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Therapeutic options for infections caused by gram-negative organisms expressing plasmid-mediated AmpC
�-lactamases are limited because these organisms are usually resistant to all the �-lactam antibiotics, except
for cefepime, cefpirome, and the carbapenems. These organisms are a major concern in nosocomial infections
and should therefore be monitored in surveillance studies. Six families of plasmid-mediated AmpC �-lacta-
mases have been identified, but no phenotypic test can differentiate among them, a fact which creates problems
for surveillance and epidemiology studies. This report describes the development of a multiplex PCR for the
purpose of identifying family-specific AmpC �-lactamase genes within gram-negative pathogens. The PCR uses
six sets of ampC-specific primers resulting in amplicons that range from 190 bp to 520 bp and that are easily
distinguished by gel electrophoresis. ampC multiplex PCR differentiated the six plasmid-mediated ampC-
specific families in organisms such as Klebsiella pneumoniae, Escherichia coli, Proteus mirabilis, and Salmonella
enterica serovar Typhimurium. Family-specific primers did not amplify genes from the other families of ampC
genes. Furthermore, this PCR-based assay differentiated multiple genes within one reaction. In addition,
WAVE technology, a high-pressure liquid chromatography-based separation system, was used as a way of
decreasing analysis time and increasing the sensitivity of multiple-gene assays. In conclusion, a multiplex PCR
technique was developed for identifying family-specific ampC genes responsible for AmpC �-lactamase expres-
sion in organisms with or without a chromosomal AmpC �-lactamase gene.

Organisms overexpressing AmpC �-lactamases are a major
clinical concern because these organisms are usually resistant
to all the �-lactam drugs, except for cefepime, cefpirome, and
the carbapenems (14, 37). Constitutive overexpression of
AmpC �-lactamases in gram-negative organisms occurs either
by deregulation of the ampC chromosomal gene or by acqui-
sition of a transferable ampC gene on a plasmid or other
transferable element. The transferable ampC gene products
are commonly called plasmid-mediated AmpC �-lactamases
(2, 6, 37). Organisms that constitutively overexpress the chro-
mosomal genes are collectively called derepressed mutants
(16).

The majority of plasmid-mediated ampC genes are found in
nosocomial isolates of Escherichia coli and Klebsiella pneu-
moniae (1, 3–5, 10, 11, 15, 19, 21, 25, 27, 38). However, these
enzymes have also been detected in strains of other genera of
the family Enterobacteriaceae (11, 40–42). Plasmid-mediated
ampC genes are derived from the chromosomal ampC genes of
several members of the family Enterobacteriaceae, including
Enterobacter cloacae, Citrobacter freundii, Morganella morganii,
and Hafnia alvei (2). However, not all members of the family
Enterobacteriaceae carry a gene for AmpC �-lactamase or are
the origins of plasmid-mediated genes. For example, the chro-
mosomal ampC genes of Enterobacter aerogenes, Serratia marc-
escens, indole-positive Proteus spp., and E. coli have thus far

not been identified in plasmids (2). One important difference
between E. coli and the other members of the family Enter-
obacteriaceae possessing chromosomal ampC is that the ex-
pression of ampC in E. coli is not inducible (18). Nevertheless,
some E. coli strains (i.e., hyperproducers) can still constitu-
tively overexpress ampC (8, 20, 24). In contrast, K. pneumoniae
does not possess chromosomal ampC (2, 26). Therefore, de-
tection of plasmid-mediated ampC in K. pneumoniae is
straightforward. However, the distinction between a plasmid-
mediated AmpC �-lactamase and an endogenous enzyme be-
comes almost impossible in both hyperproducing E. coli strains
and organisms with inducible chromosomal AmpC enzymes.
However, this distinction is critical for surveillance, epidemi-
ology studies, and hospital infection control because plasmid-
mediated genes, whether encoding extended-spectrum �-lac-
tamases (ESBLs) or AmpC enzymes, can spread to other
organisms within the hospital setting (11). In addition, multiple
�-lactamases within one organism (e.g., multiple ESBLs or
ESBL-AmpC combinations) can make phenotypic identifica-
tion of the �-lactamases difficult (34). Unfortunately, for these
reasons, plasmid-mediated AmpC �-lactamase resistance goes
undetected in most clinical laboratories (34).

