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Editorial on the Research Topic
 New Insights Into the Transmission Dynamics and Control of Antimicrobial Resistance to Last-Resort Antibiotics



Antimicrobial Resistance (AMR) is one of the most alarming public health issues around the world. Carbapenem, colistin, and tigecycline are currently the last-resort antibiotics for the treatment against multidrug resistant bacteria. This Research Topic integrates recent studies on the transmission dynamics and control strategies of AMR to these important drugs. It is about the mechanism of spread and the mitigation approaches of AMR.


DYNAMIC TRANSMISSION OF AMR

In this Research Topic collection, nearly half of the articles covered the critical role of plasmids in AMR dissemination.

On the one hand, plasmids carrying resistant genes acted as vehicles for horizontal gene transfer. Taking colistin resistance as an example, a well-documented gene, mcr-1 has been frequently harbored on multiple transferable plasmids and spread worldwide. This gene encoded the MCR-1 enzyme that modified LPS and attenuated bacterial affinity with colistin (Liu et al., 2016). To better understand the interactome profile of MCR-1 with bacterial proteins, Li et al., using co-immunoprecipitation and mass spectrometry, found that MCR-1 affected protein biosynthesis by interacting with ribosomal proteins. Besides, they discovered that multidrug efflux pump AcrA-TolC was also involved in MCR-1-mediated colistin resistance. These data provided valuable information to a deeper understanding of MCR-1 function. Another study by Zhu et al. revealed that under colistin pressure, although mcr-1 did not facilitate the evolution of high-level colistin resistance in K. pneumoniae and E. coli, it still improved the survival rates of the above species. Besides, high-level colistin resistance (HLCR) was more likely to emerge in K. pneumoniae than E. coli when exposed to colistin. This result partly explained why HLCR was more common in K. pneumoniae than E. coli in clinical sections.

Concerning tigecycline resistance, the plasmid-borne tet(X3) and tet(X4) were recently reported, alarming the possible horizontal spread of resistance (He et al., 2019; Zhang et al., 2020). This was further demonstrated by the research of Li et al. which identified one conjugative IncX1 plasmid habouring tet(X4) in Escherichia fergusonii, along with two chromosome-bearing tet(X6) in Proteus cibarius, from chicken feces. Apart from tet(X) and its variants, Xu et al. revealed that tet(A) mutation occurred under selective pressure could also lead to tigecycline resistance in K. pneumoniae. In their study, induction experiment was performed in which 71.4% (20/28) of tet(A)-carrying tigecycline resistance K. pneumoniae developed tet(A) mutations. And twelve (12/20) of them successfully transferred their tet(A)-mutant plasmids to E. coli EC600 by conjugation and led to an elevated level of tigecycline MIC in recipients (Xu et al.). These data indicated that mutations of tet(A) in conjugative plasmids may contribute to the tigecycline resistance in K. pneumoniae and E. coli.

To better understand the evolution of plasmids related to carbapenem resistance, one study by Liu et al. analyzed 84 non-duplicate IncX3 plasmids reported across China from 2011 to 2021. And all these plasmids harbored carbapenemase genes, among which 81 were blaNDM carrying and 3 were blaOXA−181-carrying. In those NDM-positive plasmids, the NDM-5-positive ones were dominant and recovered from diverse sources, including clinical specimens, animals, environment and retail food, suggesting the wide spread of NDM-5-producing isolates through the transfer of IncX3 plasmids. However, NDM-1-positive IncX3 plasmids were mainly identified in the hospital section, which was disseminated at a limited level compared with NDM-5. The genetic context of blaNDM on IncX3 plasmid could be classified into five subtypes, two of which have been identified in Enterobacter cloacae chromosome and IncF & IncA/C plasmids, respectively. This indicated that the blaNDM gene environment could be transmitted by different plasmids and bacterial species. The other two studies reported KPC-2-carrying plasmids in China from P. aeruginosa (pP33-2, non-conjugative) and E. coli (pEC2341-KPC conjugative; pEC2547-KPC non-conjugative), respectively (Cai et al.; Wu et al.). In all the three plasmids, KPC-2 was bracketed by Insertion Sequence (IS), suggesting the potential role of IS in promoting the spread of KPC-2 among different plasmids.

