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Introduction: The rapid and accurate identification of carbapenemases in Enterobacterales isolates is of paramount importance for
the selection of effective antibiotics and the control of hospital-acquired infections.

Methods: This study aimed to evaluate the performance of two immunochromatographic methods, NG-Test Carba 5 (Carba 5) and
Goldstream Carbapenem-resistant K.N.I.V.O. Detection K-Set (K-Set) for detecting five major carbapenemase (KPC, NDM, IMP,
OXA-48-like, and VIM). Carbapenemase genes were confirmed by PCR.

Results: In this study, a total of 245 carbapenem-resistant Enterobacterales (CRE) isolates were encompassed, with an overwhelming
96.7% of these strains exhibiting the ability to produce carbapenemase. A total of 58.2% of Klebsiella pneumoniae strains that produce
KPC carbapenemase were the most prevalent among carbapenem-resistant Enterobacteriaceae (CRE). NDM-producing Klebsiella
pneumoniae accounted for 30.4%. Importantly, NDM-type carbapenemase emerges as the predominant form in Escherichia coli and
Enterobacter cloacae strains, accounting for 46 (93.9%) and 20 (83.3%) cases, respectively. The performance of the two methods in
carbapenemase detection has demonstrated remarkable outcomes, exhibiting overall specificity and sensitivity exceeding 99%.
Specifically, the K-Set accurately detected a unique KPC-carbapenemase in K. pneumoniae, whereas Carba 5 was unable to identify
it. This was due to the presence of a novel blayxpc gene, which harbored a specific point mutation (A to G) at nucleotide position 787,
differentiating it from the blaxpc.33 gene.

Conclusion: These two methods, characterized by their simplicity, rapidity, and accuracy, are ideally suited for detecting carbape-
nemases in routine microbiology laboratories. They serve as a vital foundation for the rational selection of antibiotics in clinical
practice.
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Introduction

Carbapenem-resistant Enterobacterales (CRE) are designated as urgent and serious threats by the Centers for Disease
Control and Prevention (CDC) of the United States." In recent years, CRE has emerged as a significant challenge in the field
of global public health, posing substantial difficulties and challenges to clinical treatment, particularly carbapenem-resistant
Klebsiella pneumoniae (CRKP) and Escherichia coli.* They can cause urinary tract infections, respiratory tract infection,
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bloodstream infection, meningitis, malignant external otitis, intra-abdominal infection, and wound infections.>* It is worth
noting that CRE infections are becoming a severe problem due to limited availability of effective treatment options and poor
prognosis. We previously reported that the mortality associated with carbapenem-resistant K. pneumoniae bloodstream
infections (CRKP-BSI) was significantly higher (48.3%) in elderly patients.” Generally, carbapenemases include Klebsiella
pneumoniae carbapenemase (KPC), imipenemase (IMP), New Delhi metallo-f-lactamase (NDM), Verona integron-
encoded metallo-g-lactamase (VIM), and oxacillinase (OXA)-48-like enzymes.®’ Currently, it has been reported that
blaygpc is the predominant gene for K. pneumoniae and blayp,, is the predominant gene for E. coli in China.>® Therefore,
rapid and accurate identification of carbapenemases is of upmost importance, not only conducive to epidemic control and
clinical decision-making but also helping to rapidly optimize antibiotic treatment.” "2

Phenotypic confirmation tests recommended by the Clinical and Laboratory Standards Institute (CLSI) guide-
lines, such as the modified carbapenem inactivation test, have been developed for the detection of
carbapenemase.'® This phenotypic method for the detection of carbapenemases is generally effective, but it is
time-consuming and cannot accurately classify the enzymes produced.'* Gene detection methods are considered
the gold standard, such as traditional PCR and Xpert Carba-R, which can directly identify carbapenemase genes
with high sensitivity and specificity.”'> However, PCR-based methods may require expensive instruments and
reagents, which limits their application in many laboratories. In addition, this method may fail to detect new or
rare types of carbapenemase genes.'*'® As rapid immunochromatographic methods, Carba 5 and K-Set are
recently developed, featuring simple experimental procedures and short turn-around times (TATs). They are
promising methods for the rapid detection of carbapenemases.'”'® However, the distribution of bacterial epide-
miology and drug resistance varies greatly across different regions. For Guangdong Province in southern China,
data on the carbapenemase genes are very limited, and t few evaluation studies on the rapid detection of
carbapenemases have been conducted thus far.