Differentiation of organisms expressing ESBLs from organ-
isms expressing plasmid-mediated AmpC �-lactamases is nec-
essary in order to address surveillance and epidemiology as
well as hospital infection control issues associated with these
resistance mechanisms. Several phenotypic tests can distin-
guish these two resistance mechanisms but are unable to dif-
ferentiate the different types or families of plasmid-mediated
AmpC �-lactamases (35, 36). In addition, the use of automated
systems, while adequate for less complicated organisms, is not
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adequate for the newer generation of antibiotic-resistant
pathogens that express multiple resistance mechanisms and
produce multiple �-lactamases (17, 31–33).

Twenty-nine different plasmid-mediated ampC genes have
been identified to date and have been deposited in GenBank
(http://www.ncbi.nlm.nih.gov/Entrez/). None of the encoded
enzymes can be distinguished from another by phenotypic test-
ing. We report here the development of a multiplex PCR for
the detection of family-specific plasmid-mediated ampC �-lac-
tamase genes. This technique is capable of identifying the
family-specific ampC gene responsible for AmpC �-lactamase
expression. In addition, this method can be used to detect a
plasmid-mediated ampC gene in organisms expressing a chro-
mosomal AmpC �-lactamase as long as the plasmid-mediated
ampC gene is not from the same chromosomal origin. Finally,
WAVE technology is introduced as a means of shortening the
amount of time required for analysis and increasing the sensi-
tivity of the assay.

MATERIALS AND METHODS

Bacterial strains. The bacterial strains used as controls in this study are listed
in Table 1. Strains previously characterized for the expression of specific plasmid-
mediated ampC genes are listed in the plasmid group. Strains used as controls to
examine the extent of cross-hybridization of specific primers with chromosomal
ampC genes are listed in the chromosomal group. One exception was H. alvei
strain JW3. The gene for this ampC �-lactamase is chromosomal. No strains
harboring the ACC-1 gene or the chromosomal gene from H. alvei strain 1
(ACC-2 gene) were available. However, the genetic similarity between the

ACC-1 gene and the chromosomal genes from H. alvei allowed the use of H. alvei
JW3 in this study (12, 13). Twenty-two clinical strains belonging to members of
the family Enterobacteriaceae phenotypically characterized as putative AmpC
producers were evaluated by ampC multiplex PCR for the presence of plasmid-
mediated ampC genes. Putative AmpC �-lactamase identifications were con-
ducted by appropriate biochemical procedures, such as isoelectric focusing and
substrate and inhibitor profiling (36). These strains were classified as unknown
for AmpC type and included 12 strains of E. coli, 8 strains of K. pneumoniae, 1
strain of Proteus mirabilis, and 1 strain of E. aerogenes.

Preparation of template DNA. A single colony of each organism was inocu-
lated from a blood agar plate into 5 ml of Luria-Bertani broth (Difco, Detroit,
Mich.) and incubated for 20 h at 37°C with shaking. Cells from 1.5 ml of the
overnight culture were harvested by centrifugation at 17,310 � g for 5 min. After
the supernatant was decanted, the pellet was resuspended in 500 �l of distilled
water. The cells were lysed by heating at 95°C for 10 min, and cellular debris was
removed by centrifugation at 17,310 � g for 5 min. The supernatant, 2 �l (1/250
volume) of the total sample, was used as the source of template for amplification.

PCR protocol. PCR was performed with a final volume of 50 �l in 0.5-ml
thin-walled tubes. The primers used for PCR amplification are listed in Table 2.
Each reaction contained 20 mM Tris-HCl (pH 8.4); 50 mM KCl; 0.2 mM each
deoxynucleoside triphosphate; 1.5 mM MgCl2; 0.6 �M primers MOXMF,
MOXMR, CITMF, CITMR, DHAMF, and DHAMR; 0.5 �M primers ACCMF,
ACCMR, EBCMF, and EBCMR; 0.4 �M primers FOXMF and FOXMR; and
1.25 U of Taq DNA polymerase (Life Technologies, Rockville, Md.). Template
DNA (2 �l) was added to 48 �l of the master mixture and then overlaid with
mineral oil. The PCR program consisted of an initial denaturation step at 94°C
for 3 min, followed by 25 cycles of DNA denaturation at 94°C for 30s, primer
annealing at 64°C for 30s, and primer extension at 72°C for 1 min. After the last
cycle, a final extension step at 72°C for 7 min was added. Five-microliter aliquots
of PCR product were analyzed by gel electrophoresis with 2% agarose (Bio-Rad,
Hercules, Calif.). Gels were stained with ethidium bromide at 10 �g/ml and
visualized by UV transillumination. A 100-bp DNA ladder from Life Technol-

