriers could be used as vehicles to effect 
contact between the microorganism and the reagent. Test 
methodologies other than the disk diffusion test, such as the E 
test [Brown, D. F. J., and L. Brown, J. Antimicrob. 
Chemother. 27:185-190 (1991)], orthe dilution methods can 
also be modified for detection of antibiotic inactivating 
enzymes without departing from the spirit and scope of the 
invention.

9
In another aspect, the invention provides an improved 

method for antibiotic testing of a microoiganism in a culture, 
as exemplified by the antibiotic susceptibility testing assays 
discussed elsewhere herein. The improvement comprises 
admixing the culture with a permeabilizing agent of the 
invention, in an amount that does not significantly inhibit the 
growth of the culture but is effective in permeabilizing the 
microorganisms.

In a further embodiment, the invention comprises an indi
rect form for testing microorganisms when inhibition zones 
are small or absent, or as a research or diagnostic method. The 
indirect form of test is performed by inoculating the surface of 
the agar with a fully antibiotic-susceptible assay strain such as 
Escherichia coli ATCC 25922. After this, the provided 
reagent disk is inoculated with a suspension of the test micro
organism (e.g., a clinical isolate) and the test performed as 
described above except that the assay strain will grow on the 
surface of the agar instead of the causative organism. 
Although the indirect form of a method of the invention can 
preclude the simultaneous determination of antibiotic suscep
tibilities, it permits investigation of the antibiotic inactivating 
enzymes of microorganisms for which the inhibition zones 
are too small to yield results when the test is performed in the 
direct form of the test.

Exemplary permeabilizing agents useful in the present 
invention include those agents that increase the permeability 
of the cell wall and/or cell membrane(s) of a microorganism, 
but that are present in amounts or concentrations that will not 
significantly inhibit the growth or reproduction of the assayed 
microorganism. As is well known to those of ordinary skill in 
the art, not all microorganisms possess both a cell wall and a 
cell membrane; moreover, those microorganisms that possess 
both a cell wall and a cell membrane do not have walls or 
membranes that are structurally identical. For example, bac
teria are broadly categorized as Gram-positive or Gram-nega
tive based upon their cell wall/cell membrane structure. A 
permeabilizing agent useful in the present invention prefer
ably permeabilizes the cell surface structure (cell wall or cell 
membrane, or both) such that antibiotic-inactivating factors 
are liberated from the cell. Flowever, it is also preferred that 
the permeabilizing agent not kill or significantly inhibit the 
growth of the microorganism.

Specific exemplary permeabilizing agents include the fol
lowing:

Inorganic salts, such as sodium chloride (NaCl), magne
sium chloride (Mg2Cl), potassium chloride (KC1) and the 
like;

Quaternary ammonium compounds such as benzalkonium 
chloride (BAC), cetylpyridium chloride, 3-(trimethoxysilyl) 
propyldimethyloctadecyl ammonium chloride and the like;

Buffer solutions, such as Tris/EDTA (TE) buffer, NaCl/ 
Tris/EDTA (STE) buffer, glucose/Tris/EDTA (GTE) buffer, 
and the like;

Flypotonic or hypertonic agents, such as sugar solutions, 
including glucose, dextrose, sucrose, fructose, lactose and the 
like;

Antibiotics such as Piperacillin, Aztreonam, Amdinocillin, 
Ceftazidime, Polymyxin B, Polymyxin B nonapeptide, or 
Gentamicin, and the like;

Commercially available detergent or surfactant-containing 
agents such as Blind Brite™, Maxaquin™, FlyVee Glass 
Cleaner™, Life Tree™, Rave™, Dawn™, and the like;

Other commercially available materials such as Isoclean™ 
concentrate, Sight Savers™ lens cleaner, Wash™ (green 
handwash), Micro Lab Cleaning Solution™, Jet Clean™ test 
tube cleaner, Limonene™, and the like;
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Other surfactants and/or detergents such as TritonX- 
100™, sodium dodecyl sulfate (SDS), SDS (5%) mixed with 
acetone, Sarcosyl™, Sarcosyl™ mixed with acetone, 
Tween™ (polysorbate) 80, Tween™ 80 mixed with acetone, 
Tween™ 85, Brij™ 56, polyethylene glycol, polypropylene 
glycol, dansyl-polymyxin and the like.