On the other hand, plasmid could also act as a “lending library,” integrating its sequence into bacterial chromosome and promoting the vertical transmission of AMR. Zhang et al. found that, to cause colistin-resistance in K. pneumoniae under drug pressure, ISKpn72 on a plasmid could be inserted into mgrB gene with a higher efficiency than the ISKpn72 from chromosome. More importantly, this plasmid was conjugative, providing a clue about the widespread of mgrB inactivation among K. pneumoniae in hospitals (Cannatelli et al., 2014). In another research, Wang et al. reported the first detection of clinical E. coli (ST131) with a blaKPC−2 in chromosome. Interestingly, sequence analysis showed that the chromosomal blaKPC−2 was carried in a 24 kb IS with high similarity to the blaKPC−2-habouring plasmids in P. mirabilis (Hua et al., 2020). This result suggested that the blaKPC−2 was probably transferred from the P. mirabilis plasmid to E. coli chromosome through IS element. Once incorporated into chromosome, AMR mechanism would largely be maintained in bacterial replication and worth clinical attention.

In recent years, the progress in whole genome sequencing (WGS) made it easier to study the AMR transmission in a deeper level. Using this technique, two studies investigated the evolution of AMR isolates. Gostev et al. uncovered the existence of three international lineage of linezolid-resistant S. epidermidis. And Zhao et al. sequenced 99 Carbapenem-Resistant Klebsiella pneumoniae (CRKP) from the intensive care unit (ICU) and provided a glimpse of intraspecies replacement in the hospital. According to phylogenetic analysis, both ST4496-KL47 and ST11-KL64 were likely to originated from ST11-KL47. However, ST4496-KL47 was less competitive than ST11-KL64 and disappeared after 6 months. While ST11-KL64 increased virulence by capsule biosynthesis locus recombination and acquired the potential to be the dominant CRKP in hospital. In addition, the serotype was found to be associated with antimicrobial resistance in this Research Topic. The study by Luo et al. indicated that, for clinical Salmonella isolates in China, colistin resistance mainly distributed in S. Enteritidis (83.9%, 125/149) and S. Typhimurium (15.3%, 9/59), while the resistant rate of the former was significantly higher than that of the latter.



CONTROL OF ANTIMICROBIAL RESISTANCE

To put AMR under control, various strategies need to be executed, including constant surveillance of drug resistance, fast diagnosis of AMR bacteria infections and development of novel therapy.

Firstly, the spread of drug resistance needs to be put under surveillance. The work by Chang et al. revealed the epidemiology and change of antimicrobial resistance rates in children patients with non-typhoidal Salmonella infection from 2012 to 2019. And the report by Paveenkittiporn et al. provided comprehensive information to the prevalence of mcr-positive Carbapenem-Resistant Enterobacteriaceae (CRE) among patients in Thailand from 2016 to 2019. Another study by Ma et al. investigated AMR in clinical Ureaplasma spp. and addressed the lack of data in this field in China. In their research, the most active antibiotics were azithromycin, josamycin, and clarithromycin. These data provided updates of the prevalence of AMR in hospitals and facilitated clinicians for the rational use of antibiotics.

