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Objective: Recently, 10 plasmid-mediated mobile colistin resistance genes, mcr-1 to mcr-10, and their variants have been identified, posing a new threat to the treatment of clinical infections caused by Gram-negative bacteria. Our objective was to develop a rapid, sensitive, and accurate molecular assay for detecting mcr genes in clinical isolates.

Methods: The primers and corresponding TaqMan-MGB probes were designed based on the sequence characteristics of all reported MCR family genes, multiplex Taqman-MGB probe-based qPCR assays were developed and optimized, and the sensitivity, specificity and reproducibility of the method were evaluated. The assay contained 8 sets of primers and probes in 4 reaction tubes, each containing 2 sets of primers and probes.

Results: The standard curves for both the single and multiplex systems showed good linearity (R2 > 0.99) between the starting template amount and the Ct value, with a lower limit of detection of 102 copies/μL. The specificity test showed positive amplification results only for strains containing the mcr genes, whereas the other strains were negative. The results of intra-and inter-group repeatability experiments demonstrated the stability and reliability of the newly developed method. It was used to detect mcr genes in 467 clinically-obtained Gram-negative isolates, which were multidrug-resistant. Twelve strains containing the mcr genes were detected (seven isolates carrying mcr-1, four isolates carrying mcr-10, and one isolate carrying mcr-9). The products amplified by the full-length PCR primer were identified by sequencing, and the results were consistent with those of the multiplex qPCR method.

Conclusion: The assay developed in this study has the advantages of high specificity, sensitivity, and reproducibility. It can be used to specifically detect drug-resistant clinical isolates carrying the mcr genes (mcr-1 to mcr-10), thus providing a better basis for clinical drug treatment and drug resistance research.
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1 Introduction

The growing problem of bacterial drug resistance poses a serious threat to public health, especially with the emergence of multidrug-resistant (MDR) organisms posing challenges for the treatment of nosocomial infections (Lancet, 2022). Polymyxin, a peptide antibiotic, was withdrawn from clinical use in the 1980s because of its side effects which included nephrotoxicity and neurotoxicity. The emergence of MDR organisms and the lack of new antibiotics have led to the reintroduction of polymyxins as the “last resort “for treating infections caused by MDR gram-negative bacteria (Trimble et al., 2016; Soman et al., 2021).

In November 2015, the first plasmid-mediated colistin resistance gene, mcr-1, was found in Escherichia coli isolated from a pig farm in China (Liu et al., 2016). Studies have shown that the mcr-1 gene could be detected in patients, animals, food, and the environment (Liu et al., 2023; Shahzad et al., 2023). Plasmids carrying the mcr-1 gene have conjugation and transfer abilities, contributing to the stability and persistence of colistin resistance (Liu et al., 2016). Subsequently, the mcr-1 gene and its variants have been reported in many countries, with 113 variants identified in 10 families of the mcr gene. The coexistence of the mcr genes and other drug-resistance genes increases the likelihood of the emergence of pan-drug-resistant superbugs (Karim et al., 2023; Zhang et al., 2023). The prevalence of multidrug resistance can lead to an increased rate of hospital-acquired infections with limited treatment options while increasing the length of hospital stays, mortality, and costs (Strich and Palmore, 2017; Manandhar et al., 2022).

To further regulate the rational use of antibiotics and prevent the emergence and widespread occurrence of drug resistance, it is essential to rapidly detect bacteria carrying the mcr genes and provide a basis for monitoring and clinical drug treatment. The TaqMan minor groove binder (MGB) probe fluorescence technique, is a quantitative real-time polymerase chain reaction (qPCR) approach that is currently the most rapid and reproducible assay for the quantitative and qualitative detection of nucleic acid molecules; it provides faster results than conventional PCR methods and often without the use of high-risk reagents (Kutyavin et al., 2000). The TaqMan MGB qPCR method is widely used in areas such as transgenic and gene expression studies, and for the detection of infectious and genetic diseases (Wang et al., 2021; Jin et al., 2022). To effectively detect isolates carrying mcr genes, we compared all MCR family genes in the database, designed seven sets of primers and TaqMan-MGB probes based on the sequence comparison results, and introduced the primer and probe sets of 16S rRNA as an internal control for amplification (Center for Disease Control and Prevention, 2011). A multiplex probe-based qPCR assay was developed and optimized to detect all MCR family genes in four reaction tubes, which was evaluated on a sample set of 467 multidrug-resistant clinical isolates.