In this study, we collected clinical CRE strains from multiple centers in Guangdong Province to compare the
performance of two immunochromatographic methods, Carba 5 and K-Set, in detecting five major carbapenemases
(KPC, NDM, IMP, OXA-48-like, and VIM). The purpose of this study is to provide a wealth of information for
laboratories to choose the detection methods of carbapenemase.

Materials and Methods

Clinical Bacterial Isolates

This multicenter clinical study was conducted at eight tertiary general hospitals in Guangdong, China, during the
period from January 2018 to December 2021. In total, 245 isolates of Enterobacteriaceae showing carbapenem
resistance were included in the retrospective analysis. According to the Clinical and Laboratory Standards Institute
(CLSI) M100 Edition 34, carbapenem resistance was defined as a minimum inhibitory concentration (MIC) of >4 mg/L
for meropenem or imipenem, or >2 mg/L for ertapenem. Both of them were designed to identify the five major
carbapenemases (KPC, NDM, IMP, OXA-48-like, and VIM). Isolates were stored at —80°C, incubated overnight on
Columbia agar with 5% sheep blood (Autobio, Zhengzhou) and incubated at 35+2°C in 5% CO,. All bacterial species
were subcultured twice prior to testing to ensure the purity of the strains and were identified by MALDI-TOF MS
(VITEK® MS, Bio Mérieux). Two ATCC prototype isolates, K. pneumoniae BAA-1706 and BAA-1705, were used as

quality controls in each run.

Targeted PCR

All isolates included were screened for the presence of carbapenemase genes using targeted PCR, gene names and
corresponding primer sequence references'’ including blaxpc, blanpm, blapp, blayiv, and blagxa-s43. DNA, used as
a template in PCR, was extracted by boiling. The primers used to amplify specific carbapenemase genes in this study are
shown in Table 1.
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Table | Primer Sequence and Fragment Length of the Carbapenemase

Gene

Targeting Gene | Nucleotide Sequence Product Size (bp)

blakpc F:CGTCTAGTTCTGCTGTCTTG 798
R:CTTGTCATCCTTGTTAGGCG

blanom F-GGTTTGGCGATCTGGTTTTC 621
R:CGGAATGGCTCATCACGATC

blayim F:-GATGGTGTTTGGTCGCATA 309
R:CGAATGCGCAGCACCAG

blame F:GGAATAGAGTGGCTTAAYTCTC | 232
R:GGTTTAAYAAAACAACCACC

blaoxa-4s-iike F:-GCGTGGTTAAGGATGAACAC 438
R:CATCAAGTTCAACCCAACCG

NG-Test CARBA 5 Assay (“CARBA 57)

According to the manufacturer’s instructions, five drops of extraction buffer were added, and then a full loop (1 pL) of bacterial
colonies from a culture plate was mixed. Containing the strain for 10 min, 5 drops of the diluted sample were dispensed into the
Carba 5 sample test strip. The results were observed with the naked eye after 15 min of incubation at room temperature.

Goldstream Carbapenem-Resistant K.N.I.V.O. Detection K-Set (“K-Set”)

Goldstream carbapenem-resistant K.N.I.V.O. Detection K-Set (Beijing Gold Mountainriver Tech Development Co, Ltd)
is a rapid test based on immunochromatography. A single colony bacterial isolate was added to 10 drops of lysis solution,
and then 50 pL of the mixture was added onto the cassette after mixing, according to the reagent instructions. The results
were interpreted after 10 minutes.

Whole-Genome Sequencing and Bioinformatics Analysis

Genomic DNA of the selected isolates was extracted using a DNA extraction kit (Magen, Guangzhou, China), and 150
bp paired-end reads were obtained using an Illumina NextSeq 550 system (Illumina, San Diego, CA, USA). For whole-
genome sequencing (WGS) data, at least 100-fold coverage of original reads was obtained, and the assembly draft of the
sequences was generated by SPAdes.?’

