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A multiplex asymmetric PCR (MAPCR)-based microarray method was developed for the detection of 10
known extended-spectrum �-lactamases (ESBLs) and plasmid-mediated AmpC �-lactamase genes in gram-
negative bacteria and for the typing of six important point mutations (amino acid positions 35, 43, 130, 179,
238, and 240) in the blaSHV gene. The MAPCR is based on a two-round reaction to promote the accumulation
of the single-stranded amplicons amenable for microarray hybridization by employing multiple universal
unrelated sequence-tagged primers and elevating the annealing temperature at the second round of amplifi-
cation. A strategy to improve the discrimination efficiency of the microarray was constituted by introducing an
artificial mismatch into some of the allele-specific oligonucleotide probes. The microarray assay correctly
identified the resistance genes in both the reference strains and some 111 clinical isolates, and these results
were also confirmed for some isolates by direct DNA sequence analysis. The resistance genotypes determined
by the microarray correlated closely with phenotypic MIC susceptibility testing. This fast MAPCR-based
microarray method should prove useful for undertaking important epidemiological studies concerning ESBLs
and plasmid-mediated AmpC enzymes and could also prove invaluable as a preliminary screen to supplement
phenotypic testing for clinical diagnostics.

�-Lactam antibacterial agents are the most commonly used
antibiotics (2, 9, 11, 18). However, resistance to �-lactam an-
tibiotics has become increasingly serious and is mediated
mainly by transferable �-lactamase enzymes, which can specif-
ically and efficiently hydrolyze the �-lactam loop. Class A
�-lactamases, especially extended-spectrum �-lactamases
(ESBLs) and class C cephalosporinase (AmpC) are the two
major �-lactamases prevalent in gram-negative bacteria, espe-
cially in Enterobacteriaceae (3, 13, 27). These enzymes are
typically associated with multiple antibiotic resistances, leaving
few treatment choices (4, 20, 38). Clinically, accurate and rapid
antibiotic susceptibility information is crucial for clinicians to
make appropriate therapy decisions (8, 26). Differentiation of
organisms harboring ESBLs from organisms harboring plas-
mid-mediated AmpC �-lactamases is necessary in order to
address therapeutics and epidemiology as well as hospital
infection control issues associated with these resistance
mechanisms (37). Traditional culture-based antimicrobial
susceptibility tests such as the disk diffusion method or MIC
determinations provide only phenotypic susceptibilities and
may at times be discordant with in vivo susceptibility (16, 24,

35). Many clinical laboratories have problems with the accu-
rate detection of ESBLs and AmpC �-lactamases. However,
failure to detect and distinguish between these enzymes has
contributed to their uncontrolled spread and sometimes re-
sulted in severe therapeutic failures (14, 26, 35).

Assays employing PCR and, subsequently, real-time quanti-
tative PCR have grown rapidly, and some are currently used
for in vitro diagnostics in the fields of infectious diseases and
hereditary diseases, particularly in academic medical centers
and large referral laboratories. However, the throughput of
these methods is generally low, and only a limited number of
targets can be detected and differentiated in each assay. Mul-
tiplex PCR, first developed and reported in 1988 (5), provides
the simultaneous amplification of many targets of interest in
one reaction, thus increasing the assay throughput and allow-
ing more efficient use of each DNA sample. This technology
could become a rapid and convenient screening procedure, as
it has been successfully applied in mutation and polymorphism
analyses (21) and the identification of bacterial species (7) and
bacterial drug resistance genes (28).

Microarray technology, which allows the simultaneous anal-
ysis of a large amount of genetic information in a single assay
and avoids the need for gel electrophoresis for fragment sizing
analysis to identify gene variants (39), has recently been devel-
oped for the identification of viruses (41) and for the detection
of a few microbial antibiotic resistance determinants (40). In
the present study, we developed a multiplex asymmetric PCR
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(MAPCR)-based microarray procedure for the detection of 10
ESBLs and plasmid-mediated AmpC �-lactamase genes and
also for the typing of six important point mutations in the
blaSHV gene.