Other exemplary permeabilizing agents include CHAPS 
(3-[(3-Cholamidopropyl)dimethylammonio]-l -propane- 
sulfonate) electrophoresis reagent, ;§10 mM (Sigma cat # 
C-9426), lactic acid, and sodium hexametaphosphate (so
dium polyphosphate) (chelating agent).

Natural peptide agents such as cecropins (cationic pep
tides), melittin (cationic peptide), bactenecin, magainins 
(frog host defense peptides), tachyplesins (cationic peptides), 
polyphemusins (cationic peptides), and synthetic peptides 
and the like can also be used as preferred permeabilizing 
agents.

A preferred permeabilizing agent is Tris/EDTA (TE) 
buffer, commercially available from Sigma-Aldrich (catalog 
number T-9285). As supplied, the TE buffer is at a lOOx 
concentration, comprised of 1.0 molar Tris-HCl (pH approxi
mately 8.0) and 0.1 molar EDTA. The TE buffer is preferably 
placed onto a disk at a concentration of 100 millimolar, 200 
millimolar, 0.5 molar, 1 molar, 2 molar or 10 molar. The TE 
buffer is further preferably placed onto a disk at a concentra
tion of lOOx, 50x, 25x and lOx. Methods for determining the 
optimal concentration of a particular permeabilizing agent 
are given elsewhere herein.

As noted elsewhere herein, a permeabilizing agent prefer
ably permits or facilitates the release of antibiotic-inactivat
ing factors from within a microorganism while not signifi
cantly inhibiting the growth of that microorganism. The 
ability of a permeabilizing agent to liberate or release antibi
otic-inactivating factor(s) from a microorganism can be deter
mined by, for example, quantitation of the amount of antibi
otic inactivating factor, such as an enzyme, released. Such 
quantitation can be determined by, for example, spectropho- 
tometric hydrolysis assays using either nitrocefin or cefaclor 
as substrates. The ability of a permeabilizing agent to liberate 
or release antibiotic-inactivating factor(s) from a microorgan
ism can also be determined by, for example, using the meth
ods of the present invention, or using other antibiotic-sensi
tivity tests such as the 3-dimensional test discussed elsewhere 
herein. Exemplary determinations of the ability of a perme
abilizing agent to liberate or release antibiotic-inactivating 
factor(s) from a microorganism are described in the Examples 
set forth elsewhere herein.

A preferred permeabilizing agent also does not signifi
cantly inhibit the growth of a microorganism. This property of 
a preferred permeabilizing agent can be determined by, for 
example, applying varying concentrations of a particular per
meabilizing agent to lawn cultures of a variety of microor
ganisms to determine if inhibition of growth of the lawn 
culture occurred. Alternatively, the growth rates of various 
microorganisms in the presence of varying concentrations of 
a permeabilizing agent can also be determined, using tech
niques well known in the art. Exemplary determinations of 
the ability of a permeabilizing agent to permit the growth of a 
microorganism are described in Examples 1 and 2 set forth 
herein.

Exemplary (3-lactamases that can be detected by the 
method of the present invention include: AmpC, extended 
spectrum and carbapenem-hydrolyzing (3-lactamases. Exem
plary carbapenem-hydrolyzing (3-lactamases include: Class 
A enzymes KPC-1 to 4, Sme-1 to 3, NMC-A, IMI-1 and 2, 
and GES-2 and 4; Class B enzymes (metallo-|3-lactamases); 
and Class D enzymes OXA type.
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Exemplary (3-lactam antibiotics for use in the method of the 

invention include: imipenem, meropenem, ertapenem, dorip- 
enem, panipenem, and CS-023.

In another embodiment, the present invention comprises a 
kit comprising a permeabilizing agent-impregnated disk and 
instructions for performing an antibiotic sensitivity test to 
detect microorganisms that liberate antibiotic-inactivating 
factors. In a preferred embodiment, the permeabilizing agent 
is Tris/EDTA (TE) buffer.