TABLE 1. Control strains

Group Strain Organism AmpCa Reference or sourceb

Plasmid mediated MISC 340 Klebsiella pneumoniae FOX-1 15
MISC 393 Escherichia coli FOX-3 21
MISC 416 Escherichia coli FOX-4 4
MHM 2 Klebsiella pneumoniae FOX-5c 27
COUD M 621 Klebsiella pneumoniae FOX-5bc GenBank accession no. AY034843
MISC 341 Klebsiella pneumoniae LAT-1 38
MISC 368 Escherichia coli LAT-2 11
KLEB 249 Klebsiella pneumoniae CMY-2c 3
SAL 100 Salmonella typhimurium CMY-7c GenBank accession no. AJ011291
MISC 345 Escherichia coli BIL-1 10
MISC 339 Klebsiella pneumoniae MOX-1 19
MISC 380 Escherichia coli DHA-1 1
MISC 304 Klebsiella pneumoniae MIR-1 25
KLEB 225 Klebsiella pneumoniae ACT-1c 5

Chromosomal JW3 Hafnia alvei WT PC
ENTB 7 Enterobacter cloacae WT SEQ
GB 52 Citrobacter spp. DR PC
21 Citrobacter freundii WT SEQ
316 Citrobacter freundii WT PC
VA 076 Citrobacter freundii WT PC
CA 113 Citrobacter freundii WT PC
CIN 6 Pseudomonas

aeruginosa
WT SEQ

SERR 1 Serratia marcescens WT SEQ
MORG 103 Morganella morganii WT PC
HB101 Escherichia coli WT PC
KLEB 23 Klebsiella pneumoniae WT PC
VITEK 109492 Escherichia coli HYP PC
P2 Proteus mirabilis WT PC
EAE Enterobacter aerogenes WT PC

a WT, wild type; DR, derepressed mutant; HYP, hyperproducing mutant.
b PC, phenotypically characterized in this study; SEQ, sequenced in the Hanson Laboratory.
c Sequenced in the Hanson laboratory.
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ogies was used as a marker. Negative controls were PCR mixtures with the
addition of water in place of template DNA. In some cases, negative controls
were used prior to the addition of any other templates (tube 1) and for the
carryover of a template when multiple templates were being used in one exper-
iment (last tube).

Sequence analysis of a CIT-like PCR amplicon. The full-length PCR amplicon
used for sequence analysis was generated with primers designed to flank the entire
gene for CMY-2 (GenBank accession number X91840), a plasmid-mediated
ampC gene of C. freundii origin: forward primer, located at bp 1861 to 1881,
5�-AACACACTGATTGCGTCTGAC-3�, and reverse primer, located at bp
3086 to 3067, 5�-CTGGGCCTCATCGTCAGTTA-3�. The PCR was performed
as described above, except for the use of 5 �M primers and an annealing
temperature of 60°C. The 1,226-bp PCR amplicon was treated with ExoSAP-IT
as directed by the manufacturer (USB Corp., Cleveland, Ohio) to remove un-
wanted nucleotides and was sequenced directly by automated PCR cycle se-
quencing with dye-terminator chemistry and a DNA Stretch sequencer from
Applied Biosystems. The primers used for sequencing were the primers used to
generate the amplicon and internal primers specific for the C. freundii ampC
gene.

WAVE analysis of ampC multiplex PCR. Following PCR amplification, the
products were analyzed by using the WAVE DNA fragment analysis system with
Wavemaker Software (Transgenomic, Inc., Omaha, Nebr.). Samples were loaded
onto the autosampler, and 5 �l of each sample was injected individually onto a
DNASep column (Transgenomic). The optimized gradient for the separation of
PCR products is shown in Table 3. The buffers used for the gradient were as
follows: A, 0.1 M triethylammonium acetate (Transgenomic); B, 0.1 M triethyl-
ammonium acetate–25% acetonitrile; and D, 75% acetonitrile. All samples were
analyzed at 50°C with a 0.9-ml/min flow rate.