MATERIALS AND METHODS

Bacterial strains. (i) Reference strains. Reference bacterial strains are listed
in Table 1. Sixteen highly characterized reference strains, including six sequenced
clinical strains, BJ-7 (Klebsiella pneumoniae) (blaSHV-2), TT-12 (K. pneumoniae)
(blaCTX-M-3, blaSHV-5, blaDHA-1, and blaTEM-1), TT-13 (Escherichia coli)
(blaCMY-2, blaCTX-M-9, and blaTEM-1), TT-18 (K. pneumoniae) (blaCTX-M-9,
blaSHV-1, blaDHA-1, and blaTEM-1), TT-30 (Enterobacter cloacae) (blaSHV-12, chro-
mosomal ampC, and blaTEM-1), and TR3104 (E. cloacae) (blaCTX-M-3, chromo-
somal ampC, and blaTEM-1); two E. coli J53 transformants, J53/pMG233
(blaMIR-1 and blaTEM-1) and J53/pMG251 (blaACT-1 and blaTEM-1), both kindly
provided by G. A. Jacoby; and eight E. coli DH5� transformants, DH5�/pFOX-5
(blaFOX-5) (kindly provided by A. M. Queenan), DH5�/T-mox, DH5�/T-acc,
TSV-6, TSV-8, TSV-24, TSV-29a, and TSV-130-1, with blaMOX-1, blaACC-1,
blaSHV-6, blaSHV-8, blaSHV-24, blaSHV-29, and blaSHV-10 genes, respectively, on the
T-easy vectors (Promega, Madison, WI), constructed in this study were used as
standards to develop and optimize the MAPCR-based microarray method.

(ii) Clinical isolates. A total of 111 gram-negative clinical isolates, including 46
E. coli, 46 K. pneumoniae, and 19 E. cloacae isolates obtained from Beijing
Hospital and Beijing Tiantan Hospital, were identified for their �-lactamase
genotypes. Among the isolates, 68 were from sputum, 19 were from blood, 18
were from urine, and 6 were from other samples. All isolates were identified to
the species level by the Vitek GNI system (bioMérieux, France) or by the
MicroScan Autoscan-4 system (Dade Behring, Inc., West Sacramento, CA).
Isolates were screened for ESBL production by the CLSI (formerly NCCLS)
phenotypic confirmatory method using disks containing 30 �g of cefotaxime and
30 �g of ceftazidime alone and in combination with 10 �g of clavulanate (23).
AmpC �-lactamase activity was examined by the modified three-dimensional
extraction method (17). The MICs of several �-lactam antibiotics, including
cefoxitin, imipenem, cefotaxime, and ceftazidime alone or in association with
clavulanate (4 �g/ml) (22), were determined for all isolates by the agar dilution
method with Müeller-Hinton agar (Tiantan biotechnology Co., Ltd., Beijing,
People’s Republic of China) with an inoculum of 104 CFU per spot.

Primers and probes. Fluorescence-labeled universal unrelated sequence-
tagged primers (UT primers), sequence-specific primers (Table 2), and hybrid-
ization oligonucleotide probes (Table 3) were designed for the amplification and
detection of the 10 known ESBLs and plasmid-mediated AmpC �-lactamase
genes in gram-negative bacteria. The primers and probes were obtained from
BioAsia (Shanghai, People’s Republic of China). The UT primers were designed
to be tagged with an unrelated universal sequence at their 5� ends. A fluorescent

dye, 6-carboxytetramethylrhodamine (TAMRA), labeled the 5� end of the UT
primer for simultaneously incorporation into the PCR products for subsequent
hybridization. The melting temperature (Tm) of the primers was calculated
according to the nearest-neighbor formula by using the MELTING program (15)
(available at http://bioweb.pasteur.fr/seqanal/interfaces/melting.html). Oligonu-
cleotide probe sequences were designed based on multiple-sequence alignment
analysis with the DNAMAN (version 4.0) program. The probes for fabrication of
the microarray were amino modified, and a poly(T)12 spacer was used between
the amino group and the 5� end of the probe.

