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In the United States, the production of the Klebsiella pneumoniae carbapenemase (KPC) is an important mechanism of carbap-
enem resistance in Gram-negative pathogens. Infections with KPC-producing organisms are associated with increased morbid-
ity and mortality; therefore, the rapid detection of KPC-producing pathogens is critical in patient care and infection control. We
developed a real-time PCR assay complemented with traditional high-resolution melting (HRM) analysis, as well as statistically
based genotyping, using the Rotor-Gene ScreenClust HRM software to both detect the presence of blay, and differentiate be-
tween KPC-2-like and KPC-3-like alleles. A total of 166 clinical isolates of Enterobacteriaceae, Pseudomonas aeruginosa, and
Acinetobacter baumannii with various 3-lactamase susceptibility patterns were tested in the validation of this assay; 66 of these
organisms were known to produce the KPC B-lactamase. The real-time PCR assay was able to detect the presence of blayp in all
66 of these clinical isolates (100% sensitivity and specificity). HRM analysis demonstrated that 26 had KPC-2-like melting peak
temperatures, while 40 had KPC-3-like melting peak temperatures. Sequencing of 21 amplified products confirmed the melting
peak results, with 9 isolates carrying blayp_, and 12 isolates carrying blayp_;. This PCR/HRM assay can identify KPC-produc-
ing Gram-negative pathogens in as little as 3 h after isolation of pure colonies and does not require post-PCR sample manipula-
tion for HRM analysis, and ScreenClust analysis easily distinguishes blaypc 5 jixe and blagpc 5 ji alleles. Therefore, this assay is a
rapid method to identify the presence of blay,: enzymes in Gram-negative pathogens that can be easily integrated into busy clin-

ical microbiology laboratories.

he increased prevalence in antibiotic resistant Gram-negative

pathogens poses a threat to public health. Of particular con-
cern are pathogens that are resistant to the carbapenems, since
these B-lactams are often used as the last treatment option for
infections with multidrug-resistant organisms. Klebsiella pneu-
moniae carbapenemase (KPC)-producing organisms have been
reported worldwide and are endemic in certain regions, such as
New York City, Puerto Rico, Israel, and Greece (1). These enzymes
are associated most often with Klebsiella pneumoniae but have
been identified in other genera of Enterobacteriaceae, such as Esch-
erichia coli and Enterobacter spp., as well as Pseudomonas aerugi-
nosa and Acinetobacter baumannii (2). Infections with KPC-pro-
ducing organisms are associated with mortality rates ranging from
27.5 to 57% (3, 4, 17). These high mortality rates may be due in
part to inappropriate or inadequate antimicrobial therapy due to
the inability to detect carbapenem resistance in these strains using
current susceptibility methods.

The use of molecular based assays has become more prevalent
in today’s clinical microbiology laboratories to decrease turn-
around time, as well as increase the sensitivity and specificity of
detection for a specific organism and/or resistance mechanism
(5). There are molecular assays for the detection of blayp avail-
able, but these often require specialized equipment and expensive
reagents (3, 6-8). Moreover, no existing assay is able to differen-
tiate between blaypc_» e (including alleles 2, 4, 5, 6, 11, and 12)
and blaypc 3 (including alleles 7, 8, 9, 10, and 13) genes without
direct sequencing or digestion of the amplified product with re-
striction enzymes (7). Although the identification of the specific
KPC allele will not modify specific treatment options, differenti-
ation can be useful for infection control and epidemiological stud-

January 2013 Volume 51 Number 1

Journal of Clinical Microbiology p. 61-65

ies. Incorporating new advances in instrumentation, detection
software, and fluorescent dyes, several recent studies have de-
tected and identified bacterial species and antibiotic resistance
mechanisms that utilize high-resolution melting (HRM) analysis
(9-11). Another advance in HRM analysis is to statistically quan-
tify the differences between amplicons, which we have done using
Rotor-Gene ScreenClust HRM software, making interpretation of
test results extremely easy and reliable (12). Our objective was to
develop a PCR-based assay that would rapidly identify the pres-
ence of blayp in addition to differentiating between the two most
prevalent gene variant groups, blaypc 5 jie and blagpe 5 jixe> using
HRM analysis in a single closed reaction.