2 Materials and methods


2.1 Bacterial strains

Eight clinical multidrug-resistant isolates with whole gene sequencing were selected for the specific experiment, and information on the resistance genes of the isolates was obtained with good representativeness (see Table 1 for detailed information on the isolates and drug resistance). In addition, 467 clinically multidrug-resistant isolates, collected previously, were used for the overall evaluation of the assay.



TABLE 1 Information on clinical multidrug-resistant isolates for specific experiments.
[image: Table1]



2.2 Design and synthesis of primers and probes

All available MCR family genes were downloaded from the Reference Gene Catalog of the National Center for Biotechnology Information (NCBI), including mcr-1 to mcr-10 genes and their variants. Partial sequences were compared again using the CLC sequence viewer 8 (Qiagen Aarhus, Denmark) based on the published phylogenetic tree results of MCR family genes constructed according to the maximum likelihood ratio (Ling et al., 2020). Conserved regions with no mutation points were selected, and standard primers and Taqman-MGB probes were designed using Primer Express 3.0.1 software according to the principles of multi-PCR primer design (Hawkins and Guest, 2017). Primers were designed for maximum coverage of mcr gene variants and using degenerate bases if necessary. The primer set of 16S rRNA was used as an internal control for amplification. Primer-Blast was used to evaluate the specificity of the primers and AutoDimer software was used to assess primer-dimer production between primer groups (Vallone and Butler, 2004). Multiple PCR was developed by mixing primer groups according to the evaluation results. All primers were synthesized by Beijing Tsingke Biotech Co., Ltd. (Beijing, China).



2.3 Optimization of the reaction system of multiplex real-time PCR

Before mixing the primers in the multiplex PCR reaction system, each primer group (including the probe) was individually optimized for maximal amplification efficiency. Using the recombinant plasmid as the template, a 25 μL reaction system was developed, and the primer concentration (100–500 nmol/L), TaqMan probe concentration (50–500 nmol/L), and annealing temperature (56.6–62.6°C) were optimized individually. Three replicates were used for each experiment. The optimal concentrations of primers and probes were selected according to the Ct values and fluorescence signal intensity of the amplification curves to ensure that the amplification efficiency of all targets was between 90 and 110%, with an R2 value of ≥0.985. Finally, a multiplex PCR reaction optimization system was developed, and that showed similar Ct values and amplification efficiencies compared to those for single-duplex PCR. The instrument used for the experiments was a CFX 96 Connect Real-Time PCR Detection System (Bio-Rad, United States), and the reagents used were Premix Ex Taq™ (Probe qPCR) purchased from Takara Biomedical Technology Co., Ltd. (Beijing, China).



2.4 Standard curves

After synthesizing the amplified target sequence, it was cloned into the pUC57 recombinant plasmid and identified by sequencing as a positive standard. The concentration of the recombinant plasmid was determined and converted into copy numbers according to the following formula:
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The plasmids were 10-fold serially diluted from 109 copies/μL to 102 copies/μL. A 25 μL reaction system was set up according to the optimized reaction conditions with three replicate wells. The amplification efficiencies of the single and multiplex systems were also evaluated, and standard curves were generated.



2.5 Specificity

Eight clinical multidrug-resistant bacteria without the mcr genes were used for the experiments (see Table 1 for detailed information on the isolates and drug resistance). Escherichia coli containing the recombinant plasmid was used as a positive control. Nucleic acids were extracted using the Qiagen DNA Mini Kit (Qiagen, Hilden, Germany), following the manufacturer’s instructions. The original nucleic acid solution was diluted 100-fold for amplification, and deionized water was used as no template control (NTC). All samples were analyzed using the multiplex fluorescence qPCR method.



2.6 Sensitivity

The plasmids were 10-fold serially diluted from 103 copies/μL to 101 copies/μL. A 25 μL reaction system was developed according to the optimized reaction conditions with three replicate wells, and negative controls. Means and standard deviations (SD) were calculated. The minimum copy concentration at which a Ct value occurs is usually considered the limit of detection.