MAPCR. MAPCR was carried out in a single tube, which involved two distinct
rounds of PCR to simultaneously amplify 10 �-lactamase genes prevalent in
gram-negative bacteria. Before the optimization of the reaction of multiplex
asymmetric amplification, individual primer pairs were evaluated by using tem-
plate DNA from the reference strains to ensure that one primer pair amplified
only one expected amplicon. Using standard PCR conditions (an initial dena-
turation step at 94°C for 3 min followed by 25 cycles of DNA denaturation at
94°C for 10 s, primer annealing at 55°C for 30 s, and primer extension at 72°C for
60 s), only one amplicon of the predicted size was observed for each template-
primer pair tested, and amplicon sizes ranged from 190 to 885 bp (data not
shown).

Based on thermal asymmetric PCR (19), the UT primers were designed with
a universal unrelated sequence at their 5� ends in order to obtain a Tm variance
of at least 10°C compared with the sequence-specific primers. The procedure was
based on a two-round reaction. In the first-round reaction, double-stranded
products were produced under a lower annealing temperature (e.g., 55°C). In the
second-round amplification, single-stranded DNA (ssDNA) was generated using
a higher annealing temperature (e.g., 72°C) to ensure that only the UT primers
annealed to the targets. Each PCR mixture (25 �l) contained 250 �M of each
deoxynucleoside triphosphate, 1 U of Taq DNA polymerase (Tianwei Times
Technology Co., Ltd., Beijing, People’s Republic of China), 10 mM Tris-HCl
(pH 8.3), 50 mM KCl, 1.5 mM MgCl2, and 1 �l of lysate supernatant as a
template. The template was prepared by boiling either a single colony or a few
colonies suspended in 100 �l of 1� Tris-EDTA buffer (10 mM Tris-HCl, 1 mM
EDTA [pH 7.5]). The final concentrations of the UT primers were 0.04 �M (for
blaTEM), 0.1 �M (for blaDHA, blaACC, blaACT-1, and blaFOX-5), 0.2 �M (for
blaMOX-1, blaCMY-2, blaCTX-M-3, and blaCTX-M-9), and 0.4 �M (for blaSHV). The
final concentrations of the sequence-specific primers were adjusted according the
concentration ratios of the sequence-specific primers to the UT primers (1:1, 1:5,
1:10, and 1:20) by fixing the concentrations of the UT primers. PCR was carried
out in a Peltier PTC225 thermal cycler (MJ Research Inc., Watertown, MA)
using two rounds of amplification, with an initial denaturation step at 94°C for 3
min, followed by the first round of exponential amplification of 15 cycles of 94°C
for 10 s, 55°C for 30 s, and 72°C for 60 s; the second round of linear amplification
of 25 cycles of 94°C for 10 s and 72°C for 120 s; and a final extension step at 72°C
for 5 min. PCR products (2 �l) were analyzed by electrophoresis in 2.0% agarose

TABLE 1. Well-characterized bacterial strains used in this study

Straina Relevant characteristic(s)b Reference or source

E. coli DH5�/pFOX-5 blaFOX-5-producing isolate 31
E. coli TT-13 blaCMY-2-, blaCTX-M-9-, and blaTEM-1-producing isolate This study
K. pneumoniae TT-18 blaCTX-M-9-, blaSHV-1-, blaDHA-1-, and blaTEM-1-producing isolate This study
E. cloacae TR3104 blaCTX-M-3-, cs-ampC-, and blaTEM-1-producing isolate This study
K. pneumoniae BJ-7 blaSHV-2-producing isolate This study
K. pneumoniae TT-12 blaCTX-M-3-, blaSHV-5-, blaDHA-1-, and blaTEM-1-producing isolate This study
E. cloacae TT-30 blaSHV-12-, cs-ampC-, and blaTEM-1-producing isolate This study
E. coli J53/pMG233 blaMIR-1- and blaTEM-1-producing isolate 25
E. coli J53/pMG251 blaACT-1- and blaTEM-1-producing isolate 1
E. coli DH5�/T-mox blaMOX-1- and blaTEM-1-producing isolate This study
E. coli DH5�/T-acc blaACC-1- and blaTEM-1-producing isolate This study
TSV-6 blaSHV-6-producing isolate This study
TSV-8 blaSHV-8-producing isolate This study
TSV-24 blaSHV-24-producing isolate This study
TSV-29a blaSHV-29-producing isolate This study
TSV-130-1 blaSHV-10-producing isolate This study

a DH5�/T-mox and DH5�/T-acc, with the blaMOX-1 and blaACC-1 genes, respectively, on the T-easy vectors (Promega), were constructed in this study because strains
harboring the blaMOX-1 or blaACC-1 gene were unavailable. TSV-6, TSV-8, TSV-24, TSV-29a, and TSV-130-1 were E. coli DH5� transformants that contained the
blaSHV-6, blaSHV-8, blaSHV-24, blaSHV-29, and blaSHV-10 genes (constructed by site-directed mutagenesis in this study), respectively, and were used for the validation of
probes of the mutant type for positions 179, 43, 238Ala, and 130; other reference strains were clinical isolates which had been characterized fully.