MATERIALS AND METHODS

Bacterial strains. To develop and validate this assay, 125 previously char-
acterized strains of Gram-negative pathogens that produced various
B-lactamases and 14 isolates designated as wild type (either non-B-lacta-
mase-producing strains or strains producing chromosomal B-lactamases
but susceptible to oxyimino-cephalosporins and carbapenems) were
tested (Table 1). The B-lactamases produced in these organisms included
class A carbapenemases (KPC, SME, NMCA, and OXA), metallo-f-lac-
tamases (IMP, VIM, NDM, GIM, and SPM), ESBLs (TEM, SHV, CTX-
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TABLE 1 Clinical isolates used during the validation process”

No. of
No.of known No. of No. of
Total  known other 3- unknown unknown No. of
no.of KPC* lactamase® KPC" KPC™ WT
Organism strains  strains  strains strains strains strains®
Klebsiella sp. 78 48 15 9 2 3
Escherichia coli 34 2 25 1 5 1
Enterobacter sp. 27 9 8 2 6 2
Serratia marcescens 4 0 3 0 0 1
Citrobacter freundii 3 1 0 1 0 1
Salmonella sp. 4 0 3 0 0 1
Shigella sp. 2 0 0 0 0 2
Pseudomonas 11 5 4 0 1 1
aeruginosa
Acinetobacter 2 0 0 0 0 2
baumannii
Proteus mirabilis 1 0 1 0 0 0
Total 166 66 59 13 14 14

“ Known strains were previously characterized for possessing specific 3-lactamases and
were used for initial assay validation. Unknown isolates were tested after initial assay
validation between May 2011 and February 2012.

b Non-B-lactamase-producing strains or strains producing chromosomal B-lactamases
but susceptible to oxyimino-cephalosporins and carbapenems.

M-15, and CTX-M-14), and ampC B-lactamases (chromosomal, plasmid
encoded CMY-2, DHA, and FOX). The identification of these known
B-lactamases was determined using the following techniques: endpoint
PCR using gene specific primers, direct sequencing of the 3-lactamase
gene, isoelectric focusing, and/or phenotypic methods (i.e., disk diffusion
assays). During the validation of this assay, 27 additional isolates were
submitted to our laboratory for KPC-specific PCR testing. When screened
at the referring laboratories, these 27 isolates demonstrated positive or
weak positive results with the modified Hodge test (MHT), which is rec-
ommended for screening potential KPC-producing isolates by the Cen-
ters for Disease Control and Prevention (13). Real-time positive KPC PCR
results were confirmed by endpoint KPC-specific PCR as previously de-
scribed (14).

DNA isolation. Strains were inoculated on blood agar media and in-
cubated for 18 h at 37°C. DNA was extracted from 2 ml of an overnight
bacterial culture grown in Luria-Bertani (LB) broth or a 1.0 McFarland
suspension in LB broth made of colonies grown on a blood agar plate
using the DNeasy Blood & Tissue kit (Qiagen, Valencia, CA) and eluted
with 100 pl of AE buffer according to recommendations of the manufac-
turer.

Development of real-time PCR assay with HRM analysis. In order to
detect blayp and differentiate between various blay,,¢ alleles, a single set
of primers were designed that amplified a 189-bp region that flanked the
nucleotide positions 716, 814, and 843 (Table 2). Real-time PCR and
HRM analysis were performed in 25- .l reaction volumes using the Rotor-
Gene Q (Qiagen). Each reaction volume contained 8 .l of sterile water,
12.5 pl of 2X HRM PCR master mix (Qiagen), 0.7 WM concentrations of
the primers KPC F9 (5'-GCAGACTGGGCAGTCGG-3") and KPC 4R
(5'-GACTCGCGGTCGAGGGATTG-3"), and 1 pl of template DNA
(~25 pg). Negative control reactions that lacked DNA template were
included in each PCR run. The PCR was performed using the following
conditions: initial denaturation at 95°C for 5 min, followed by 30 cycles of
denaturation (95°C for 10 s), annealing (55°C for 30 s), and extension
(72°C for 10 s). To ensure the accuracy of amplification, all generated
amplicons were separated by agarose gel electrophoresis in a 2% (wt/vol)
agarose gel, stained with ethidium bromide, and visualized on a UV tran-
silluminator.