Nucleotide sequence accession numbers. The GenBank nucleotide sequence
accession numbers for the sequences studied here were as follows: CMY-2
(X91840), FOX-2 (Y10282), FOX-1 (X77455), FOX-4 (AJ277535), ACT-1
(U58495), MIR-1 (M37839), MOX-1 (D13304), DHA-1 (AJ237702), DHA-2
(AF259520), LAT-1 (X78117), CMY-1 (X92508), CMY-4 (AJ007826), BIL-1
(X74512), LAT-2 (S83226), ACC-1 (AJ270941), ACC-2 (AF180952), FOX-3
(Y11068), FOX-5 (AY007369), FOX-5b (FOX-6; see Results) (AY034848),
CMY-10 (AF381618), CMY-11 (AF381626), CMY-8 (AF167990), CMY-9
(AB061794), MOX-2 (AJ276453), LAT-3 (Y15411), CMY-3 (Y16783), CMY-6
(AJ011293), CMY-7 (AJ011291), CMY-5 (Y17716), and LAT-4 (Y15412).

RESULTS

Dendrogram and primer design. The genes encoding plas-
mid-mediated AmpC �-lactamases are of chromosomal origin,
derived from members of the family Enterobacteriaceae. To
date, 29 different genes encoding 28 different plasmid-medi-

ated AmpC �-lactamases have been identified (Fig. 1). They
can be grouped based on their chromosomal origins. For ex-
ample, the genes encoding the AmpC �-lactamases LAT-1,
CMY-2, and BIL-1 are 90.4% similar to the chromosomal
ampC gene of C. freundii strain OS60. The ability to group
different ampC genes allows the evaluation of similarity clus-
ters. A high degree of similarity within these clusters can result
in a primer design capable of amplifying family-specific genes.
Twenty-nine plasmid-mediated gene sequences and one chro-
mosomal gene (ACC-2) sequence were downloaded from the
GenBank database, and percent similarities were analyzed by
using DNAsis for Windows, version 2.6 (Hitachi Software)
(Fig. 1). The accession numbers for these sequences are listed
in Materials and Methods.

Six different groups were identified based on percent simi-
larities. These groups include ACC (origin H. alvei), FOX
(origin unknown), MOX (origin unknown), DHA (origin M.

TABLE 2. Primers used for amplification

Target(s) Primer Sequence (5� to 3 �, as synthesized) Expected amplicon
size (bp)

Nucleotide
positions

GenBank
accession no.a

MOX-1, MOX-2, CMY-1,
CMY-8 to CMY-11

MOXMF GCT GCT CAA GGA GCA CAG GAT 520 358–378 D13304

MOXMR CAC ATT GAC ATA GGT GTG GTG C 877–856

LAT-1 to LAT-4, CMY-2
to CMY-7, BIL-1

CITMF TGG CCA GAA CTG ACA GGC AAA 462 478–498 X78117

CITMR TTT CTC CTG AAC GTG GCT GGC 939–919

DHA-1, DHA-2 DHAMF AAC TTT CAC AGG TGT GCT GGG T 405 1244–1265 Y16410
DHAMR CCG TAC GCA TAC TGG CTT TGC 1648–1628

ACC ACCMF AAC AGC CTC AGC AGC CGG TTA 346 861–881 AJ133121
ACCMR TTC GCC GCA ATC ATC CCT AGC 1206–1186

MIR-1T ACT-1 EBCMF TCG GTA AAG CCG ATG TTG CGG 302 1115–1135 M37839
EBCMR CTT CCA CTG CGG CTG CCA GTT 1416–1396

FOX-1 to FOX-5b FOXMF AAC ATG GGG TAT CAG GGA GAT G 190 1475–1496 X77455
FOXMR CAA AGC GCG TAA CCG GAT TGG 1664–1644

a Sequence used for primer design.

TABLE 3. WAVE gradient parameters

Stepa Time
(min)b

% Buffer

A B D

Loading 0.0 51 49 0
Step 1 0.5 46 54 0
Step 2 1.0 42 58 0
Step 3 1.5 40 60 0
Step 4 2.5 38 62 0
Step 5 3.5 37 63 0
Step 6 4.5 37 63 0
Step 7 5.5 34 66 0
Step 8 6.5 32 68 0
Start clean 6.6 0 0 100
Stop clean 7.1 0 0 100
Start equilibrate 7.2 51 49 0
Stop equilibrate 8.1 51 49 0

a Sequence of events for loading the column, gradient changes, and cleaning
the column.

b Time of each gradient change.