2.7 Reproducibility

To evaluate the stability of the assay, five different concentrations of standards were prepared ranging from 107 copies/μL to 103 copies/μL. For intra-group repeatability tests, three wells were repeated for each dilution; for inter-group repeatability tests, three reactions were repeated 1 week apart. Standard deviation and coefficient of variation (CV) were calculated to analyze intra-and inter-group differences.



2.8 Clinical sample testing

Nucleic acids from 467 clinical multidrug-resistant isolates were extracted using the Qiagen DNA Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. The extracted nucleic acids were diluted 100-fold and screened for mcr-1 to mcr-10 genes using the newly developed multiplex fluorescence qPCR method. For positive results, PCR amplification was performed using standard full-length primers, and the products were identified by sequencing. The results of both methods were analyzed to evaluate the usefulness of the new method.




3 Results


3.1 Specific primers and probes

The results of the phylogenetic tree of MCR family genes showed high levels of similarity between the mcr-1, mcr-2, and mcr-6 genes and between the mcr-9 and mcr-10 genes. Therefore, we designed primers and probes targeting the amplification of mcr-1/2/6, mcr-3, mcr-4, mcr-5, mcr-7, mcr-8, and mcr-9/10, and introduced the primer set of 16S rRNA as the internal control for amplification. The results of sequence alignment are shown in Figure 1. Based on results of the AutoDimer Check software, the eight sets of primers and probes were divided into four tubes, each contained two sets of primers and probes. Sequence information and the grouping of the primers and probes are shown in Table 2. It is worth noting that there are two forward primers for amplifying the mcr-1/2/6 gene, and some primers and probes contain mixed bases.

[image: Figure 1]

FIGURE 1
 The results of sequence alignment.




TABLE 2 Primers and probes were designed to detect plasmid-mediated colistin resistance genes (mcr-1 to mcr-10).
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3.2 Optimization of the reaction system of multiplex qPCR

After optimization tests, optimal reaction conditions were obtained for the multiplex PCR system (25 μL): 12.5 μL Premix Ex Taq™ (Probe qPCR), 2 μL mixed standard primers (10 μmol/L), 0.25 μL FAM-labelled probe (10 μmol/L), 0.5 μL HEX-labelled probe (10 μmol/ L), 2 μL DNA template and the remaining volume was made up with deionized water. The optimized amplification program was 95°C for 30s, followed by 40 cycles of 95°C for 5 s and 57.8°C for 30s, with the fluorescent signal collected at 57.8°C. The groups were prepared by placing primer sets amplifying mcr-1/2/6 and 16S rRNA, mcr-3 and mcr-9/10, mcr-4 and mcr-7, and mcr-5 and mcr-8 in the same reaction tube; the concentrations of the primers are detailed in Table 2. Positive (1 × 105 copies/μL plasmid standard) and no-template (water) controls were included in each plate.



3.3 Standard curve for single and multiplex qPCR

The amplification efficiency of primers and probes in single and multiple systems was evaluated, and the amplification and standard curves were plotted. Good linearity was observed between the starting template concentration and the Ct values for the eight sets of primers and probes in both the single and multiplex systems, with the correlation coefficient R2 ranging from 0.9960–0.9997 and amplification efficiencies between 90 and 110%. The amplification efficiency of the multiplex qPCR assay is similar to that of a single qPCR assay, which meets the requirements. A standard curve is shown in Figure 2.

[image: Figure 2]

FIGURE 2
 Standard curve and the amplification efficiencies of the single (A1–D2) and multiplex systems (E1–E4).




3.4 Specificity of the multiplex qPCR assay

After uploading the designed primers to the NCBI database for specific comparison, we confirmed that the primers can only amplify genes related to mcr. The genomic DNA of Escherichia coli containing the recombinant plasmid of the mcr gene and eight clinical multidrug-resistant isolates (see Table 1) were used as templates to verify the specificity of the developed multiplex qPCR assay. The results showed that only nucleic acid samples from Escherichia coli containing recombinant plasmids were positive, while nucleic acid samples from other clinical isolates and negative controls were negative, indicating good specificity of the assay. The amplification results are presented in Figure 3.

[image: Figure 3]

FIGURE 3
 Specificity of the multiplex qPCR assay.