After amplification, HRM analysis and genotyping were performed by
detecting the fluorescent signal during a temperature rise of 0.1°C incre-
ments from 84 to 90°C. The Rotor-Gene Q operating software was used to
determine the results. After the normalization of the raw data, the fluo-
rescence signal intensity was plotted on the y axis, and the temperature
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TABLE 2 In silico and in vitro T,, analysis of the 189-bp amplicon for 12
blaypc alleles

Nucleotide at position®: T,, (°C)
KPC 716 814 843 Predicted” Actual®
KPC-2 T C A 87.6 87.2
KPC-3 T T A 87.3 86.9
KPC-4 G C A 87.7 ND
KPC-5 T C A 87.6 87.2
KPC-6 G C A 87.7 ND
KPC-7 T T A 87.3 ND
KPC-8 G T A 87.3 ND
KPC-9 C T A 87.6 ND
KPC-10 T T A 87.3 ND
KPC-11 T C A 87.6 ND
KPC-12 T C A 87.6 ND
KPC-13 T T G 87.4 ND

“ The nucleotide position in comparison to GenBank accession number EU176012.
b The predicted T,, using a web-based oligonucleotide calculator (http://www.basic
.northwestern.edu/biotools/oligocalc.html).

“The T,, observed in this assay. ND, not determined.

was plotted on the x axis. The melting temperature (T,,) of each sample
was the temperature at which 50% of the amplified product was dissoci-
ated into single-stranded DNA for that sample, which was visualized as a
decrease in fluorescence as the EvaGreen dye was released. HRM geno-
types were determined by establishing one previously sequenced blaypc ,
and one blay,_; sample as the reference genotypes in each run. Their T, s
were calculated and used as reference values for determining which blay
allele was present in the amplified products of the other samples. These
blaypc_, or blay,_; reference T,,s were then subtracted from the normal-
ized value of each test sample and plotted on the y axis. Samples with a
vertical shift in fluorescence intensity within an 80% confidence interval
(CI) of either the blayp_, or blayp 5 reference sample were genotyped as
blagpc »-tike OF blagpc 5 1ke> Tespectively.

ScreenClust HRM analysis. In order to standardize the interpretation
process, the HRM results from each PCR run were analyzed with the
ScreenClust HRM software (Qiagen, Hilden, Germany). First, HRM
curves were normalized to decrease the differences in raw fluorescence
between samples. After normalization, a residual plot was then created by
subtracting the differentiated curves from a median of all of the curves.
Principal components (PCs) were then able to be determined based on the
residual plots. A single PC is the most varied combination of data among
the samples in a single run. Second and third PCs were then generated to
account for the remaining variability in the data.

The ScreenClust HRM software enables the user to analyze data in
either a supervised or unsupervised mode, where the former requires
known positive genotype controls, and the latter is meant for de novo
single nucleotide polymorphism (SNP) discovery. We validated this assay
using known controls and therefore used the supervised mode with a
minimum of two blayp , and blay 5 controls for each PCR run. Once
the positive controls are identified, the remaining unknown samples are
sorted using linear discriminant analysis, which calculates cluster distri-
bution.

Verification of blay allele by direct sequence analysis. To verify
that the differentiation between blaypc e and blagpc 3 e genes using
HRM and ScreenClust were true to the specific allele, direct sequencing of
the blay, was performed on amplified products from a subset of 21
clinical isolates as previously described (14). Sequence analysis was per-
formed using the DNA Baser version 2.75 software program (Heracle
Software, Lilienthal, Germany).