VOL. 40, 2002 ampC MULTIPLEX PCR 2155



FIG. 1. AmpC dendrogram. Sequences were downloaded from the GenBank database, and structural genes were compared, as described in
Material and Methods, by using the DNAsis program. Values in blue correspond to the percent similarity between the most distinct member of
each cluster and the other members within that cluster. Primer pairs are correlated by the family of genes that they amplify.
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morganii), CIT (origin C. freundii), and EBC (origin E. cloa-
cae). The percent similarities among the family members
within these clustered groups were 94.3, 94.2, 89.4, 95.7, 98.6,
and 84.2% for the ACC, FOX, MOX, DHA, CIT, and EBC
groups, respectively. The blaFOX-5b gene, previously reported
as blaFOX-6 (GenBank accession number AY034848), differs in
only 1 nucleotide from and codes for the same enzyme as
FOX-5. This gene serves as a genetic variant of the same gene
in the analysis.

The sequences of each cluster were aligned with the
CLUSTAL W multiple-alignment option in the MacVector,
version 6.5, program (Oxford Molecular Ltd.), and the aligned
sequences were used as a reference for primer design. The
resulting primers were compared with all members of the dif-
ferent clusters in order to avoid cross-hybridization. In addi-
tion, primers were evaluated for individual melting tempera-
tures and lengths. Variations between the individual primers
allowed a change in melting temperature of 0.5°C and a dif-
ference in length of 2 nucleotides. The theoretical formation of
primer dimers was also evaluated and found insignificant. The
12 primers designed for multiplex PCR are listed in Table 2
and in Fig. 1.

Initial analysis of ampC multiplex PCR. The compatibility
of the six primer pairs was tested by using the conditions
described in Materials and Methods. Each reaction shown in
Fig. 2 contained six primer sets and template DNA from a
representative member of each of the ampC groups previously
described: blaMOX-1, blaLAT-1, blaDHA-1, blaACC, blaACT-1, and
blaFOX-1 (1, 5, 12–15, 19, 38). The template used for ACC
represents the chromosomal ampC gene from H. alvei JW3 but
is not specifically ACC-2. Only one amplification product was
observed for each template, and the size observed was consis-
tent with the expected size shown in Table 2. Individual primer
pairs (for example, FOXMF and FOXMR) were evaluated by
using template DNA from the same representative members as

those used above to ensure that one primer pair amplified only
one amplicon. Amplification was observed only when each set
of family-specific primers was used with template DNA from
that particular ampC family. Using these parameters, only one
amplicon of the predicted size was observed for each template-
primer pair tested (data not shown).

Impact of family-specific variations on multiplex amplifica-
tion. Sequences of ampC genes from the same family show
slight variations (genetic changes). These variations can lead to
an amino acid substitution(s) resulting in the individual family
member. For example, sequences of members of the proposed
Citrobacter-originating family have a group similarity of 98.6%
(Fig. 1). In order to demonstrate that sequence variations of
individual family members would not influence the outcome of
ampC multiplex PCR, different members of representative
families (Table 1) were used as templates (Fig. 3). The ampli-
fication of products for each family member of a particular set
(CIT, EBC, and FOX) resulted in a single amplicon of the
predicted size. For example, every template of the CIT family
resulted in an amplicon of 462 bp (Fig. 3). In addition, single
amplicons of 302 and 190 bp were generated for the EBC
family members MIR-1 and ACT-1 and for the FOX family
members FOX-1 to FOX-5b, respectively.