Data Analysis

Taking the results from targeted PCR as the reference standard, the performance of Carba 5 and K-Set was compared by
analyzing the sensitivity and specificity. Statistical analysis was conducted using the SPSS 20.0 software. The compar-
ison of rates was conducted using a chi square test, with P<0.05 indicating statistical significance. Simultaneously
conducting kappa value consistency analysis, with P<0.01, it is considered that the consistency between the two methods
is statistically significant. Kappa value >0.75 indicates good consistency; Kappa values ranging from 0.40 to <0.75
indicate moderate consistency; Kappa value <0.40 indicates poor consistency.

Results

Carbapenemase Gene Detection Results

A total of 245 non-replicative CRE isolates were collected in this study, including 70.2% (172/245) strains of
K. pneumoniae, 20.0% (49/245) E. coli strains, and 9.8% (24/245) E. cloacae strains. Almost all K. pneumoniae (96.5%
against Imipenem, 98.2% against Meropenem) have a MIC > 16 mg/L; The MIC values of E. coli against these two
antibiotics are also relatively high, with 87.8% and 91.8% of E. coli strains having MIC > 16 mg/L against Imipenem and
Meropenem, respectively. 54.2% of E. cloacae had a MIC > 16 mg/L against Imipenem, and 66.7% had a MIC > 16 mg/L
against Meropenem. Characteristics of CREs antimicrobial resistance to carbapenems are detailed in Table 2.
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Table 2 Characteristics of CREs Antimicrobial Resistance to Carbapenems

Imipenem(MIC)

Meropenem(MIC)

4 mg/L(%)

8 mg/L(%)

216 mg/L(%)

4 mg/L(%)

8 mg/L(%)

>16 mg/L(%)

K. pneumoniae 5(2.9) 1(0.6) 166(96.5) 2(1.2) 1(0.6) 169(98.2)
E. coli 59(10.2) 1(2.0) 43(87.8) 1(2.0) 3(6.2) 45(91.8)
E. cloacae 7(29.1) 4(167) 13(54.2) 5(20.8) 3(12.5) 16(66.7)

Among 245 CRE strains, 96.7% (237/245) produced carbapenemase, 60.8% (149/245) of which carried blaypc,
31.8% (78/245) carried blanpn, 0.8% (2/245) had blapp, 0.4% (1/245) had blaoxa_4s-tike and 2.8% (7/245) had multiple
genes detected (1 with blagpc-blanpm, 1 With blagxa-ag-tike-blamvp, and 5 with blagpm-blapvp), as shown in Table 3.

Consistency Evaluation of CARBA 5 for Carbapenemase Genotype Detection Results
The consistency between CARBA 5 and PCR methods for the detection of five types of carbapenemases is shown in
Table 4. Among the 245 CRE screening positive samples, CARBA 5 reagent detected 236 cases of producing
carbapenemases and 9 cases of not producing carbapenemases. Some positive results are shown in Figure 1. Among
them, one case of CARBA 5 detection with non-producing carbapenemases did not match the PCR method, with

Table 3 Types of Carbapenemase Genes Detected by PCR Among the 245 Solates of

Enterobacteriaceae

Carbapenemase K. pneumoniae (%) | E. coli (%) | E. cloacae (%) | Total (%)
blakpc(n=149) 168(68.6) 48(19.6) 21(8.6) 237(96.7)
blanom(n=78) 149(60.8) 0(0) 0 149(60.8)
blajmp(n=2) 12(4.9) 46(18.8) 20(8.2) 78(31.8)
blagxa-4g.iike(n=1) 2(0.8) 0(0) 0(0) 2(0.8)
blakpc(n=149) 0(0) 1(0.4) 0(0) 1(0.4)
Double carbapenemases(n=7) 5(2) 1(0.4) 1(0.4) 7(2.8)
blakpc-blanpm(n=1) 1(0.4) 0(0) 0(0) 1(0.4)
blanpm-blajmp(n=5) 4(1.6) 0(0) 1(0.4) 5(2.0)
blagxa.4g.iike-blamp(n=1) 0(0) 1(0.4) 0(0) 1(0.4)
blakpc-blanpm(n=1) 4(1.6) 1(0.4) 3(1.2) 8(3.3)
Total(n=245) 172(70.2) 49(20) 24(9.8) 245 (100.0)