As can be readily seen, the invention provides novel ben
efits and advantages over other antibiotic-sensitivity testing 
methods. The invention permits antibiotic-sensitivity testing 
to be performed, for example, on the surface of the agar, rather 
than the technically challenging aspect of some other meth
ods that require the insertion of bacterial inoculum into a slit 
in the agar. Furthermore, the invention discloses the use of a 
permeabilizing agent that facilitates the release of antibiotic 
inactivating factors from microoiganisms, without signifi
cantly inhibiting the growth of those microorganisms. Cur
rent antibiotic susceptibility testing techniques cannot 
enhance the release of such factors, leading to the possibility 
of false-positive results. Therefore, current antibiotic suscep
tibility testing techniques can lead a clinician to believe that a 
particular microorganism is sensitive to an antibiotic based on 
these in vitro results, only to find empirically that the antibi
otic is ineffectual in vivo. The present invention provides 
more robust in vitro information that can detect and predict 
microorganisms that are likely to be resistant to a particular 
antibiotic in vivo.

EXAMPLES 

Example 1

Determination of Release of Antibiotic-Inactivating 
Factors

In this Example, E. coli MISC 208 (which produces the 
extended spectrum (3-lactamase SHV-2) was used as a test 
organism and nitrocefin was the substrate in spectrophoto- 
metric hydrolysis assays. The E. coli strain was harvested 
directly into 100 microliters of Mueller Hinton Broth and 
mixed with 100 microliters of the permeabilizing agent.

In the hydrolysis assay, units of activity are calculated as:

^  . Change in optical density (OD)/m inutex 10 
Extinction coefficient

The hydrolysis assay was performed essentially as 
described by O’Callaghan, C. H., et al., A.A.C. 1:283-288 
(1972). Briefly, a 100 pM solution of nitrocefin was used as a 
substrate. The nitrocefin was prewarmed to 37° C. The 
hydrolysis assay was performed at 37° C. at a wavelength of 
389.5 with an extinction coefficient o f-0.024. An appropriate 
cuvette was filled with 0.9 ml of the prewarmed nitrocefin 
substrate and 100 ul of permeabilized bacterial suspension 
was added. The contents of the cuvette were immediately 
mixed by inversion and the cuvette was placed in a spectro
photometer. Absorbance was assayed at 5-second intervals 
for up to 5 minutes with the 37° C. temperature maintained by 
means of a circulating water bath that warmed the cuvette 
block. When the assay was complete, the activity was calcu
lated according to the above formula.
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Permeabilizing Agent
Units o f ß-lactamase Activity 

(Nitrocefin as substrate)

TE/Room temp 47
TE/0° C. 102
Tris/0° C. 41
Water (control) 0

Example 2

Determination of Release of Antibiotic-Inactivating 
Factors

The experiment in Example 1 was repeated using E. coli 
MISC 208 and cefaclor as substrate in the hydrolysis assays.

Permeabilizing Agent Preparation
Units o f (5-lactamase Activity 

(Cefaclor as substrate)

Benzalkonium chloride 200 fig/ml 16
Polymyxin B 10 fig/ml 3.8
Polymyxin B 30 fig/ml 15
TE 79

Example 3

Determination of Release of Antibiotic-Inactivating 
Factors

The experiment in Example 1 was repeated using E. coli 
V I104 to evaluate a variety of permeabilizing agents. Nitro- 
cefan was the hydrolysis substrate.

Units o f (5-lactamase Activity
Permeabilizing Agent Preparation (Nitrocefin as substrate)

Aztreonam 210
No reagent/0° C. 214
No reagent/450 C. 0
Ceftazidime 196
Piperacillin 202

Other exemplary microorganisms that can be used in the 
determination of release of antibiotic-inactivating factors 
include those in the following Table:

Strain Enzyme Units (vs nitrocefin)

E. coli V I104 202
E. coli 165* pi 5.95 TEM ESBL 43
MG32 TEM-1 + TEM-12 349
K. pneumoniae V1102 227

Example 4

Determination of Lack of Significant Growth 
Inhibition

A variety of test strains have been harvested directly into 
100 microliters of Mueller Fiinton Broth and mixed with 100

microliters of each permeabilizing agent of interest. Then 20 
microliters of each of these mixtures was applied to blank 
filter paper disks, and the disks transferred to freshly inocu
lated agar lawn cultures of a variety of test microorganisms 
and the plates were incubated overnight at 37° C. After over
night incubation, the cultures were inspected for the presence 
or absence of an inhibition zone around the disk. An inhibi
tion zone inferred unsuitability of the permeabilizing agent 
for the test at the concentration used.