RESULTS

Detection of blayp by real-time PCR using characterized iso-
lates. The primary purpose for developing this assay was to detect
the presence of blayp by real-time PCR. Fluorescence as a result
of PCR amplification was visualized using the Rotor-Gene Q Se-
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TABLE 3 Sensitivity and specificity of HRM and ScreenClust analyses
for the presence of blay, and differentiation of blagp ;. and
blaypcs.1ike geNe€ variants

Variants”
Parameter Presence of blayp* blaype > tike blagpc s gike
T, = SD (°C) 87 £0.17 87.2 = 0.03 86.8 = 0.03
No. of tested strains 66 14 17
Sensitivity (%) 66/66 (100) 14/14 (100)  17/17 (100)
Specificity (%) 73/73 (100) 17/17 (100) 14/14 (100)

“ Compared to previous characterization by endpoint PCR.
b Compared to direct sequencing of blaypc gene in a subset of 31 isolates.

ries software (Qiagen) over the course of 30 three-step cycles for
each sample, and the cycle threshold (C;) of each sample was
determined by establishing an arbitrary threshold of fluorescence
detection (between 1.5 and 1.7 normalized fluorescence units). A
total of 66 known KPC-producing isolates had C;s between 12
and 22; 73 isolates that were negative for KPC production had C;s
of >29 and were thus interpreted as having a negative result for
the presence of blayp (Table 3). Analysis of the amplified prod-
ucts by agarose gel electrophoresis from all samples correlated
with the C;. No amplified products were detected in samples that
had C;s of >29, and samples that had C;s between 12 and 22 had
bands of the expected amplified product size of 189 bp (Fig. 1).

Detection of blayp by real-time PCR using uncharacterized
isolates. Following validation of the KPC HRM assay, an addi-
tional 27 clinical isolates that demonstrated positive or weakly
positive MHT results were also screened for the presence of blay p
(Table 1). Of these isolates, 13 were positive for the presence of
blaypc (average C = 17.8) and 14 were KPC negative (C; > 29).

Differentiation of blaypc_, e and blaypc_3 i gene variants
by HRM curve analysis. In addition to determining the presence
of blaypc, we sought to differentiate between the two most com-
mon blayp alleles in the United States, blaypc_, and blaypc s, by
using HRM curve analysis of the amplified products. The fluores-
cence levels for each of the 79 KPC-producing samples were nor-
malized after the removal of background fluorescence, and the
decrease was plotted against increasing temperature increments of
0.1°C in a dissociation curve. These results from the first set of
PCR samples tested are shown in Fig. 2. A signal/noise ratio dif-
ference was then calculated for each sample in comparison to two
reference samples, one for blaypc_, i producers and the other for
blaypc_5.1xe producers.

The 66 KPC-producing organisms tested each had a single
dominant peak generated by melting curve analysis that fell into
one of two distinct melting temperature ranges (Fig. 2a). The pres-
ence of a blaypc_, e gene was detected in 26 strains with a melting
temperature range of 87.08 to 87.32°C, whereas 40 strains had a
melting temperature range of 86.8 to 86.95°C, indicating the pres-
ence of the blaypc 555 gene. There was no amplification in the 73
known KPC-negative isolates by PCR (C; > 29), and no peaks
were observed in melting curve analysis (<1 on the plot of fluo-
rescence and time derivatives [dF/dT] against temperature).