Evaluation of chromosomal cross-hybridization. The mobil-
ity of plasmid-mediated ampC �-lactamases requires that any
molecular technique used for identification of the gene be
functional for different gram-negative organisms, including or-
ganisms with chromosomal ampC genes, such as E. cloacae and
C. freundii (16). Because plasmid-mediated ampC genes orig-
inated from chromosomal genes, the ampC multiplex PCR was
tested for the possibility of cross-hybridization with chromo-
somal �-lactamase genes of different origins. Multiplex PCR
was conducted with the organisms listed in the chromosomal
group in Table 1. No amplification was observed when a DNA
template from K. pneumoniae, E. coli, Pseudomonas aerugi-
nosa, S. marcescens, P. mirabilis, or E. aerogenes was used (Fig.
4). As expected, an amplification product of the Enterobacter-
originating ampC gene was obtained when DNA from E. clo-
acae was used as a template (Fig. 4). This band represents the
EBC product of 302 bp (Table 2), but no other set of ampC-
specific primers cross-reacted with this chromosomal DNA. In
addition, products of the expected sizes for Citrobacter-, Mor-
ganella-, and Hafnia-originating ampC genes were observed
when DNAs from C. freundii, M. morganii, and H. alvei were
used as templates. In addition, a DNA template prepared from
a Citrobacter sp. other than C. freundii did not result in an
amplified product, indicating the specificity of the primer pair.

Analysis of putative AmpC-producing clinical isolates. The
data presented in Fig. 2 to 4 substantiate the specificity of the
ampC multiplex PCR with highly characterized strains (both
phenotypically and molecularly). However, verification of the
multiplex PCR-based assay requires the use of isolates not
previously characterized by molecular methods. Therefore,
DNAs from 22 AmpC-producing isolates, as determined by
phenotypic characterization, were analyzed by ampC multiplex
PCR (Fig. 5). Two multiple-template PCRs with two known
control templates (ACT-1 and FOX-1) or four known control
templates (MOX-1, LAT-1, DHA-1, and ACC) were per-
formed, and the products were separated in the same gel to
serve as markers for individual unknown reactions. PCR anal-

FIG. 2. Initial analysis of ampC multiplex PCR. Multiplex PCR
products were separated in a 2% agarose gel. Lanes are labeled with
the ampC gene used as template DNA; ACC, chromosomal ampC
gene from H. alvei; M, 100-bp DNA ladder. The amplified product
from each PCR is indicated on the left, and the size of the marker in
base pairs is shown on the right.

VOL. 40, 2002 ampC MULTIPLEX PCR 2157



ysis indicated no amplification from DNA templates prepared
from 11 isolates (Fig. 5A, lanes 1, 2, 3, 4, 6, 7, 8, 11, and 12, and
Fig. 5B, lanes 1 and 10). A single product was amplified with
DNA templates prepared from the other 11 isolates. An am-

plification product of ca. 200 bp (FOX-like) was observed with
DNA prepared from five isolates (Fig. 5A, lanes 5 and 9, and
Fig. 5B, lanes 2, 3, and 7). An amplicon of ca. 300 bp (Enter-
obacter-like) was observed with DNA prepared from two iso-

FIG. 3. Resolution of family-specific variation. Multiplex PCR products were separated in a 2% agarose gel. Lanes are labeled with the ampC
gene used as template DNA; ACC, chromosomal ampC gene from H. alvei; M, 100-bp DNA ladder; (�), negative water control; C.o.(�), carryover
negative control. The amplified product from each PCR is indicated on the left, and the size of the marker in base pairs is shown on the right.

FIG. 4. Evaluation of chromosomal cross-hybridization. Multiplex PCR products were separated in a 2% agarose gel. Lanes are labeled with
the name of the organism used as the source of template DNA (Table 1); M, 100-bp DNA ladder; (�), negative water control; C.o.(�), carryover
negative control. The amplified product from each PCR is indicated on the left, and the size of the marker in base pairs is shown on the right.
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lates (Fig. 5B, lanes 6 and 8). An amplicon of ca. 400 bp
(DHA-like) was observed from DNA prepared from one iso-
late (Fig. 5B, lane 5). An amplicon of ca. 460 bp (Citrobacter-
like) was generated from DNA prepared from three isolates
(Fig. 5A, lane 10, and Fig. 5B, lanes 4 and 9). As an example,

the amplicon generated from the E. coli isolate (Fig. 5A, lane
10) was sequenced to verify that the amplicons generated from
unknown isolates were as predicted. The CIT-like amplicon in
the ampC multiplex PCR (Fig. 5A, lane 10) was confirmed to
be blaCMY-2, a Citrobacter-originating plasmid-mediated ampC

FIG. 5. Analysis of clinical isolates. Multiplex PCR products were separated in a 2% agarose gel. M, 100-bp DNA ladder; (�), negative water
control; 4 Templates, MOX-1, LAT-1, DHA-1, and ACC; 2 Templates, FOX-1 and ACT-1; C.o.(�), carryover negative control. (A) Lanes 1 to
4, 6 to 8, and 12, E. coli isolates; lanes 5 and 9, K. pneumoniae isolates; lane 10, P. mirabilis isolate; lane 11, E. aerogenes isolate. (B) Lanes 1, 2,
4, and 10, E. coli isolates; lanes 3 and 5 to 9, K. pneumoniae isolates. The amplified product from each PCR is indicated on the right, and the size
of the marker in base pairs is shown on the left.
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gene, by amplifying the entire structural gene and sequencing
the full-length amplicon.