A variant of this method is to directly apply the reagent to 
a disk without previously mixing the reagent with a microor
ganism, and to evaluate as above.

Making the Reagent Disk
1. A solution of equal parts of physiological saline and Tris 

EDTA (Sigma Chemicals) is made.
2. A 20 microliter aliquot of the permeabilizing agent solu

tion was placed onto a filter paper disk and allowed to 
dry.

Performing and Interpreting the Test
1. The filter paper disk impregnated with the permeabiliz

ing agent was rehydrated with 20 microliters of sterile 
physiological saline.

2. Using a cotton swab or loop, a test organism was rubbed 
onto the rehydrated disk.

3. A Mueller Fiinton Agar plate was inoculated with a 0.5 
McFarland of E. coli ATCC 25922.

4. A cefoxitin disk was placed onto the surface of the agar 
plate. The rehydrated disk inoculated with the test 
organism next was placed next to the cefoxitin disk, at a 
distance of about 0.5-1.0 mm.

5. The agar plate was incubated at 37° C. for about 16 
hours, or overnight.

6. Distortion of the cefoxitin zone was interpreted as a 
positive result (i.e., the presence of an antibiotic-inacti
vating factor was detected), whereas lack of distortion of 
the cefoxitin zone was interpreted as a negative result. 
See FIGS. 1 and 2.

Example 5

Detection of Antibiotic-Resistant Microorganisms

This study reports its utility for investigation of Klebsiella 
isolates suspected of harboring pAmpCs.

Methods: Thirty isolates o í Klebsiella spp. with cefoxitin 
M lC siíló  micrograms per milliliter were investigated using 
the methods of the invention. All negative results were con
firmed with the three-dimensional test, discussed elsewhere 
herein, and positive results were confirmed by isoelectric 
focusing (IEF) and inhibitor studies. A filter paper disk was 
impregnated with lOOx TE which had been diluted with an 
equal volume of physiological saline. The disk was rehy
drated with 20 microliters of saline and several colonies of the 
test isolate were inoculated onto the disk. The inoculated disk 
was then placed beside a cefoxitin disk (almost touching) on 
a Mueller-Fiinton agar plate inoculated with a lawn of E. coli 
ATCC 25922. After overnight incubation, a positive test 
appeared as a flattening or indentation of the cefoxitin inhi
bition zone near the test disk. A negative test had an undis
torted zone.

Results: Of the 30 isolates tested, 10 were positive and 20 
were negative (also negative with the three-dimensional test). 
IEF and inhibitor studies of the positive isolates indicated that 
9 of the 10 isolates produced (3-lactamases that were inhibited 
by cloxacillin with pis of either 7.2, 7.7 or §s9.0, findings 
consistent with AmpC production. These enzymes were inter
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Example 6preted to be plasmid-mediated because Klebsiella lacks a 
chromosomal AmpC. The other positive isolate had an 
elevated imipenem MIC and produced a carbapenem-hydro- 
lyzing enzyme that also hydrolyzed cefoxitin.

Materials and Methods
Isolates
Thirty recent isolates of Klebsiella spp. were collected 

from patients in United States hospitals.
Susceptibility
Antimicrobial susceptibility was determined by NCCLS 

microdilution methodology using an investigational Micros
can dehydrated panel.

Three-dimensional Test
Enzymatic inactivation of cefoxitin was investigated by the 

three-dimensional method. The surface of a Mueller-Eiinton 
agar plate was inoculated with a lawn of a standardized inocu
lum of E. coli ATCC 25922. A slit was then cut into the plate 
with a sterile scalpel blade. Into the slit, a suspension con
taining a heavy inoculum (is 109 CFU per milliliter) of the test 
organism was dispensed by capillary action from a micropi
pette tip. A cefoxitin disk was then placed on the agar 3 
millimeters from the slit. After overnight incubation at 35° C., 
the plate was examined for evidence of cefoxitin inactivation, 
as indicated by a characteristic distortion of the inhibition 
zone margin. The absence of this feature indicated no signifi
cant inactivation of cefoxitin (FIG. 3).