Of 27 unknown isolates that demonstrated positive or weak
positive results with the MHT, 13 were KPC positive by PCR, 6
had blagpcsgie T8> and 7 had blagpe sie T)s- Although the
other 14 unknown isolates also showed positive or weakly positive
MHT results, these isolates were negative for KPC using this assay
and other previously validated endpoint KPC-specific PCRs avail-
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able in our laboratory (14). The mechanisms of resistance in 11 of
these isolates remain unresolved. However, three E. coli isolates
were positive for the blacyy., e gene (data not shown), which
when combined with aloss of the porin OmpF has been shown to
result in decreased susceptibility to ertapenem (15).
Differentiation of blaypc_, e and blaypc 5 1. gene variants
by HRM genotyping analysis. In order to fully utilize the Rotor-
Gene Q’s HRM capabilities, we also differentiated the presence of
blaypcsike and blagpe 515 genes by genotyping. The resulting
difference plots for the blaypc_ e OF blagpc_31ie geNes are shown
in Fig. 2b and ¢, respectively. PS28, which carried the blaypc_5
gene, was correctly identified as being positive for a blagpc 5 jixe
gene with a T,, of 87.2. There was one isolate (Kp324) that was
positive for the presence of blaype and had a T,, of 86.88, which
suggested that it encoded the blayp_5 gene. This sample was un-
able to be genotyped initially as blaypc 5. ; because its curve on
the HRM difference plot was outside the 80% CI cutoff we estab-
lished for this assay. Upon repeat testing, this was resolved, and
Kp324 was correctly genotyped as encoding the blaypc 5. gene.
Quantitative genotyping using ScreenClust HRM software.
To successfully implement an assay into the clinical microbiology
laboratory, the results must be easy to interpret. Current software
for both traditional melting curve and HRM analyses are not able
to quantify differences between genotypes using statistical analy-
sis. To overcome this limitation, we chose to use the Rotor-Gene
ScreenClust HRM software, which statistically genotyped our
samples into one of three clusters (KPC negative, blaypc 5 jie and
blaypc_s.ike)- The results are displayed in both a spreadsheet (Ta-
ble 4) and cluster plot (Fig. 2d). The spreadsheet identifies the
cluster for each sample sorted, the typicality (i.e., how well the
sample sorted into that cluster), and the probabilities of that sam-
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FIG 1 Agarose gel electrophoresis of amplified products generated using real-
time PCR. Lane 1, 1-kb molecular-weight ladder; lane 2, no template control
(NTC); lanes 3 to 6, amplified products from KPC-producing test isolates;
lanes 7 to 9, amplified products from KPC-negative isolates; lane 10, water-
only control.
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FIG 2 (a) Representative melting curves for 17 isolates with blay p 5 i and blagpe_5 ;. genotypes using single-tube analysis of blay . real-time PCR with HRM.
The —dF/dT (negative first derivative of the change in fluorescence) is shown on the y axis, and the temperature shown on the x axis. (b) Representative difference
graph of 10 KPC-2-like-producing isolates compared to 7 KPC-3-like-producing isolates using single-tube analysis of bla real-time PCR with HRM. The
relative fluorescence units compared to the genotype control are shown on the y axis; the temperature is shown on the x axis. (c) Representative difference graph
of 7 KPC-3-like-producing isolates compared to 10 KPC-2-like-producing isolates using single-tube analysis of blayp real-time PCR with HRM. The relative
fluorescence units compared to the genotype control are shown on the y axis; the temperature is shown on the x axis. (d) Cluster plot showing the differentiation
of 17 isolates positive for KPC-2-like (red oval) or KPC-3-like (blue oval) and 16 KPC-negative samples (green oval) generated by the Rotor-Gene ScreenClust

HRM software.

TABLE 4 ScreenClust HRM analysis cluster, typicality, and probability
results

Posterior probability”

KPC
ID Isolate  Cluster” Typicality” KPC-2-like KPC-3-like negative
15 Entb247 KPC negative 0.40697278 0.0000 0.0000 1.0000
16 Kleb225 KPC negative 0.58822841 0.0000 0.0000 1.0000
17 UMM3 KPC-2-like  0.62458202 1.0000 0.0000 0.0000
18 233 KPC-3-like  0.64076957 0.0000 1.0000 0.0000
19 Kleb352 KPC-2-like  0.41996172 1.0000 0.0000 0.0000
20 Ec351  KPC-2-like  0.91755836 1.0000 0.0000 0.0000
21 236 KPC-3-like  0.29703921 0.0000 1.0000 0.0000

“ The genotype result for a sample.

b The typicality measures how well a sample falls within the cluster for which it has been
classified.