Table 4 CARBA 5 and Agreement Evaluation of PCR Results for Carbapenemase Isolates (n)

PCR CARBA 5 Kappa Value | P Value | Sensitivity | Specificity
Positive | Negative
blakpc Positive 148 [ 0.990 <0.001 0.993 1.000
Negative 0 8l
blanpm Positive 78 0 1.000 <0.001 1.000 1.000
Negative 0 152
blaymp Positive 2 0 1.000 <0.001 1.000 1.000
Negative 0 228
blaoxa-4s-iike Positive | 0 1.000 <0.001 1.000 1.000
Negative 0 229
blanom-blame Positive 5 0 1.000 0.008 1.000 1.000
Negative 0 7
(Continued)
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Table 4 (Continued).

PCR CARBA 5 Kappa Value | P Value | Sensitivity | Specificity

Positive | Negative

blakpc-blanpm Positive | 0 1.000 0.008 1.000 1.000
Negative 0 6

blaoxa-4s-iie-blanpm | Positive [ 0 1.000 0.008 1.000 1.000
Negative 0 6

Notes: The kappa value consistency was analyzed, and the consistency of the two methods was deemed statistically significant at P < 0.01.
A kappa value of 0.75 or higher was considered indicative of good consistency, a kappa value falling between 0.40 and <0.75 was considered
to reflect fair consistency, and a kappa value of less than 0.40 was considered to indicate poor consistency.

a positive consistency rate of 99.58% (236/237). The total agreement rate of the two methods for the detection of five
carbapenems was 99.59% (244/245). Kappa consistency test: The kappa value for KPC was 0.990 (P<0.001), while the
kappa values for NDM, IMP, and OXA-48 like were all 1 (P<0.001); The kappa values for the simultaneous production
of two carbapenems, NDM+IMP, KPC+NDM, and OXA-48-liketNDM, were all 1 (P=0.008). The CARBA 5 detection
method and PCR method have high consistency and accuracy in detecting different types of carbapenemase genes,

whether it is single gene or multi-gene detection.

Consistency Evaluation of K-Set for Carbapenemase Genotype Detection Results

The consistency between K-Set and PCR methods for the detection of five carbapenemases is shown in Table 5. Among
the 245 CRE screening positive samples, the K-Set reagent detected 237 cases of carbapenemase production and 8 cases
of non-production, with a positive consistency rate of 100% (237/237). Some positive results are shown in Figure 2. The
total agreement rate of the two methods for the detection of five carbapenems was 100% (245/245). Kappa consistency

NmE §

<O O

Figure | Positive results shown by Carba 5. Left: OXA-48-like positive, middle: KPC positive, right: NDM and IMP positive.
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Table 5 K-Set and Agreement Evaluation of PCR Results for Carbapenemase Isolates (n)

PCR K-Set Kappa Value | P Value | Sensitivity | Specificity
Positive | Negative
blakpc Positive 149 0 1.000 <0.001 1.000 1.000
Negative 0 8l
blanpm Positive 78 0 1.000 <0.001 1.000 1.000
Negative 0 152
blajmp Positive 2 0 1.000 <0.001 1.000 1.000
Negative 0 228
blaoxa-4s-iike Positive | 0 1.000 <0.001 1.000 1.000
Negative 0 229
blanpm-blamp Positive 5 0 1.000 0.008 1.000 1.000
Negative 0 7
blakpc-blanpm Positive | 0 1.000 0.008 1.000 1.000
Negative 0 6
blaoxa-asike-blanpm | Positive | 0 1.000 0.008 1.000 1.000
Negative 0 6