WAVE analysis. In order to reduce the total required ana-
lytical time without losing specificity or sensitivity, a high-pres-
sure liquid chromatography-based nucleic acid analysis tech-
nology, the WAVE DNA fragment analysis system, was used.
A comparison of gel electrophoresis and WAVE technology
was performed by using ampC multiplex PCR products from a
representative member of each gene family (Fig. 2). The am-
plified products visualized by gel electrophoresis in Fig. 2,
MOX-1 (520 bp), LAT-1 (CIT family) (462 bp), DHA-1 (405
bp), ACC (346 bp), ACT-1 (EBC family) (302 bp), and FOX-1
(190 bp), correlate with the peaks observed in Fig. 6A, with
retention times of 6.07 min (red line), 5.78 min (green line),
5.19 min (brown line), 4.76 min (blue line), 4.39 min (orange
line), and 3.41 min (black line), respectively. The initial peak at
0.5 min and the final peak at 10 min in Fig. 6A correspond to
injection and washoff peaks, respectively.

Multiple templates, i.e., two (FOX-1 and ACT-1), four
(MOX-1, LAT-1, DHA-1, and ACC), or six (a combination of
the two templates and the four templates just listed), were
mixed and amplified by using ampC multiplex PCR. PCR am-
plification of two or four templates resulted in amplicons of the
expected sizes that were easily visualized by agarose gel elec-
trophoresis and ethidium bromide staining, as shown in Fig.
6B. However, visualization of all six amplified products in one

reaction was not possible. A sample that was obtained from the
same PCR which generated the six amplification products and
that was analyzed by gel electrophoresis was subjected to
WAVE analysis. All six products were observed as well-defined
peaks (Fig. 6A, aqua line). Each peak had a retention time
equivalent to the retention time observed in the single-tem-
plate amplification, and each peak was consistent with the size
and retention time expected relative to the pUC18 size stan-
dard (Fig. 6A, pink line) and the individual peaks described
above.

DISCUSSION

The prevalence of AmpC-mediated resistance in the United
States and worldwide is unknown, due in part to the limited
number of surveillance studies seeking clinical strains produc-
ing AmpC �-lactamases and the difficulty that laboratories
have in accurately detecting this resistance mechanism (34).
Reducing the spread of plasmid-mediated AmpC resistance in
hospitals requires the identification of the genes involved in
order to control the movement of this resistance mechanism.
Clinical laboratories interested in distinguishing AmpC-medi-
ated resistance from other �-lactamase resistance mechanisms
will need to use molecular identification methods. The multi-
plex PCR technique described in this report will be an impor-

FIG. 6. WAVE analysis. (A) Chromatogram obtained by using multiplex PCR products amplified from the following DNA templates (bottom
to top): FOX-1, ACT-1, ACC, DHA-1, LAT-1, MOX-1, combination of the six DNA templates listed above, and DNA marker pUC18.
(B) Agarose gel electrophoresis of multiplex PCR products obtained by using three different combinations of DNA templates: 2 Templates, FOX-1
and ACT-1; 4 Templates, MOX-1, LAT-1, DHA-1, and ACC; and 6 Templates, combination of the six templates listed above. M, 100-bp
ladder.The amplified product from each PCR is indicated on the left, and the size of the marker in base pairs is shown on the right.
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tant tool for the detection of transferable (i.e., plasmid-medi-
ated) ampC �-lactamase genes in gram-negative bacteria.