Secondly, reliable methods for rapid detection of AMR are of great importance in helping clinicians selecting effective antibiotics precisely, optimizing the treatment and preventing the aggravation of infection by Multi-Drug Resistant (MDR) microbes. To compare the currently available methods for fast carbapenemase detection, Han et al. investigated the performance of three lateral flow chromatographic assays (NG-test Carba 5, RESIST-5 O.O.K.N.V., and IMP K-SeT) in determining carbapenemases among CRE. As a result, the NG-test Carba 5 detected all of its targeted carbapenemases (KPC, NDM, VIM, IMP and OXA-48-like) in 15 min with both sensitivity and specificity at 100%. The RESIST-5 O.O.K.N.V. detected KPC, NDM, VIM and OXA-48-like with the sensitivity and specificity at 99.4 and 100%, respectively. The IMP K-SeT, as a complementary test of RESIST-5 O.O.K.N.V for IMP determination, detected all six IMP producers in the research. This result showed that all the above detection methods could simplify the complex workflow for carbapenemases identification for infection control purposes and epidemiological surveillance. For upgrading detection approaches, Jia et al. developed an AI-Blue-Carba test, an improved version of Blue-Carba, to determine carbapenemase-producing Gram-negative bacteria. In this research, “deep learning” was innovatively combined with traditional Blue-Carba, which allowed elevated efficiency for the detection of carbapenemases (within 15 min) and was user-friendly. Through using AI-Blue-Carba, the author planned to create a co-networking platform with a hospital which would promisingly facilitate the monitoring of carbapenemases and infection treatment in clinical sections. Another study explored a method for fast detection of Staphylococcus aureus from patients with diabetic foot infections (Chen et al.). In this method, loop-mediated isothermal amplification (LAMP) and clustered regularly interspaced short palindromic repeats (CRISPR) techniques were coupled. Through targeting nuc and mecA, the CRISPR-LAMP assay successfully identified S. aureus strains and distinguished methicillin-resistant S. aureus (MRSA) from methicillin-resistant S. aureus (MSSA) in clinical samples. Due to its visualized fluorescent result with easy interpretation criteria, this method could help the point-of-care diagnosis against MRSA. More tools are worth being investigated for fast and precise diagnosis of AMR, like aptamers and CRISPR-Cas suggested in the review by Pereira et al. The former (aptamers) could recognize bacteria through binding to cell surface receptors, antigens or unknown targets, while the latter (CRISPR-Cas) could recognize and cleave the targeted bacterial nucleic acid. Their application for diagnostics has been demonstrated in different studies to offer shorter turnaround time comparing with the conventional AMR phenotypic tests (Pereira et al.), highlighting the potential of these techniques to be refined and used as guidance to clinical antimicrobial prescriptions.

Thirdly, the development of innovative therapies are urgently needed for anti-infective purpose. One straight forward way is selecting new antimicrobial candidates. A novel antibiotic, named lefamulin, has been approved by the U.S. Food and Drug Administration in 2019 against community-acquired bacterial pneumonia (CABP). And Wu et al. evaluated its in vitro antibiogram by testing the minimum inhibitory concentrations (MICs) of lefamulin against 634 clinical respiratory pathogens across China. They demonstrated that lefamulin had excellent antimicrobial activity with a broad-spectrum coverage of respiratory pathogens, including MRSA/MSSA, methicillin-resistant/sensitive S. epidermidis (MRSE/MSSE), Streptococcus. pneumoniae, β-hemolytic Streptococcus, Haemophilus influenzae, H. parainfluenzae, Morazella catarrhalis, and Mycoplasma. pneumoniae. The in vitro activity of lefamulin supported the use of this drug as an alternative treatment option for CABP in China. Apart from new drugs, a reasonable combination of currently available antibiotics is another choice. Chen et al. found that CRKP developed resistance in tigecycline-induced descendants, while in the meantime, also presented stable hypersensitivities to other antibiotics, especially aminoglycosides, showing significantly lower MICs. Further genetic analysis suggested that the loss of AMR plasmids may play a role in this phenomenon. These new findings supported the combination therapy of tigecycline and aminoglycosides against CRKP infections.