Notes: The kappa value consistency was analyzed, and the consistency of the two methods was deemed statistically significant at P < 0.01.
A kappa value of 0.75 or higher was considered indicative of good consistency, a kappa value falling between 0.40 and <0.75 was considered
to reflect fair consistency, and a kappa value of less than 0.40 was considered to indicate poor consistency.

test: The kappa values for KPC, NDM, IMP, and OXA-48 like were all 1 (P<0.001); The kappa values for the
simultaneous production of two carbapenems, NDM+IMP, KPC+NDM, and OXA-48-like+NDM, were all 1
(P=0.008). The K-Set and PCR detection methods have high consistency and accuracy in detecting different types of
carbapenemase genes, whether it is single gene or multi-gene detection.

ML g JUL gwin W s i S

GOLD MOUNTAINRIVER GOLD MOUNTAINRIVER JOLD MOUNTAINRIVIR
= =
-— —
"2l
lD:kgf 0: _ )
OXA-48 KPC

Figure 2 Positive results shown by K-Set. From left to right, it represents IMP, NDM, OXA-48, and KPC positivity, respectively.
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Discovery and Sequencing Results of a K. pneumonia Strain Producing blagpc_)45
Specifically, one KPC-carbapenemase of K. pneumonia was accurately detected by the K-Set but failed to be detected by
Carba 5. Whole genome sequencing confirmed that this K. pneumonia isolate (CZHKP-07) harbored a novel blaxpc gene
with a point mutation (A to G) at nucleotide position 787 compared with the blaxpc_33 gene. This mutation resulted in the
amino acid substitution of threonine to alanine (T263A), assigned by GenBank as blaxpc.145 (accession number:
0OP626310).

Discussion

The emergence and spread of carbapenemase-producing Enterobacteriaceae (CPE) undoubtedly pose a significant public
health challenge because CPE is often resistant to multiple antibiotics and has limited treatment options.'**?! The
production of carbapenemase is the primary mechanism of carbapenem resistance. Other mechanisms, such as over-
production or broad-spectrum of AmpC f-lactamase can also contribute to the lack of outer membrane protein and the
overproduction of some efflux pumps, thus conferring carbapenem resistance.”” Previous studies have indicated that CPE
is the predominant type of CRE, with prevalence rates ranging from 77.3% to 91.3%.?> *® Therefore, the rapid detection
and identification of CPE are essential to enable physicians to quickly implement appropriate infection control measures,
rapidly adapt antibiotic treatment, and optimize care strategies and outcomes.

In terms of treatment, the choice of drugs to treat CRE infection depends on specific carbapenemases.”” For KPC and
OXA-48-like enzymes, ceftazidime-avibactam can be the preferred agent.’®**2° If Enterobacterales isolates produce
NDMs (or any other metallo-f-lactamase), the preferred antibiotic is ceftazidime avibactam combined with
aztreonam.>*>' Therefore, given the distinctive features of different carbapenemases, rapid and reliable discrimination
between these carbapenemases will provide valuable information for appropriate treatment.

In this study, 96.7% (237/245) of clinical CRE were carbapenemase-producing Enterobacterales strains, indicating
that carbapenemase production is the prominent mechanism of CRE in Guangdong, China. A total of 58.2% of
K. pneumoniae producing KPC carbapenemase was the most common CRE. NDM-producing K. pneumoniae accounted
for 30.4%. Significantly, NDM-type is the primary carbapenemase among E. coli and E. cloacae strains, accounting for
46 (93.9%) and 20 (83.3%), respectively. In Chinese adults, KPC is reported as the most predominant carbapenemase
(81%) of CP-kpn, while NDM-kpn is more prevalent in infants and neonates (61%~87.2%).>>* A study found that
NDM accounted for 73.8% of Enterobacter cloacae carbapenemases, far lower than our research results, indicating that
CPE has different molecular and epidemiological characteristics in different geographical regions.>> Therefore, it is very
important to monitor and master the characteristics of enzyme production of strains in each region. Moreover,
carbapenemase coproducing strains pose an important diagnostic challenge. It is worth noting that in our study, seven
isolates coproduced two types of carbapenemases, including NDM+IMP (n=5), KPC+NDM (n=1) and OXA-48 like
+IMP, n=1), which were also accurately identified by the two methods. Considering that strains producing multiple
carbapenemases at the same time are increasingly common, for example, in Guangdong, we need to pay special attention
to the simultaneous carrying of NDM+IMP.