b cs-ampC, chromosomal ampC gene.
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in 1� Tris-borate-EDTA buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA
[pH 8.0]) for 45 min at 100 V, stained with ethidium bromide, and photographed
under a UV transilluminator (UVP Inc., Upland, CA).

Microarray preparation. Microarrays were processed and spotted using a
SmartArray-48 microarrayer (CapitalBio Co., Ltd., Beijing, People’s Republic of
China). The oligonucleotide probes were applied to the aldehyde-activated slides
(CapitalBio) at a concentration of 10 �M in DNA Spotting solution (CapitalBio)
and covalently immobilized on the slides by the mediation of an amino group at
their 5� ends.

Microarray hybridization and data analysis. The initial studies used a mi-
croarray with the layout shown in Fig. 1A to validate the efficiency and accuracy
of the MAPCR-based microarray assay. The hybridization mixture was made up
of 8 �l of the fluorescence-labeled PCR products and 10 �l of hybridization
buffer (4� SSC [1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 0.2%
sodium dodecyl sulfate, 5� Denhardt’s solution, and 10% dextran sulfate) plus
0.1 pmol TAMRA-labeled positive control target. The mixtures were heated for
5 min at 95°C, cooled down rapidly on ice, and then applied to the gridded
reaction chamber formed by the polyester frame covering the surface of the
microarray. Hybridization was performed for 2 h at 55°C in a humidified cham-
ber. After hybridization, the slides were washed once at room temperature for 5
min in 2� SSC–0.1% sodium dodecyl sulfate and twice for an additional 1 min
in distilled water. Finally, the slides were dried by spinning at 250 � g for 2 min.
Microarrays were analyzed using a confocal LuxScan-10K scanner (CapitalBio).
Laser power was fixed at 90%, and the photomultiplier tube was set at 70%.
Fluorescent intensities were quantified by using SpotData Pro 2.1 (CapitalBio).
The mean of the fluorescence signals for the repeated spots was corrected by
subtraction of the mean of the fluorescence signals of the negative control. The
signal intensity of a perfect match (PM) (higher intensity among two allele-
specific oligonucleotide probes for one single-nucleotide polymorphism) and the
ratio of the intensities of PM to mismatch (MM) (i.e., ratio of the mean intensity
of the PM to the mean intensity of MM) were used for blaSHV typing.

RESULTS

Multiplex amplification and detection of �-lactamase genes
by the MAPCR-based microarray method. The MAPCR was
evaluated in a 10-plex amplification of 10 groups of �-lacta-
mase genes using a combination of the six templates (DH5�/
pFOX-5, TT-13, TT-18, TR3104, DH5�/T-mox, and DH5�/T-
acc) (Table 1). These genes could be simultaneously detected
in a single reaction (Fig. 1B) in which concentration ratios of
1:1 and 1:5 of the sequence-specific primers to the UT primers
both gave higher strength signals than a ratio of 1:10 did. A
1:20 ratio of primers produced the weakest and most unbal-
anced hybridization signals.

To further investigate the multiplex asymmetric amplifica-
tion efficiency of the MAPCR, microarray hybridization was
performed without denaturing the hybridization mixture. The
results indicated that the signal intensities of the 10 �-lacta-
mase genes were slightly reduced, with a decrease of about 10
to 30% compared with the signal intensities produced follow-
ing denaturation (data not shown). MAPCR efficiently pro-
duces a large number of single-stranded products from multi-
ple targets and also indicates that the denaturation step before
hybridization could be eliminated to simplify the assay and to
save time. We also examined the feasibility of further reducing
the length of the assay by limiting the hybridization incubation
to 30 min using the reference strains. Probe signals were de-