3.5 Sensitivity of the multiplex qPCR assay

Three concentration gradients of recombinant plasmid standards, from 1 × 103 copies/μL to 1 × 101 copies/μL, were used as templates to verify the sensitivity of the multiplex qPCR assay. The results showed that when the template concentration was 102 copies/μL, all primers and probes showed amplification curves in the three parallel controls, and when the template concentration was 101 copies/μL, only some of the primers and probes showed amplification curves in the three parallel controls. From the perspective of assay integrity, the minimum detectable limit of multiplex qPCR is 102 copies/μL.



3.6 Reproducibility of the multiplex qPCR

Reproducibility tests were performed using five concentration gradients of recombinant plasmid standards as templates. The results showed CVs ranging from 0.12 to 1.34% for intra-group reproducibility tests and from 0.10 to 1.91% for inter-group reproducibility, indicating that the developed fluorescent qPCR method is reproducible. The detailed values are listed in Table 3.



TABLE 3 Reproducibility assay of TaqMan real-time PCR.
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3.7 Identify the specific type of mcr gene

This detection system is sufficient to meet the need for rapid screening of mcr genes in samples/strains. For further identification of different mcr gene types, full-length gene amplification can be performed on samples/strains containing relevant mcr genes, and the sequencing results of amplified products can be uploaded to the NCBI database for comparison to determine specific mcr gene types.



3.8 Clinical isolate detection

We used a newly developed multiplex qPCR method to screen for the presence of the mcr gene in 467 multidrug-resistant clinical isolates. This method detected 7 isolates carrying the mcr-1.1 gene (6 in Escherichia coli and 1 in Klebsiella pneumoniae), 1 isolate carrying the mcr-9.1 gene (in Enterobacter cloacae), and 4 isolates carrying the mcr-10.1 gene (2 in Enterobacter ludwigii and 2 in Enterobacter asburiae) in clinical strains. The sequencing results of the PCR products were confirmed to be mcr-related genes by Sanger sequencing (electrophoresis results in the Supplementary Figure S1), which were consistent with those of the multiplex qPCR assay. This suggests that the method can be used to screen for mcr genes in clinical isolates.




4 Discussion

Enterobacteriaceae exhibit polymyxin resistance through the acquisition of plasmid-mediated MCR family genes. Many scholars at home and abroad have developed methods for the detection of mcr genes including standard PCR (Liu et al., 2016), multiplex PCR for mcr-1 to mcr-9 genes (Borowiak et al., 2020), SYBR Green fluorescent qPCR (Mentasti et al., 2021), TaqMan fluorescent qPCR (Irrgang et al., 2016) and other methods. The ring-mediated isothermal amplification (LAMP) assays for rapid detection of mcr-1 to mcr-5 genes in colistin-resistant bacteria are available. The LAMP method is highly sensitive and specific compared with the standard PCR method. However, due to the diversity of mcr genes, a single LAMP cannot detect all potential target genes, which provides incomplete information for nucleic acid detection. For samples containing more than one mcr gene, which has been reported in several cases, the sensitivity and specificity of the multiplex LAMP assay are relatively poor (Zhong et al., 2019). This situation has been reported many times so far and cannot be ignored (Zhang et al., 2018; Lu et al., 2020). One study introduced a Quad-PCR method for rapid and reliable detection of the common mcr-1, mcr-3, mcr-8, and mcr-10 genes in clinical samples (Hu et al., 2021a). A multi-PCR assay for the detection of mobile colistin resistance genes (mcr-1, mcr-3, mcr-8, mcr-10) has also been developed (Hu et al., 2021b). A recent study has established a rapid, efficient and accurate method for recombinase polymerase amplification (RPA) combined with lateral flow dipstick (LFD) detection, but it can only detect the mcr-1 gene. But mcr-9 and mcr-10 is also gradually being found in clinical patients and has spread widely around the world (Carroll et al., 2019; Ling et al., 2020; Liu et al., 2021). These methods can only detect some of the mcr genes, and some of them take a long time to detect. Therefore, it is essential to develop rapid detection methods that can cover all of the reported MCR family genes.

In this study, we selected the conserved region of all MCR family genes as the target sequence, considering all available relevant variant sequences in NCBI (as of March 2022), and successfully developed a multiplex fluorescent qPCR assay for the simultaneous detection of mcr-1 to mcr-10 gene sequences by optimizing the reaction amplification system. The results showed that the newly developed assay is highly sensitive, specific, and reproducible. Using a common 96-well instrument, 24 samples can be detected in a single experiment, and if a 384-well instrument is used for high-throughput detection, more strains can be detected simultaneously, which is beneficial for the processing of large number of samples.