AmpC Disk Test
Enzymatic inactivation of cefoxitin was also investigated 

by a disk test that used a filter paper disk impregnated with a 
permeabilizing agent of the invention, TE, as described else
where herein. The disk was rehydrated with 20 microliters of 
sterile saline and then inoculated with several colonies of the 
test organism. The surface of a Mueller-Eiinton agar plate was 
inoculated with a lawn of a standardized inoculum of E. coli 
ATCC 25922. The inoculated disk was then placed beside a 
cefoxitin disk (almost touching) on the inoculated plate. After 
an overnight incubation at 35 degrees Celsius, a positive test 
appeared as a flattening or indentation of the cefoxitin inhi
bition zone in the vicinity of the test disk. A negative test had 
an undistorted zone (FIG. 4).

Isoelectric Focusing
Crude sonicates were subjected to analytical isoelectric 

focusing (IEF) on an ampholine polyacrylamide gel (pFl 
range 3.5-9.5) on a flatbed apparatus (Multiphor LKB). 
Inhibitor overlays of the IEF gel were performed with 1000 
pM clavulanic acid and cloxacillin.

Results
Thirty Klebsiella spp. isolates with cefoxitin MICsiSl6 

pg/ml were tested with the AmpC disk test. Of these, 20 were 
negative and ten were positive. The negative isolates were 
confirmed as negative with the three-dimensional test. IEF 
and inhibitor studies revealed that nine of the ten positive 
isolates produced (3-lactamases with pis of either 7.2, 7.7, or 
is9.0 that were inhibited by cloxacillin. These findings were 
consistent with AmpC production. These enzymes were inter
preted to be plasmid-mediated because Klebsiella spp. lack a 
chromosomal AmpC. The other positive isolate had an 
elevated imipenem MIC (64 pg/ml) and produced a carbap- 
enem-hydrolyzing enzyme that was also capable of hydro
lyzing cefoxitin.

15

Indirect Test for Detection of Class A 
Carbapenemases in Clinical Isolates

Methods: 21 strains that produced Class A Carbapen
emases (“CACs”) comprising 12 Klebsiella pneumoniae, 5 
Enterobacter cloacae, 2 Escherichia coli, and 2 Serratia 
marcescens; 10 strains of Acinetobacter baumannii,
Pseudomonas aeruginosa, and S. marcescens that produced 
either a metallo-beta-lactamase or an OXA carbapenemases, 
and 11 strains of Enterobacteriaceae that produced either 
AmpC (3 -lactamases or ESBLs were investigated. The test 
was performed essentially as described in Example 5, with 
any changes noted below. The indirect test involved inocula
tion of the surface of a Mueller-Eiinton (MF1) agar plate with 
a lawn of E. coli ATCC 25922, not the test organism. Imme
diately prior to incubation, a premoistened TE disk was 
inoculated with several colonies of the test organism and 
placed face down on the MF1 agar adjacent to a disk contain
ing one of the carbapenems, imipenem (IPM), meropenem 
(MER), or ertapenem (ERT). After overnight incubation, an 
indentation of the zone inhibition was interpreted as positive.

Results: The indirect TE disk test detected all CACs when 
tested with IPM or ERT disks, and 19/21 with MER disks. 
There were no false positive results in tests with MER or ERT. 
An AmpC (3-lactamase producing E. cloacae with reduced 
outer membrane permeability yielded a false positive test 
with IPM.

Conclusion: The indirect TE disk test with IPM, MER or 
ERT appears to be a very useful approach to detecting CAC- 
producing isolates, with ERT-based tests being the most accu
rate. This method is simple to perform and should be helpful 
for characterization of carbapenemases and in controlling the 
spread of pathogens producing these enzymes.

Example 7

Direct Disk Test for Detection of 
Carbapenem-Flydrolyzing Enzymes (CFlEs)

Methods: The clinical isolates were 35 multidrug resistant 
K. pneumoniae (KP) from a Philadelphia hospital. Reference 
strains were 45 Enterobacteriaceae, P. aeruginosa, sad Acine
tobacter baumannii producing characterized (3-lactamases 
including class A CFlEs (n=21 isolates), ESBLs (n=2), OXA, 
CFlEs (n=2), metallo-|3-lactamases (MBL) (n=8) and AmpC 
beta-lactamases (n=12). OnaCLSI disk diffusion test plate, a 
TE disk that was inoculated with the test isolate was placed 
close to an imipenem (IPM) disk prior to incubation. Inden
tation of the IPM inhibition zone near the TE disk was con
sidered positive. All (3-lactamases were confirmed by isoelec
tric focusing (IEF), inhibitor studies, and (3-lactamases 
specific PCR.