TABLE 2. Primers used for the MAPCR procedure

Primer Target(s) Sequence (5�–3�)a Concn(s) (nM) Tm(s) (°C)b

Mox-uf blaMOX-1, blaCMY-1, and blaCMY-8 Uni-CTGCTCAAGGAGCACAGGAT 200 71.9
Mox-r to blaCMY-11 CACATTGACATAGGTGTGGTGC 200/40/20/10 58.3/56.3/55.4/54.5

cit-uf blaLAT-1 to blaLAT-4, and blaCMY-2 Uni-TGGCCAGAACTGACAGGC 200 72.1
cit-r to blaCMY-7 TTTCTCCTGAACGTGGCTGGC 200/40/20/10 61.7/59.6/58.7/57.8

dha-uf blaDHA-1 and blaDHA-2 Uni-AACTTTCACAGGTGTGCTGGGT 100 71.3
dha-r CCGTACGCATACTGGCTTTGC 100/20/10/5 60.0/57.9/57.0/56.1

acc-uf blaACC-1 and blaACC-2 Uni-AACAGCCTCAGCAGCCGGTTA 100 72.4
acc-r TTCGCCGCAATCATCCCTAGC 100/20/10/5 60.8/58.7/57.8/56.9

ebc-uf blaMIR-1 and blaACT-1 Uni-CAGGCCATTCCGGGTATGG 100 71.8
ebc-r CTTCCACTGCGGCTGCCAGTT 100/20/10/5 63.4/61.3/60.4/59.5

fox-uf blaFOX-1 to blaFOX-6 Uni-AACATGGGGTATCAGGGAGATG 100 69.6
fox-r CAAAGCGCGTAACCGGATTGG 100/20/10/5 60.5/58.4/57.5/56.6

ctx-m-3-uf blaCTX-M-3 type Uni-GTTGTTAGGAAGTGTGCCGCTG 200 72.4
ctx-m-3-r CCTTAGGTTGAGGCTGGGTGAAGT 200/40/20/10 62.3/60.3/59.5/58.7

ctx-m-9-uf blaCTX-M-9 type Uni-TGCAACGGATGATGTTCGCGG 200 73.0
ctx-m-9-r CCTTTGAGCCACGTCACCAAC 200/40/20/10 60.6/58.5/57.6/56.8

shv-f blaSHV type CCCTCACTCAAGGATGTATTGTGG 400/80/40/20 59.1/57.2/56.4/55.6
shv-ur Uni-TTAGCGTTGCCAGTGCTCG 400 72.7

tem-f blaTEM type CGCCCTTATTCCCTTTTTTGCGG 40/8/4/2 59.4/57.5/56.8/55.9
tem-ur Uni-TCAGTGAGGCACCTATCTCAGCG 40 71.3
Uni TAMRA-GGTTTCGGATGTTACAGCGT

a The primer sequences of six groups of plasmid-mediated AmpC genes were obtained as described previously in reference 28, with minor modifications, and the
primer sequences of other genes (blaTEM, blaSHV, blaCTX-M-3, and blaCTX-M-9) were designed in this study. Uni, universal.

b The concentration-adjusted Tm was calculated according to the nearest-neighbor formula by using the MELTING program (available at http://bioweb.pasteur.fr
/seqanal/interfaces/melting.html).
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tected with a decrease of the signal intensity of between 20 and
40% compared with the standard 2-h hybridization (data not
shown), indicating that a truncated hybridization procedure is
feasible, which could be useful for clinical diagnostics.

Specificity and sensitivity of the MAPCR-based microarray
method. Each of the six reference strains (DH5�/pFOX-5,
TT-13, TT-18, TR3104, DH5�/T-mox, and DH5�/T-acc) was
subjected to MAPCR amplification and hybridization to the
microarray to assess specificity. Figure 1C shows that the dif-
ferent �-lactamase genes in each of the reference strains were
correctly and unambiguously identified, regardless of how
many genes the strain contained (ranging from one gene in
DH5�/pFOX-5 to four genes in TT-18). Each of the expected
PCR products was detected by the specific probes on the mi-
croarray and did not cross-hybridize with other probes. In
contrast, not all of the expected amplification fragments of the
MAPCR were visualized and differentiated clearly by electro-
phoresis (data not shown), illustrating the high sensitivity and
specificity of the MAPCR-based microarray assay compared
with traditional multiplex PCR sizing analyses.