To our knowledge, this is the first multiplex TaqMan fluorescence qPCR assay for all 10 MCR family genes. The assay provides a rapid, simple, sensitive, and specific technique for monitoring multidrug-resistant bacteria carrying the mcr gene. During the course of the study, six newly identified mcr gene variants (mcr-1.35, mcr-1.36, mcr-3.42, mcr-4.7, mcr-4.8, mcr-5.5) were discovered between April 2022 and November 2023. We found that the mutant base of the new mcr variants did not appear at the location where we designed the primer, so these new mcr gene variants could still be specifically amplified with the existing primer and probe sets. This indicates that the target sequence is relatively conservative in these variants, and also validates the reliability of the sequence chosen for our design. We believe that the new approach may apply to the mcr gene variants that emerge in the future.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding authors.



Author contributions

XG: Methodology, Writing – original draft, Data curation, Investigation. GY: Data curation, Methodology, Resources, Supervision, Writing – review & editing. WL: Data curation, Methodology, Resources, Supervision, Writing – review & editing. DW: Data curation, Investigation, Methodology, Writing – review & editing. CD: Data curation, Investigation, Methodology, Writing – review & editing. XJ: Data curation, Investigation, Methodology, Writing – review & editing. ZL: Data curation, Investigation, Writing – review & editing. XZ: Investigation, Validation, Writing – review & editing. RY: Investigation, Validation, Writing – review & editing. DZ: Methodology, Project administration, Resources, Supervision, Writing – review & editing. YW: Methodology, Project administration, Resources, Supervision, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was funded by National Science and Technology Major Project of the Ministry of Science and Technology of China 2018ZX10713003; 2018ZX10733402.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1279186/full#supplementary-material



References

 Borowiak, M., Baumann, B., Fischer, J., Thomas, K., Deneke, C., Hammerl, J. A., et al. (2020). Development of a novel mcr-6 to mcr-9 multiplex PCR and assessment of mcr-1 to mcr-9 occurrence in Colistin-resistant Salmonella enterica isolates from environment, feed, animals and food (2011-2018) in Germany. Front. Microbiol. 11:80. doi: 10.3389/fmicb.2020.00080 

 Carroll, L. M., Gaballa, A., Guldimann, C., Sullivan, G., Henderson, L. O., and Wiedmann, M. (2019). Identification of novel mobilized Colistin resistance gene mcr-9 in a multidrug-resistant, Colistin-susceptible Salmonella enterica serotype typhimurium isolate. MBio 10:e00853-19. doi: 10.1128/mBio.00853-19 

 Hawkins, S. F. C., and Guest, P. C. (2017). Multiplex analyses using real-time quantitative PCR. Methods Mol. Biol. 1546, 125–133. doi: 10.1007/978-1-4939-6730-8_8

 Hu, S., Lv, Z., Wang, Y., Shen, J., and Ke, Y. (2021a). Novel Quadruplex PCR for detecting and genotyping mobile colistin resistance genes in human samples. Diagn. Microbiol. Infect. Dis. 101:115419. doi: 10.1016/j.diagmicrobio.2021.115419 

 Hu, S., Lv, Z., Wang, Y., Shen, J., and Ke, Y. (2021b). Rapid detection of human origin colistin-resistance genes mcr-1, mcr-3, mcr-8, mcr-10 in clinical fecal samples. Arch. Microbiol. 203, 4405–4417. doi: 10.1007/s00203-021-02407-2 

 Irrgang, A., Roschanski, N., Tenhagen, B. A., Grobbel, M., Skladnikiewicz-Ziemer, T., Thomas, K., et al. (2016). Prevalence of mcr-1 in E. coli from livestock and food in Germany, 2010-2015. PLoS One 11:e0159863. doi: 10.1371/journal.pone.0159863 

 Jin, Z., Pan, Z., Wang, Z., Kong, L., Zhong, M., Yang, Y., et al. (2022). Cysltr1 rs320995 (T927C) and Gsdmb rs7216389 (G1199A) gene polymorphisms in asthma and allergic rhinitis: a proof-of-concept study. J. Asthma Allergy 15, 1105–1113. doi: 10.2147/JAA.S371120 