To summarize, this Research Topic brought together a number of articles addressing the dynamics of AMR transmission and novel strategies of controlling AMR bacteria infection. Based on these new insights, plasmids were re-emphasized as a critical driving force in the spread and evolution of bacterial drug resistance, not only as mobile gene carriers, but also gene lenders to chromosomes. To overcome the problem of AMR, medical progress is being made in the fields of novel therapies and fast infection diagnosis which promotes the rational use of antimicrobials in the future.
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The emergence of tet(X) and carbapenemase genes in Enterobacterales pose significant challenges to the treatment of infectious diseases. Convergence of these two categories of genes in an individual pathogen would deteriorate the antimicrobial resistance (AMR) crisis furthermore. Here, tigecycline-resistant Enterobacterales strains were isolated and detected with carbapenemase genes, characterized by antimicrobial susceptibility testing, PCR, conjugation assay, whole genome sequencing, and bioinformatics analysis. Three tigecycline-resistant isolates consisting of one plasmid-mediated tet(X4)-bearing Escherichia fergusonii and two chromosomal tet(X6)-bearing Proteus cibarius were recovered from chicken feces. The tet(X4) was located on a conjugative IncX1 plasmid pHNCF11W-tetX4 encoding the identical structure as reported tet(X4)-bearing IncX1 plasmids in Escherichia coli. Among two P. cibarius strains, tet(X6) was located on two similar chromosomal MDR regions with genetic contexts IS26-aac(3)-IVa-aph(4)-Ia-ISEc59-tnpA-tet(X6)-orf-orf-ISCR2-virD2-floR-ISCR2-glmM-sul2 and IS26-aac(3)-IVa-aph(4)-Ia-ISEc59-tnpA-tet(X6)-orf-orf-ISCR2-glmM-sul2. Apart from tet(X6), P. cibarius HNCF44W harbored a novel transposon Tn6450b positive for blaNDM–1 on a conjugative plasmid. This study probed the genomic basis of three tet(X)-bearing, tigecycline-resistant strains, one of which coharbored blaNDM–1 and tet(X6), and identified P. cibarius as the important reservoir of tet(X6) variants. Emergence of P. cibarius encoding both blaNDM–1 and tet(X6) reveals a potential public health risk.

Keywords: tigecycline resistance, carbapenem resistance, coexistence, plasmid, chromosome


INTRODUCTION

Antimicrobial resistance (AMR) is a serious threat to public health globally. Carbapenem and tigecycline are regarded as vital antimicrobials reserved for clinical use due to their broad antibacterial spectrum. However, the increasing spread of carbapenemase-encoding genes has rendered carbapenem-resistant Enterobacteriaceae (CRE) infection a great threat (Du et al., 2018; Tacconelli et al., 2018). Plasmid-mediated resistance genes tet(X3) and tet(X4) conferring high-level resistance to tigecycline in Enterobacterales and Acinetobacter has been found to be ubiquitous in animals and food of animal origin (Bai et al., 2019; He et al., 2019; Sun et al., 2019; Li et al., 2020c). This undermines the efficacy of tigecycline as the last-resort drug in treating MDR bacterial infections, especially those caused by carbapenem-resistant, Gram-negative bacteria, such as CRE.

Initially, tet(X) genes were mainly found in Bacteroides species and bacteria derived from environmental microbiota (Forsberg et al., 2015; Tian et al., 2019). Alarmingly, novel tet(X) variants are being identified from the pathogens of animal, food, and human origins (Li et al., 2019; Wang et al., 2019; He D. et al., 2020; Liu et al., 2020; Peng et al., 2020), which implies that tet(X) is expanding from commensals to pathogens (Aminov, 2013). Thus, the convergence of mobile tigecycline-resistant tet(X) and carbapenem-resistant genes in Enterobacterales may be inevitable. Acinetobacter strains coharboring tet(X) and blaNDM–1 were identified from samples of waterfowl and dairy cows recently (Cui et al., 2020; He T. et al., 2020), highlighting the potential convergence risk of both critical resistance genes among bacteria. However, Enterobacterales carrying both tet(X) and blaNDM–1 is unknown, which constitutes a more severe concern. To cover this knowledge gap, we performed a tigecycline-resistant Enterobacterales screening pilot program and identified a Proteus cibarius coharboring both tet(X6) and blaNDM–1, implying that wide surveillance of Enterobacterales conferring resistance to carbapenems and tigecycline among bacteria should be performed worldwide.



MATERIALS AND METHODS


Bacterial Isolates

A total of 16 chicken fecal samples were collected from four chicken farms in Henan province, China, in 2019. Tigecycline-resistant Enterobacterales were selected on MacConkey agar plates containing tigecycline (4 mg/L). The species of purified tigecycline-resistant isolates was identified by 16S rRNA gene sequencing and further confirmed by analyzing WGS data. The tet(X) and carbapenem-resistant genes were determined by PCR with reported primers (Dallenne et al., 2010; He et al., 2019).