To determine the detection limits (i.e., minimal number of
bacterial cells that can be detected) of the MAPCR-based
microarray assay, serial 10-fold dilutions of template (from 105

cells to 100 cells) from three of the reference strains, E. coli
TT-13, K. pneumoniae TT-18, and E. cloacae TR3104, were

tested. The MAPCR-based microarray assay had a detection
limit of 102 to 103 cells for the three different species (data not
shown). This result indicates that the MAPCR-based microar-
ray assay can be used reliably and directly to detect antibiotic
resistance genes from a single colony, which contains about 107

to 108 cells (32).
MAPCR-based microarray for detection of �-lactamase

genes and typing of SHV-type ESBLs. As shown in Fig. 2B, all
gene-specific probes, except the blaSHV and blaACT-1 genes,
hybridized specifically to the corresponding targets of each of
the �-lactamase genotypes in the reference strains, and no
cross-hybridization with other genes was observed. The
blaACT-1 gene also gave a positive signal on the probe of the E.
cloacae chromosomal ampC gene due to the sequence similar-
ity. For the blaSHV gene, both the probes of a PM and those of
an MM gave positive signals. Nonetheless, assignment to a
genotype of the blaSHV gene was not affected. The signal in-
tensities of the PM were significantly higher than those of the
MM (P � 0.05 by t test), and the discrimination ratios (ratio of
the mean intensity of the PM to the mean intensity of the MM)
were more than 2 for all the reference strains tested.

Genotyping of clinical isolates by using MAPCR-based mi-
croarray hybridization. The accuracy and reproducibility of
this MAPCR-based microarray assay to detect the �-lactamase
genotypes was tested using 111 clinical isolates of Enterobac-

TABLE 3. Oligonucleotide capture probes used in this study

Oligonucleotide probe Sequence (5�–3�)a GenBank accession no.
(ESBL or reference)

tem-U NH2-T12-CGACGAGCGTGACACCACG AB194682
ctx-m-9-U NH2-T12-GGAATGGCGGTATTCAGCGTA AJ416341
ctx-m-3-U NH2-T12-TTCGTCTCCCAGCTGTCGG AJ416342
mox-U NH2-T12-CGCCTTGTCATCCAGCTGCA D13304
cmy-U NH2-T12-GCTTTATCCCTAACGTCATCGGG X78117
dha-U NH2-T12-TGTGATCCCCTTCCACT Y16410
acc-U NH2-T12-TACTCAGCGAACCCACTTCA AJ133121
ampc-U NH2-T12-AGGGAGGCGTTATCCGT AJ278995
mir-U NH2-T12-TAGAGCCCAGCTCAAACAG M37839
act-U NH2-T12-CAAGGTTTGTGGAGTGACAG U58495
fox-U NH2-T12-CGGTGTGGGTCAGCGCGATC X77455
shv-U NH2-T12-GGCTGGTTTATCGCCGATA X98099 (SHV-1)
238Gly NH2-T12-CGGAGCTGGCcAGCGGGGTb X98099 (SHV-1)
238Ser NH2-T12-CGGAGCTAGCcAGCGGGGTb AF148851 (SHV-2)
238Ala NH2-T12-CGGAGCTGCCcAGCGGGGTb AF301532 (SHV-29)
240Glu NH2-T12-CGGAGCTcGCGAGCGGGGTb X98099 (SHV-1)
240Lys NH2-T12-CGGAGCTcGCAAGCGGGGTb AF117747 (SHV-5)
35Leu NH2-T12-AATTAAACTAAGCGAAAGCC X98099 (SHV-1)
35Gln NH2-T12-AATTAAACAAAGCGAAAGCC X53817 (SHV-2a)
43Arg NH2-T12-TGTCGGGCCGCcTAGGCATb X98099 (SHV-1)
43Ser NH2-T12-TGTCGGGCAGCcTAGGCATb AF301532 (SHV-29)
130Ser NH2-T12-CATTACCATGAGCGcTAACAGc X98099 (SHV-1)
130Gly NH2-T12-CATTACCATGGGCGcTAACAGc SHV-10 (30)
17Asp NH2-T12-GACGCCCGCGACcCCACTAc X98099 (SHV-1)
179Ala NH2-T12-GACGCCCGCGCCcCCACTAc Y11069 (SHV-6)
179Asn NH2-T12-GACGCCCGCAACcCCACTAc U92041 (SHV-8)
179Gly NH2-T12-GACGCCCGCGGCcCCACTAc AB023477 (SHV-24)
Position control NH2-TCACTTGCTTCCGTTGAGG-HEX AC007661
Positive control NH2-T12-CCTCAACGGAAGCAAGTGAT AC007661
Target of positive control TAMRA-ATCACTTGCTTCCGTTGAGG AC007661
Negative control NH2-T12-CAAGCAGCCACGCCAGTAC BC112171