 Karim, M. R., Zakaria, Z., Hassan, L., Mohd Faiz, N., and Ahmad, N. I. (2023). Antimicrobial resistance profiles and co-existence of multiple antimicrobial resistance genes in mcr-Harbouring Colistin-resistant Enterobacteriaceae isolates recovered from poultry and poultry meats in Malaysia. Antibiotics 12:1060. doi: 10.3390/antibiotics12061060

 Kutyavin, I. V., Afonina, I. A., Mills, A., Gorn, V. V., Lukhtanov, E. A., Belousov, E. S., et al. (2000). 3′-minor groove binder-Dna probes increase sequence specificity at PCR extension temperatures. Nucleic Acids Res. 28, 655–661. doi: 10.1093/nar/28.2.655 

 Lancet, T. (2022). Antimicrobial resistance: time to repurpose the Global Fund. Lancet 399:335. doi: 10.1016/S0140-6736(22)00091-5 

 Ling, Z., Yin, W., Shen, Z., Wang, Y., Shen, J., and Walsh, T. R. (2020). Epidemiology of mobile colistin resistance genes mcr-1 to mcr-9. J. Antimicrob. Chemother. 75, 3087–3095. doi: 10.1093/jac/dkaa205 

 Liu, Z., Hang, X., Xiao, X., Chu, W., Li, X., Liu, Y., et al. (2021). Co-occurrence of (blaNDM-1) and mcr-9 in a conjugative IncHI2/HI2A plasmid from a bloodstream infection-causing Carbapenem-resistant Klebsiella pneumoniae. Front. Microbiol. 12:756201. doi: 10.3389/fmicb.2021.756201 

 Liu, J. H., Liu, Y. Y., Shen, Y. B., Yang, J., Walsh, T. R., Wang, Y., et al. (2023). Plasmid-mediated colistin-resistance genes: mcr. Trends Microbiol. doi: 10.1016/j.tim.2023.10.006 [Epub ahead of print]. 

 Liu, Y. Y., Wang, Y., Walsh, T. R., Yi, L. X., Zhang, R., Spencer, J., et al. (2016). Emergence of plasmid-mediated colistin resistance mechanism Mcr-1 in animals and human beings in China: a microbiological and molecular biological study. Lancet Infect. Dis. 16, 161–168. doi: 10.1016/S1473-3099(15)00424-7

 Lu, J., Dong, N., Liu, C., Zeng, Y., Sun, Q., Zhou, H., et al. (2020). Prevalence and molecular epidemiology of mcr-1-positive Klebsiella pneumoniae in healthy adults from China. J. Antimicrob. Chemother. 75, 2485–2494. doi: 10.1093/jac/dkaa210 

 Manandhar, S., Nguyen, Q., Pham, D. T., Amatya, P., Rabaa, M., Dongol, S., et al. (2022). A fatal outbreak of neonatal sepsis caused by mcr-10-carrying Enterobacter kobei in a tertiary care hospital in Nepal. J. Hosp. Infect. 125, 60–66. doi: 10.1016/j.jhin.2022.03.015 

 Mentasti, M., David, S., Sands, K., Khan, S., Davies, L., Turner, L., et al. (2021). Rapid detection and differentiation of mobile colistin resistance (mcr-1 to mcr-10) genes by real-time PCR and melt-curve analysis. J. Hosp. Infect. 110, 148–155. doi: 10.1016/j.jhin.2021.01.010 

 Center for Disease Control and Prevention (2011). Multiplex real-time PCR detection of Klebsiella pneumoniae Carbapenemase (KPC) and New Delhi metallo-β-lactamase (Ndm-1) genes. Atlanta 500, 6–7. Available at: https://www.cdc.gov/hai/settings/lab/kpc-ndm1-lab-protocol.html

 Shahzad, S., Willcox, M. D. P., and Rayamajhee, B. (2023). A review of resistance to Polymyxins and evolving Mobile Colistin resistance gene (mcr) among pathogens of clinical significance. Antibiotics 12:1597. doi: 10.3390/antibiotics12111597

 Soman, R., Bakthavatchalam, Y. D., Nadarajan, A., Dwarakanathan, H. T., Venkatasubramanian, R., and Veeraraghavan, B. (2021). Is it time to move away from polymyxins?: evidence and alternatives. Eur. J. Clin. Microbiol. Infect. Dis. 40, 461–475. doi: 10.1007/s10096-020-04053-w 