Results: Twenty-six of the 35 KP clinical isolates were 
positive with the TE disk test and confirmed KPC positive 
Twenty-two of these KPC producers were susceptible to IPM. 
Positive tests also occurred with reference strains that pro
duced Class A CF1E (16), OXA (2) and metallo-|3-lactamases 
(6). Seven strains were non-determinable due to lack of an 
IPM zone. Weak false positive results were obtained with 3 
isolates that produced imported AmpC BLs.

Conclusions: The TE disk test provides a simple, conve
nient, sensitive screen for CFlEs especially KPCs. It can pro
duce results from the primary susceptibility test, as opposed 
to special tests that are only set up after the susceptibility test 
has been interpreted. Importantly, it can detect CFlEs in iso
lates that are apparently susceptible to IPM.
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Indirect Method of the Invention with Various 
Substrates and Characterized Panel of (3-lactamases

The indirect method was performed essentially as 
described in Example 4, except the antibiotic disks were as 
indicated. An indentation of a zone of inhibition around the 
antibiotic dish was interpreted as positive for presence of 
antibiotic-inactivating factor.

Reagent disk test results with various substrates 
and characterized panel of (5-lactamases.

Enzyme CMZa FOXb CAZC CTXd CRO‘! ATMf

PSE-1 p m Nn N N N N
OX A-7 P P N P P P
OXA-4 P N N WP N N
OX A-5 P N N N N N
OX A-2 P P N N N N
OX A-3 P WP N N N N
SHV-2 P N WP P P P
SHV-4 P N WP P P P
SHV-1 WP N N WP WP N
OX A-6 WP N N WP? WP N
L-l WP N N N N N
AmpC p P P P P N
ACT-1 p P P P P N
FOX-1 p P N P P N
LAT-1 p P P P P N
TEM-46 N N P N P P

Enzyme AMg AMCh CPD1 CD/0U IPMk MEM1

PSE-1 P P N N WP° WP
OX A-7 P P P P WP WP
OXA-4 P P P P N N
OX A-5 P P N? P N N
OX A-2 P N N P WP? WP?
OX A-3 P WP P P N N
SHV-2 P N? P WP N N
SHV-4 P N? P WP N N
SHV-1 P WP P WP N N
OX A-6 P WP WP WP N N
L-l N N N WP N N
AmpC P P P p P ?
ACT-1 P P P p P P
FOX-1 P WP P p N N
LAT-1 P P P p WP N
TEM-46 P N P WP N N

aCMZ, cefmetazole
bFOX, cefoxitin
CCAZ, ceftazidime
dCTX, cefotaxime
eCRO, ceftriaxone
fATM, aztreonam
8AM, ampicillin
hAMC, amoxicillin/clavulanate
lCPD, cefpodoxime
JCD/01, cefpodoxime/clavulanate
kIPM, imipenem
[MEM, meropenem
mP, positive
nN, negative
°WP, weak positive (slight flattening)
?, results were questionable

The foregoing description and the examples are intended as 
illustrative and are not to be taken as limiting. Still other 
variations within the spirit and scope of this invention are 
possible and will readily present themselves to those skilled 
in the art.

We claim:
1. A method for detecting a carbapenem-hydrolyzing 

enzyme produced by a test microorganism, comprising:
a) admixing a test microorganism with an antibiotic for 

which inactivation is to be determined, a permeabilizing 
agent for the test microorganism present in a non- 
growth-inhibiting microorganism-permeabilizing effec
tive amount, and a strain of microorganism with known 
susceptibility for said antibiotic, to form an assay cul
ture;

b) incubating said assay culture under appropriate condi
tions and for a time sufficient to detect said carbapenem- 
hydrolyzing enzyme; and

c) determining if there is growth in the assay culture,
whereby, significant growth of the strain of microorganism

in the assay culture or a distortion in a zone of inhibition 
in the assay culture is indicative of production of car
bapenem-hydrolyzing enzyme by the test microorgan
ism.