¢ The probability of each sample fitting into a particular cluster is given as a value from
0 to 1. The sum of all probability values for a single sample is 1. Each sample is called
into the cluster with the highest probability. Samples with a probability of less than 0.7
of belonging to a particular cluster should be treated with caution.
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ple being sorted into one of the three clusters correctly. The cluster
plot shows each sample as a distinct colored square with a color-
coded ellipse that designates to which cluster the samples belong.
ScreenClust correctly identified all 87 of the KPC-negative sam-
plesinto the KPC-negative cluster. ScreenClust also correctly clus-
tered 32 and 47 isolates previously identified as being in the
blaypc-iixe and blaype_s e clusters, respectively.

Verification of blagpc_, 1. and blagpc s e TS and Screen-
Clust results by direct sequencing. Of the 66 previously charac-
terized KPC-producing Gram-negative organisms that were
tested in this assay, direct sequencing of the blayp gene was per-
formed on 10 isolates (8). Using ScreenClust analysis, five samples
were identified as blagpc_» . four isolates carried blaypc_,, and 1
isolate carried blaypc_s. The five samples identified as blagpc 5 e
all carried blaypc 5. To further validate both the HRM and Screen-
Clust results, the blayp gene was sequenced from an additional 21
isolates (Table 3). Nine isolates had an average T,, of 87.2°C =
0.03°C; these were shown to encode KPC-2. Another 12 isolates
had an average T,, of 86.8°C * 0.03°C, and sequence analysis
verified that these isolates carried blaygpc ;.
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DISCUSSION

Combination therapy is warranted when patients are infected
with KPC-producing organisms (16). Therefore, rapid and accu-
rate detection of KPC-producing Gram-negative organisms in the
clinical laboratory is paramount in directing appropriate therapy
and preventing dissemination. Conventional phenotypic assays to
screen and identify these organisms are time-consuming and can
be difficult to interpret. Therefore, we developed a rapid assay to
detect the presence of blayp, as well as differentiate between the
two most prevalent blayp gene variants on one analyzer without
downstream sample manipulation.

This KPC HRM assay demonstrated 100% specificity and sen-
sitivity for the detection of blayp. since we were able to detect
blaypc in all of our previously characterized KPC-positive isolates
while avoiding any false positives from the 73 previously charac-
terized KPC-negative isolates. For the differentiation of the two
most prevalent blayp gene variants, we compared the melting-
curve T,,s, HRM genotyping, and ScreenClust genotypes to direct
sequencing results. The differentiation of blaypc_, and blagpc 5
genes in 31 isolates by HRM using all three analyses had 100%
sensitivity and specificity compared to direct sequencing of the
blaypc gene. However, utilization of the ScreenClust software gave
the most easily interpreted results, supported by quantitative mea-
surements (i.e., cluster typicalities and probabilities for each sam-
ple). For this reason, we consider its incorporation to be the opti-
mal analytical tool regarding this assay.

A common concern when introducing a molecular assay into
the clinical laboratory is the expense. This assay takes advantage of
the Rotor-Gene Q’s ability to perform both the PCR and HRM
analysis on a single analyzer without additional equipment. In
addition, the Type-It HRM master mix has also been optimized
for use on the LightCycler 480 analyzer. The total cost of supplies
required for this assay from template preparation to PCR and
HRM analysis is ~$5 per sample.

The turnaround time from the isolation of individual colonies
to PCR and HRM results in the present study was 24 h when
inoculated broth medium grown overnight for template prepara-
tion was used. This turnaround time was decreased to <3 h with
the preparation of template made directly from isolated colonies
in RNase-free, DNase-free sterile water. The desired template
preparation method should be determined for each individual
laboratory and standardized using control strains for implemen-
tation of this assay.

In conclusion, we have demonstrated that this assay reliably
detects the presence of blaype and can differentiate between the
two most prevalent blayp gene variants. This assay is cost-effec-
tive, is simple to set up, and provides rapid results that require
little interpretation. These characteristics allow for easy incorpo-
ration into the workflow of a clinical microbiology or reference
laboratory to aid in the identification of KPC-producing Gram-
negative organisms.
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