Conventional phenotypic methods used to detect isolates
expressing AmpC �-lactamases have restricted the detection of
this resistance mechanism to mainly organisms without an in-
ducible chromosomal ampC gene, such as K. pneumoniae, Sal-
monella enterica serovar Typhimurium, or E. coli (1, 4, 9–11,
16, 19, 25). In K. pneumoniae and Salmonella serovar Typhi-
murium, no chromosomal gene is present. Therefore, no en-
dogenous AmpC �-lactamase can interfere with either suscep-
tibility testing or hydrolysis assays (23, 26). Since E. coli
produces its chromosomal ampC gene at a low constitutive
level, the endogenous enzyme has little influence on suscepti-
bility testing or �-lactamase hydrolysis assays (30). However,
molecular analysis will be required to verify the presence of
transferable ampC genes in hyperproducing E. coli or gram-
negative pathogens coding for inducible chromosomal AmpC
�-lactamases.

This study demonstrated the use of multiplex PCR for dis-
tinguishing family-specific ampC genes in various gram-nega-
tive organisms, including K. pneumoniae, E. coli, P. mirabilis,
and Salmonella serovar Typhimurium. When DNA prepared
from E. coli isolates resulted in no amplified products, we
concluded that these isolates were most likely hyperproducers
of the chromosomal ampC gene (Fig. 5). This conclusion was
based on the absence of a PCR amplicon together with sus-
ceptibility and isoelectric focusing characterizations (data not
shown). In this regard, ampC multiplex PCR demonstrated
further discriminatory power, distinguishing between the pres-
ence of known transferable ampC genes and suspected hyper-
producing E. coli isolates. In addition, ampC multiplex PCR
also discriminated between transferable ampC genes coding
for inducible AmpC �-lactamases as long as they were not of
the same origin (Fig. 4).

Clinical isolates expressing more than one plasmid-mediated
AmpC �-lactamase have not been reported. Two reasons could
explain this observation. First, the inability to accurately detect
the type of transferable AmpC �-lactamase does not allow for
the differentiation of multiple AmpC enzymes. Second, it is
possible that there is a limit to the amount of AmpC �-lacta-
mase that a bacterial cell can accommodate and still be a viable
pathogen (23). Thus, organisms may not be able to express two
or more plasmid-mediated ampC genes. However, if multiple
plasmid-mediated ampC genes can be expressed in a single
organism, then the ampC multiplex PCR technique described
in this report can be used to differentiate them. This applica-
tion was demonstrated by the identification of two, four, or six
amplicons when multiple template DNAs prepared from bac-
terial isolates were added to one PCR.

Specificity and sensitivity are important criteria used to eval-
uate diagnostic techniques. In clinical laboratories, speed is
also an important parameter. The time required to prepare
template DNA and perform multiplex PCR in this study was
1.5 h. However, visualization of the PCR products by gel elec-
trophoresis required approximately 4 h for high resolution of
bands in 2% agarose, staining, destaining, and interpretation of
data. WAVE analysis was able to decrease the time required
for results from 5.5 h to less than 2 h. In addition, WAVE
analysis was able to detect six amplicons within one multiplex
PCR sample, whereas electrophoresis and ethidium bromide

staining could only accurately detect four different genes at a
time. Therefore, techniques such as WAVE analysis can be
beneficial not only as time-saving devices but also by increasing
the sensitivity of molecular assays.

The mechanism(s) by which pathogenic organisms become
resistant to antimicrobial agents is becoming increasingly com-
plex. A single type of test, whether based on phenotypic or
molecular analysis, will not be able to accurately characterize
the resistance mechanisms in these complex organisms. All
laboratory tests have limitations. Although automated systems
are available for susceptibility testing, the accuracy of these
phenotypic tests are not adequate for organisms expressing
plasmid-mediated AmpC �-lactamases alone or in combina-
tions with ESBLs (7, 22, 28, 29, 39). A primary limitation of
automated systems is that detection is based on programmed
mathematical algorithms. As the combination of resistance
mechanisms found in pathogens becomes more complicated,
updating these programs will become more difficult. The lim-
itation of molecular assays is that identification is based on
known genes or sequences. Therefore, given the shortcomings
of both types of analyses, optimal characterization of resistance
mechanisms in complex resistant pathogens will require the
use of both molecular and phenotypic analyses. High-through-
put systems capable of molecular analysis, such as the WAVE
system, are necessary companions for automated phenotypic
analysis. Together, these tools can more accurately detect the
increasingly complex resistance mechanisms observed in clin-
ical isolates. Increased accuracy in the identification of resis-
tance mechanisms will result in improved surveillance studies,
infection control, and available therapeutic options.
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