Antimicrobial Susceptibility Testing

The antimicrobial susceptibility testing (AST) of tet(X)-positive tigecycline-resistant strains against 13 antibiotics was performed based on the broth microdilution method with Escherichia coli ATCC 25922 as the quality control and interpreted according to CLSI guidelines (CLSI, 2018). The tigecycline non-susceptibility in Enterobacterales was interpreted with an MIC of ≥4 mg/L (Marchaim et al., 2014).



Conjugation Assay and S1-PFGE

A conjugation assay was conducted using rifampicin-resistant E. coli C600 (Rifr) as the recipient to investigate the transferability of tet(X) and blaNDM–1. The donor and recipient strains were mixed at a ratio of 1:4 on a filter, followed by culturing on LB agar plates at 30 and 37°C, respectively, overnight and screening on MacConkey plates containing tigecycline (4 mg/L) or meropenem (2 mg/L) with rifampicin (300 mg/L). Transconjugants were confirmed with PCR. S1 nuclease pulsed-field gel electrophoresis (S1-PFGE) was utilized to characterize the plasmid profiles.



Whole Genome Sequencing and Bioinformatics Analysis

Genomid DNA (gDNA) was purified with the TIANamp Genomic DNA Kit and quantified by Qubit 4 Fluorometer. Short-read Illumina sequencing and long-read Nanopore sequencing were combined to generate complete genome sequences (Li et al., 2018). The de novo assembled sequences were annotated by RAST1. Antibiotic resistance genes (ARGs) and plasmid replicon types were determined using the ResFinder and PlasmidFinder2. BRIG and Easyfig were used to compare the plasmid and MDR structures (Alikhan et al., 2011; Sullivan et al., 2011).



Functional Confirmation of tet(X6) and Phylogenetic Analysis

To confirm the resistance function of the identified tet(X6) variant, TA-cloning and AST were performed. Briefly, the new variant, together with its natural promoter sequence, was amplified by PCR using primers HNCF44W-F/AGCGAACAAGAATATGACTTTACT and HNCF44W-R/CGCCTTTCTGTTTTATAGATTCAT, cloned into a pMD19-T vector and transformed chemically into E. coli DH5α. The resistance phenotype of tet(X6) was tested by measuring the MICs of different tetracycline antibiotics. Phylogenetic analysis of Tet(X) amino acid sequences were conducted in MEGA X using the neighbor-joining method (Kumar et al., 2018).



Nucleotide Sequence Accession Numbers

The complete sequences obtained in this study have been deposited in the GenBank database under BioProject number PRJNA625637. The novel blaNDM–1-bearing Tn6450b was also deposited in the NCBI database (MT701524).



RESULTS AND DISCUSSION


Identification of Tigecycline-Resistant Enterobacterales

Three tigecycline-resistant, tet(X)-positive Enterobacterales strains were isolated from 16 samples (18.8%), which consisted of Escherichia fergusonii HNCF11W carrying tet(X4), P. cibarius HNCF43W, and HNCF44W positive for a tet(X6) variant. Notably, HNCF44W also carried the blaNDM–1 gene. Antimicrobial susceptibility testing revealed that the three tigecycline-resistant strains were resistant to multiple antibiotics, including kanamycin, florfenicol, amoxicillin, and tetracyclines, showing high-level resistance to tigecycline (Supplementary Table S1). In addition, the NDM-producing strain HNCF44W was also resistant to meropenem (>16 mg/L). S1-PFGE indicated that two plasmids of ca. 130 and 55 kb were observed in tet(X4)-bearing E. fergusonii HNCF11W, and one plasmid of ca. 140 kb existed in tet(X6)-bearing P. cibarius HNCF44W, but no plasmid existed in P. cibarius HNCF43W (Supplementary Figure S1). To uncover the genetic locations of tet(X) and blaNDM–1, complete genome sequences of the three strains were finished successfully.