a All probe sequences were designed for this study. Underlining indicates true point mutations, and lowercase type indicates the nucleotides introduced to form the
artificial mismatches. HEX, hexachloro-6-carboxyfluorescein; T12, 12 consecutive thymidines.

b The artificial mismatch introduced into the probe sequence is a C/C mismatch.
c The artificial mismatch introduced into the probe sequence is a C/T mismatch.
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teriaceae where the drug resistance had been previously char-
acterized by microbiological methods and by DNA sequencing
(for all the genes of DHA-1, CMY-2, and the SHV type and
some of the genes of the CTX-M-3 type [five isolates], the

FIG. 2. Analysis of genotypes of the drug resistance genes by the
MAPCR-based microarray method. (A) Oligonucleotide pattern printed
on the array surface. H, position control; O, dimethyl sulfoxide; P, positive
control; S, blaSHV (universal probe); w, wild-type blaSHV; m, mutant-type
blaSHV; 9, blaCTX-M-9; 3, blaCTX-M-3; T, blaTEM; M, blaMOX; C, blaCMY; D,
blaDHA; A, blaACC; F, blaFOX; E, E. cloacae chromosomal ampC; mir,
blaMIR-1; act, blaACT-1; N, negative control. The probes in the rectangular
area were used for blaSHV typing, and the numbers on the left indicate the
amino acid positions. (B) Microarray hybridization results for 11 different
reference isolates. Mixture is the positive control for monitoring the am-
plification and hybridization processes using a combination of the six
templates (DH5�/pFOX-5, TT-13, TT-18, TR3104, DH5�/T-mox, and
DH5�/T-acc) (Table 1).

FIG. 1. Multiplex detection on an oligonucleotide microarray in the
initial study. (A) Oligonucleotide pattern printed on the array surface. H,
position control; N, negative control; T, blaTEM; S, blaSHV; 9, blaCTX-M-9;
3, blaCTX-M-3; M, blaMOX; C, blaCMY; D, blaDHA; A, blaACC; E, E. cloacae
chromosomal ampC; F, blaFOX; P, positive control. (B) Microarray hy-
bridization using the PCR products from MAPCR for 10-plex detection.
The concentration ratios of the sequence-specific primers to the UT
primers in MAPCR were 1:1, 1:5, 1:10, and 1:20. (C) Specificity of the
MAPCR-based microarray method.
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CTX-M-9 type [five isolates], the E. cloacae chromosomal
ampC [five isolates], and the TEM type [six isolates]). A total
of 34 different resistance genotypes were detected in the col-
lection of 111 clinical isolates by the MAPCR-based microar-
ray assay, and these results were in complete agreement with
complementary sequencing results (data not shown). As re-
ported previously (6), CTX-M-9 (43 isolates), CTX-M-3 (19
isolates), and SHV-12 (11 isolates) were the major ESBL ge-
notypes identified. In addition, DHA-1 (13 isolates) was the
main plasmid-mediated AmpC enzyme. The results for the
detection of six point mutations in the blaSHV gene obtained by
the microarray assay were in 100% accordance with those
obtained by DNA sequencing. Furthermore, a good correla-
tion between the microarray results and MIC susceptibility
testing of all the clinical isolates of K. pneumoniae and E. coli
was found. Exceptions were four K. pneumoniae strains in
which two isolates both harbored SHV-2a and TEM-type ge-
notypes and another two isolates harbored CTX-M-3 and
TEM-type and DHA-1 and SHV-1a genotypes, respectively,
which were susceptible to all the antibiotics tested. E. cloacae
isolates with ESBLs or plasmid-mediated AmpC enzymes were
resistant to cefotaxime or ceftazidime. However, the pheno-
typic results for the E. cloacae isolates with the chromosomal
ampC gene alone did not correlate well with the microarray
assay.