2. The method of claim 1, further comprising:
determining the susceptibility of the test microorganism to

the antibiotic based on growth in the assay culture, 
wherein significant growth of the strain of microorgan
ism or distortion of the zone of inhibition in the assay 
culture is indicative of resistance of the test microorgan
ism to the antibiotic.

3. The method of claim 2, wherein said antibiotic is a 
beta-lactam antibiotic selected from the group consisting of 
imipenem, meropenem, ertapenem, doripenem, panipenem, 
and CS-023.

4. The method of claim 2 wherein said carbapenem-hydro
lyzing enzyme is selected from the group consisting of Class 
A enzymes, Class B enzymes, and Class D enzymes.

5. The method of claim 2, wherein said assay culture is 
provided on solid growth medium and a zone of inhibition in 
the assay culture is indicative of resistance of the test micro
organism to the antibiotic.

6. The method of claim 5, wherein said permeabilizing 
agent is provided on a solid carrier, said test microorganism is 
applied to said solid carrier, said antibiotic is provided on a 
solid support, said strain of microorganism is inoculated on to 
the solid growth medium, said admixing is by placing the 
solid carrier proximal said solid support on the solid growth 
medium, wherein a distortion in a zone of inhibition in the 
assay culture is indicative of resistance of the test microor
ganism to the antibiotic.

7. The method of claim 2, further comprising:
providing a control comprising the test microorganism, the

strain of microorganism and the antibiotic, without a 
non-growth-inhibiting microorganism-permeabilizing 
effective amount of a permeabilizing agent; and com
paring growth of the strain of microorganism in the 
assay culture to growth of the strain of microorganism in 
the control, whereby, significantly more growth of the 
strain of microorganism in the assay culture or a distor
tion in a zone of inhibition in the assay culture is indica
tive of resistance of the test microorganism to the anti
biotic.

8. The method of claim 1, wherein said permeabilizing 
agent is provided on a solid carrier, said test microorganism is 
applied to said solid carrier, said antibiotic is provided on a 
solid support, said strain of microorganism is inoculated on to 
the solid growth medium, said admixing is by placing the 
solid carrier proximal said solid support on the solid growth 
medium, wherein a distortion in a zone of inhibition in the 
assay culture is indicative of production of carbapenem-hy
drolyzing enzyme by the test microorganism.
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9. The method of claim 1, wherein said permeabilizing 
agent is dissolved in or dispersed on a carrier.

10. The method of claim 9, wherein said carrier is a solid 
carrier.

11. The method of claim 10, wherein said solid carrier is a 
paper disk.

12. The method of claim 9, wherein said carrier is a liquid 
carrier.

13. The method of claim 1, wherein the permeabilizing 
agent is Tris/EDTA.

14. The method of claim 1, wherein the permeabilizing 
agent is a surfactant or detergent.

15. The method of claim 1, wherein said test microorgan
ism and said permeabilizing agent are admixed before admix
ing with other components of the assay culture.

16. The method of claim 1, wherein said assay culture is 
provided on solid growth medium and a zone of inhibition in 
the assay culture is indicative of production of carbapenem- 
hydrolyzing enzyme by the test microorganism.

17. The method of claim 1, wherein said antibiotic is a 
beta-lactam antibiotic selected from the group consisting of 
imipenem, meropenem, ertapenem, doripenem, panipenem, 
and CS-023.

19
18. The method of claim 1, wherein said carbapenem- 

hydrolyzing enzyme is selected from the group consisting of 
Class A enzymes, Class B enzymes, and Class D enzymes.

19. The method of claim 1, wherein said assay culture is 
provided in liquid growth medium and whereby significant 
growth of the strain of microorganism in the assay culture is 
indicative of production of carbapenem-hydrolyzing enzyme 
by the test microorganism.

20. The method of claim 1, further comprising:
providing a control comprising the test microorganism, the

strain of microorganism and the antibiotic, without a 
non-growth-inhibiting microoigamsm-permeabilizing 
effective amount of a permeabilizing agent; and com
paring growth of the strain of microorganism in the 
assay culture to growth of the strain of microorganism in 
the control, whereby, significantly more growth of the 
strain of microorganism in the assay culture or a distor
tion in a zone of inhibition in the assay culture is indica
tive of production of carbapenem-hydrolyzing enzyme 
by the test microorganism.
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