Carba 5 and K-Set are two commercial immunological enzyme detection reagents for the detection of five major
carbapenemases (KPC, NDM, VIM, IMP, and OXA-48). Carba 5 is a multiplex immunochromatographic test that can
detect the five major carbapenemases simultaneously in a single test cassette. K-Set is a monoplex immunochromato-
graphic test that can detect the five major carbapenemases separately or simultaneously. In addition to being easy to use,
they also showed results in 15 minutes. Our research shows that, compared with the PCR method, K-Set is very suitable
for identifying five major carbapenemases, with a sensitivity and specificity of 100%. Another study has also shown that
this kit could classify almost all carbapenemase-producing strains within its detection range due to its high sensitivity
(99.28%) and specificity (100%).”' In the study results of Mustafa Sadek, the sensitivity and specificity of K-Set for
detecting the 5 major carbapenemases were 100% and 98.8%, respectively, which are almost consistent with the results in
the present study.*® The sensitivity of 99.6% and the specificity of 100% obtained by Carba 5 in this study also confirmed

that it is a relatively accurate method for detecting carbapenemase, which is consistent with other studies.'” A multicenter
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study in the United States showed that Carba 5 has 100% sensitivity and specificity in detecting five major carbapene-
mase families.’’

Recently, various KPC variants resistant to ceftazidime-avibactam have emerged in clinical settings. The most critical
phenotypic features of KPC variants are their resistance to ceftazidime-avibactam and their restoration of susceptibility to
meropenem or imipenem. The most common resistance mechanism is the expression of KPC variants characterized by
single amino acid substitutions in the Q-loop region, leading to the lateral flow immunoassays, and main phenotypic
carbapenemase detection methods fail to detect these variants with diminished carbapenemase activity.”® ** Currently, it
has been documented that Carba 5 has poor diagnostic ability for detecting various KPC variants with mutations in Q-
loops, such as KPC-33, KPC-31 and KPC-203 variant.**** KPC-33, a new subtype of KPC, has been detected in several
regions and countries and is easily overlooked due to the inconspicuous characteristics of carbapenem resistance.***! In
our study, we also identified a KPC variant, called KPC-145. Whole genome sequencing confirmed that this
K. pneumoniae isolate (CZHKP-07) harbored a novel blaxpc gene with a point mutation (A to G) at nucleotide position
787 compared with the blaxpc.3; gene. This mutation resulted in the amino acid substitution of threonine to alanine
(T263A), assigned by GenBank as blagpc.145 (accession number: OP626310). However, this KPC variant was accurately
detected by K-Set but failed to be detected by Carba 5. It is believed that K-Set has a certain ability to detect KPC
variants, but we will need more data to confirm this hypothesis in the future. Phenotype detection methods are the most
widely used and cost-effective approaches for detecting carbapenemases in clinical microbiology laboratories. However,
failure to identify isolates producing KPC enzymes may promote their widespread dissemination in healthcare settings.
Thus, clinical laboratories must find appropriate detection methods to identify these strains and should constantly
improve existing detection methods to better detect new KPC mutations.

The study has several limitations that should be acknowledged. Firstly, the collection of isolates may contain clones
that were not identified or accounted for, which could introduce bias in our analysis and interpretation of the data. Then,
not all carbapenemases were subjected to molecular characterization. Future studies should consider incorporating these
molecular approaches to provide a more comprehensive understanding of the strains and resistance mechanisms
involved.

Conclusions

It is important to highlight that both Carba 5 and K-Set are simple, rapid and accurate methods with high specificity and
sensitivity for detecting CRE carbapenemase, which still have extensive application value in clinical practice in China.
Therefore, the most appropriate carbapenemase detection method should be selected according to the actual situation of
the laboratory and the epidemiological background of carbapenemase.
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