Genome Characterization of Tigecycline-Resistant E. fergusonii

The tet(X4)-bearing E. fergusonii harbored one chromosome (4,584,794 bp, ST10543); one p0111-like plasmid pHNCF11W-130 kb (130,643 bp) harboring aadA1, floR, tet(A), dfrA14, blaTEM–209, blaOXA–10, cmlA1, arr-3, and qnrS1; and one typical IncX1 plasmid pHNCF11W-tetX4 (57,105 bp) encoding tet(X4) in the genetic structure of IS26-abh-tet(X4)-ISCR2-virD2-floR-△ISCR2 coupled with aadA2, lnu(F), tet(A), and blaSHV–12. A BLASTn search of pHNCF11W-tetX4 against the nr database retrieved other tet(X4)-bearing plasmids p1916D18-1 (59,353 bp), p1916D6-2 (59,351 bp), and pYY76-1-2 (57,104 bp) of swine and cattle origins, sharing nearly identical sequences (Supplementary Figure S2). Both pHNCF11W-tetX4 and pHNCF11W-130 kb were transferred into the recipient strain, demonstrating that IncX1-type tet(X4)-bearing plasmids were mobilizable and spread in Enterobacterales of animal origin (Chen et al., 2019). Although tet(X4) was initially found in plasmids of IncFIB and IncQ1 types (He et al., 2019; Sun et al., 2019), IncX1 plasmids are common in various Enterobacterales and associated with various resistance genes (Dobiasova and Dolejska, 2016; Li et al., 2020b), which potentially increases the transmission of tet(X4) between different Enterobacterales.



Characterization of Proteus cibarius Coharboring tet(X6) and blaNDM–1

HNCF43W harbored a 3,965,977 bp chromosome. HNCF44W contained a 3,929,176 bp chromosome and one blaNDM–1-bearing plasmid pHNCF44W_NDM-1 of 139,490 bp in size. A conjugation assay failed to recover transconjugants positive for tet(X6). The tet(X6) gene was located on large MDR regions (IS26-aac(3)-IVa-aph(4)-Ia-ISEc59-tnpA-tet(X6)-orf-orf-ISCR2-virD2-floR-ISCR2-glmM-sul2 and IS26-aac(3)-IVa-aph(4)-Ia-ISEc59-tnpA-tet(X6)-orf-orf-ISCR2-glmM-sul2, respectively) embedded in chromosomes of both P. cibarius strains (Figure 1A), and the MDR regions may derive from recombination of tet(X6)-bearing elements and reported plasmids p19110F47-2 (CP046044) and pJXP9 (MK673549) (Supplementary Figure S3). The two tet(X6)-bearing MDR regions differed by virD2-floR-ISCR2, which was a potential mobile segment (Doublet et al., 2005). ISCR2 is the major mobile element associated with tet(X3), tet(X4), and tet(X5) (Bai et al., 2019; He et al., 2019; Sun et al., 2019; Li et al., 2020a). Recently, three reports demonstrated tet(X6) could be embedded in ICEs or other MDR regions, all of which harbor ISCR2 (He D. et al., 2020; Liu et al., 2020; Peng et al., 2020), suggesting it may facilitate the transfer of tet(X6) to other plasmids or chromosomes.
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FIGURE 1. (A) Genetic environments of tet(X6) from different strains. (B) Linear alignment of blaNDM–1-bearing Tn6450b in pHNCF44W_NDM-1 and reported Tn6450. The red arrows denote the resistance genes; the blue arrows represent the mobile elements; the yellow arrows signify other CDSs. The shadow parallelograms stand for homologous genetic regions.