DISCUSSION

In the absence of self-annealing, the hybridization of ssDNA
targets to probes should be more efficient than the hybridiza-
tion of double-stranded DNA targets, even if the double-
stranded DNAs were denatured by boiling or alkali treatment
before hybridization (10). Asymmetric PCR, first described by
Gyllensten and Erlich (12), is a useful tool for generating
ssDNA. Traditional asymmetric PCR uses conventional PCR
primers at unequal concentrations to generate ssDNA. Unfor-
tunately, this method is often inefficient and difficult to opti-
mize and tends to promote nonspecific amplification. In addi-
tion, if the concentration of a primer designed for symmetric
PCR is simply reduced, creating a limiting primer, the effi-
ciency of the resulting symmetric reaction also decreases.
These effects are compounded if a multiplex amplification is
performed in the same reaction vessel, and appropriate con-
ditions are even more difficult to optimize, particularly if asym-
metric PCR is also involved. We performed the traditional
asymmetric PCR for a 10-plex amplification and found that the
amplification was both inefficient and variable (data not
shown). The linear-after-the-exponential PCR (LATE-PCR)
method has been recently shown to be an advantageous
method for producing large amounts of ssDNA amplicons by a
new primer design strategy and has been used successfully for
real-time PCR analysis (29, 34), for pyrosequencing (33), and
for universal microarray hybridization (36). Despite its obvious
utility, the development of a multiplex LATE-PCR-based assay
has not been reported. We attempted to use these stability
considerations for the design of a set of PCR primers; however,
they were not effective for multiplex asymmetric amplification
(data not shown). In contrast, the present study reports the
successful constitution of MAPCR using UT primers for the
generation of a large number of ssDNA products from multi-

ple targets for microarray hybridization. We also developed a
diagnostic application of the MAPCR-based microarray assay
for the identification of 10 groups of �-lactamase genes re-
sponsible for most of the drug-resistant Enterobacteriaceae en-
countered in clinics.

We have compared this microarray assay for the detection of
antibiotic resistance genes with traditional phenotypic methods
for the determination of antibiotic susceptibility. Overall, we
found that correlations were more than 95% for the detection
of phenotypic resistance for K. pneumoniae and E. coli isolates.
The data presented here demonstrate several powerful fea-
tures of the MAPCR-based microarray assay. First, the uni-
versal unrelated sequence in the 5� end of the UT primer
provides a higher annealing temperature so that only the UT
primer anneals to the target for linear amplification of the
ssDNAs, independent of the exhaustion of the limiting primer.
This linear amplification at a higher annealing temperature
performed well at an equal or equivalent primer concentra-
tions, which should help maintain more uniform amplification
of different targets and might permit a further increase in the
level of achievable multiplexing. Second, the universal unre-
lated sequence at the 5� end of the UT primers would allow
multiplex PCR to be easily optimized if new genes are added.
Third, differentiation efficiency during hybridization can be
readily increased by the introduction of an artificial mismatch
into allele-specific oligonucleotide probes to provide better
differentiation between genotypes; such discrimination is less
easily achieved with traditional methods. This general
MAPCR-based microarray strategy has also been successfully
applied to the detection of different drug resistance genes in
415 different clinical staphylococcal isolates (data not shown).

In conclusion, we have developed a MAPCR protocol to
efficiently generate single-stranded products in a linear manner
after the exponential phase. Combined with microarray tech-
nology, we simultaneously detected 10 prevalent �-lactamase
genes accurately in clinically relevant gram-negative bacteria
by starting with raw bacterial growth on primary isolation me-
dium. Its ease, speed, and reliability make this MAPCR-based
microarray assay a powerful tool for important epidemiological
studies concerning plasmid-mediated AmpC and ESBL en-
zymes and suggest that it may be a useful tool to complement
phenotypic susceptibility testing in clinical laboratories.
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