 Strich, J. R., and Palmore, T. N. (2017). Preventing transmission of multidrug-resistant pathogens in the intensive care unit. Infect. Dis. Clin. N. Am. 31, 535–550. doi: 10.1016/j.idc.2017.05.010 

 Trimble, M. J., Mlynárčik, P., Kolář, M., and Hancock, R. E. (2016). Polymyxin: Alternative mechanisms of action and resistance. Cold Spring Harb. Perspect. Med. :a025288:6. doi: 10.1101/cshperspect.a025288

 Vallone, P. M., and Butler, J. M. (2004). AutoDimer: a screening tool for primer-dimer and hairpin structures. BioTechniques 37, 226–231. doi: 10.2144/04372ST03 

 Wang, F., Tian, J., Pang, L., Wu, J., Shang, A., Sun, Z., et al. (2021). Retinoic acid-induced gene G(RIG-G) as a novel monitoring biomarker in leukemia and its clinical applications. Genes 12:1035. doi: 10.3390/genes12071035

 Zhang, J., Chen, L., Wang, J., Butaye, P., Huang, K., Qiu, H., et al. (2018). Molecular detection of colistin resistance genes (mcr-1 to mcr-5) in human vaginal swabs. BMC. Res. Notes 11:143. doi: 10.1186/s13104-018-3255-3 

 Zhang, X., Peng, L., Ke, Y., Zhao, D., Yu, G., Zhou, Y., et al. (2023). Emergence of a clinical isolate of E. Coil St297 co-carrying bla(NDM-13) and mcr-1.1 in China. J. Infect. Public Health 16, 1813–1820. doi: 10.1016/j.jiph.2023.09.007 

 Zhong, L. L., Zhou, Q., Tan, C. Y., Roberts, A. P., El-Sayed Ahmed, M. A. E., Chen, G., et al. (2019). Multiplex loop-mediated isothermal amplification (multi-Lamp) assay for rapid detection of mcr-1 to mcr-5 in colistin-resistant bacteria. Infect. Drug Resist. 12, 1877–1887. doi: 10.2147/IDR.S210226 


Copyright
 © 2024 Gong, Yang, Liu, Wu, Duan, Jia, Li, Zou, Yu, Zou and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-15-1279186-t001.jpg
No. Species

1

2

Pseudomonas aeruginosa N12122
Klebsiella pneunoniae N12106

Acinetobacter baumannii N12118
Serratia marcescens N12145
Escherichia coli N12139
Enterobacter cloacae N12169
Proteus mirabilis N12160

Stenotrophomonas maltophilia N12146

Source
Clinical isolate
Clinical isolate

Clinical isolate

Clinical isolate

Clinical isolate

Clinical isolate

Clinical isolate

Clinical isolate

Drug-resistant genes
blaoxs s, blavi., blasso, aph(3')-11b, aacA4, aph(6)-Id, strA, aac(6')-Ib-cr, qnrVCl, fosA
blagi.s, aac(6)1b-cr, aac(3)-11d, aadA16, qnrB6, fosA, arr-3, sul, tet(D)

blac s, blaggs s, AmpC-f-lactamase, blase. s, arma, aph(6)-1d, aph(3")-Ib, mph(E), tet(B), sull
blagres, lacrssro b, blacrs v, aae(3)-11d, aac(6')-le

aac(3)-11d, aph(3*)-Ib, mdf(A), mph(A), sull, sul2, tet(A), dfrA17

blage i, 0qxA, 0gxB, maf(A), fosA, blaniss, aac(6")-Tb-cr, blacreans

blares.s, aadA2, aadAS, aac(3)-11b, aph(3)-Ta, aph(3*)-ITb, aph(6)-Td, sull, sul2, dfrA17, tet(), catl

Smanr; by, sull, dfrA12, aadA2, aac(6')-To-cr
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Primers/  sequence (5'-3) Length  Tm Final Reference

Probes (bp) (§e)] concentration
name (nmol/L)
mer-1/2/6-F1 | CTGGGCGCGGATGAGTAT 588 200
i mer-1/2/6F2 CTGGGTCAAGATGACTAT 97 200
mer-2 0 “This study
s mer-1/2/6R | AGCGTATCH*AGCACATTTTCTTG 588 200
A mer-1/2/6P FAM-ATGTCGATACCGCCAAA-MGB 68 100
16SRNAF  TGGAGCATGTGGTTTAATTCGA 59.1 200
16SfRNA 165 rRNA-R | TGCGGGACTTAACCCAACA 159 586 200 N
Prevention
16SrRNAP  HEX-CACGAGCTGACGACAR*CCATGCA-BHQ el 200
mer-3-F GTGATGATGCAAAACGGGATACT 589 200
mer3 mer-3-R TCTTTCTCATAGCCATTCATCGAG 109 585 200 “This study
mer-3-P HEX-AGTAAGCCCACGTTGATGT-MGB 7 200
! mer-9/10F  CCCACGCTGATGTTCCTG 57.1 200
::::jg mer-9/10R  AAGGCATTK*GTR*TCACGCG 86 555 200 “This study
mer-9/10P  FAM-ATTGGCGAAACGGCAC-MGB 6 100
mer-4-F TGCGTTGTTTTATGTTGCCATT 59 200
mer-4 mer-4-R GTTTTTCAATTCCTTTTCGCACTAT 6 58 200 “This study
mer-i-p FAM-TCAATCTACCGCTCTTT-MGB 68 100
N mer-7-F CGCACTCAACGCCGTCTT 596 200
mer-7 mer-7-R GAGCATGGCGTAACTGACGAT 103 588 200 “This study
mer-7-p HEX-CTTCCGCTGGTTGCT-MGB 6 200
mer-5-F GCAGACGAAGCAAGGGAAGTC 0 200
mer-5 mer-5-R TCCCCGACAACCAGTACGA 9 585 200 “This study
mer-5-p FAM-CCGCCGTCCTCGTG-MGB 6 100
v mer8.F CGTTCCTTTICTTTCCACTCTATTTC 588 200
mer-§ mer-8-R CCCCGCTTATTGTCTGTTGAA 84 587 200 “This study
mer-8-p HEX-TGTACCAGCAATTATCCT-MGB 6 200

*R=A0orG;K=G, T;H=A,C,T.
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Plasmid mcr-1/2/6 mcr-9/10
(copies)

Inter-
cv Mean (@Y Mean SD
10 192 002 012% 19.05 007 038% 1839 014 | 079% 18.08 0.26 146%
10° 2209 0.04 0.16% 2209 0.08 0.35% 2118 0.04 0.19% 21.00 0.16 0.76%
10° 2507 006 023% 2519 009 036% 2423 004 | 016% 212 010 | 042%
10 2832 006 020% 2847 01 037% 2741 009 | 034% 2747 014 050%
10 3184 016 051% 3182 003 010% 3082 029 | 095% 3079 004 014%

Plasmid
(copies)

107 1834 007 036% 18.47 015 083% 1937 006 031% 1929 009 049%
100 2148 006 026% 2170 032 L% 2110 020 0.94% 2105 031 L%
10° 258 015 059% 283 032 130% 2449 007 029% 2144 010 040%
10° 27.99 020 071% 2812 024 085% 2738 018 064% 2744 024 086%
10 3120 038 12% 3136 038 122% 31.06 007 023% 3093 026 084%
Plasmid
(copies) [oiee

SD
10 1929 006 029% 1887 036 | 191% | 18997 018824 | 099% 1905 006 031%
100 2180 005 021% 21.60 018 | 083% | 211633 009074 | 0.43% 2083 029 L41%
10° 2188 011 044% 285 016 | 063% | 238133 031943 | 134% 2381 008 035%
10° 2813 004 013% 2816 008 | 028% | 27333 00734 | 027% 27.12 003 0%
100 3121 014 043% 3134 017 054% 3064 007 0.23% 3060 010 032%
Plasmid 16S rRNA
leersis) Intra-

SD Ccv Mean

107 1833 013 071% 1824 012 064% 189967 018824 099% 19.05 006 031%
100 2143 008 035% 2145 015 070% 211633 009074 | 043% 2083 029 Law%
10° 2481 007 028% 275 020 | 079% 238133 031943 134% 2381 008 035%
10 2822 013 046% 2812 o1 037% 270333 007234 027% 712 003 om%

10 3124 014 0.46% 3130 024 0.76% 3064 0.07 0.23% 30.60 010 032%
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