The blaNDM–1 gene in HNCF44W was located on an MDR plasmid pHNCF44W_NDM-1 carrying resistance genes aac(6′)-Ib, arr-3, qacE1, sul1, sul2, aph(3′)-la, mph(E), msr(E), qnrA1, aadA1, aadA2, dfrA1, dfrA12, floR, aac(3)-IVa, and lnu(F). No plasmid replicon was identified, but pHNCF44W_NDM-1 was very similar to plasmid plas1.1.2 (CP047114) from Proteus mirabilis of swine origin; it differed mainly in the blaNDM–1-bearing region (Figure 2). The blaNDM–1 gene and other resistance genes were found in a 65-kb MDR region, showing high similarity to transposon Tn6450 but with blaDHA–1 replaced by blaNDM–1 (Chen et al., 2018), designated as Tn6450b here (Figure 1B). Other similar plasmids or transposons were found in the nr database, including p16Pre36-NDM from Providencia rettgeri, pHFK418-NDM from P. mirabilis, pPrY2001 from P. rettgeri, p16Pre36-NDM from P. rettgeri, p06-1619-1 from P. rettgeri, and Tn6450 from P. mirabilis. The plasmid pHNCF44W_NDM-1 carrying blaNDM–1 was successfully transferred into E. coli EC600 at 30°C. Notably, ISCR2-lysR-floR-virD2-△ISCR2 structure in pHNCF44W_NDM-1 was also found in a tet(X6)-bearing chromosomal segment, rendering this a Tn6450b-bearing plasmid with the potential ability to capture tet(X6) under certain circumstances, which warrants further surveillance.
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FIGURE 2. Alignment of the plasmid pHNCF44W_NDM-1 identified in this study with other similar plasmids. The outermost red circle denotes the reference plasmid pHNCF44W_NDM-1. The location of Tn6450b is highlighted in the dotted circle.




Functional Analysis of tet(X6) and Its Evolution

Recently, several reports have characterized different tet(X6) variants from diverse bacteria (He D. et al., 2020; Liu et al., 2020; Peng et al., 2020; Xu et al., 2020). The tet(X6) variant carried by HNCF44W and HNCF43W is the same as that reported in P. cibarius from swine (Liu et al., 2020). The expression of tet(X6) in the cloning vector pMD19-T-tet(X6) in E. coli DH5α conferred resistance to tetracycline (64 mg/L) and tigecycline (16 mg/L) with 32-fold increments compared to that of DH5α-pMD19-T, indicating that this tet(X6) variant can confer tigecycline resistance (Supplementary Table S2). The 1137 bp tet(X6) variant encoded 378 amino acids and showed 84.7, 66.3, 84.9, 79.9, 87.8, 93.7, and 98.7% amino acid sequence identity to Tet(X), Tet(X1), Tet(X2), Tet(X3), Tet(X4), Tet(X5), and Tet(X6), respectively (Figure 3) with 5, 8, and 16 amino acid substitutions to Tet(X6) (MN507533, T60), Tet(X6) (CP025402, pMS8345A), and Tet(X6) (NZ_CP047050, 18QD1AZ29W).
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FIGURE 3. The phylogenetic tree of Tet(X) variants. The tree is drawn to scale with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using MEGA X and are in the units of the number of amino acid substitutions per site.


Phylogenetic analysis of Tet(X) indicated that of all reported Tet(X6) variants clustered in a clade, most related to Tet(X5) (Figure 3). Although most tet(X6) variants were found in Proteus and Acinetobacter spp., analysis of the NCBI database shows that E. coli positive for tet(X6) existed as early as 2003 in Denmark (JWJM01000174), indicating the transmission of tet(X6) occurred previously. Furthermore, chromosomal tet(X6)-bearing ICEs and MDRs are found in Proteus, Acinetobacter, and Myroides phaeus (He D. et al., 2020; Liu et al., 2020; Peng et al., 2020). Plasmid-mediated tet(X6) in Proteus, Acinetobacter, and E. coli also emerged according to published reports (Cui et al., 2020; Li et al., 2020c; Xu et al., 2020), implying tet(X6) is at the stage of being expanded via different mobile elements. This highlights that tet(X6) variants would be the next possible prominent tet(X) allele, approaching the widespread situation of tet(X4) in E. coli (Bai et al., 2019; He et al., 2019; Sun et al., 2019). Nomenclature of tet(X) by different allele numbers is not recommended because many of the alleles are 85–100% aa identical3, but an identical tet(X) naming system may not benefit research communications and AMR surveillance, especially as different tet(X) alleles possess different resistance phenotypes, genetic contexts, hosts, and evolutionary routes as more research reveals. For example, tet(X4) was found to be more common in E. coli than tet(X6) owing to the fact that tet(X4) has merged into conjugative plasmids adapted in E. coli. Also, the plasmids coharboring both blaNDM–1 and tet(X) in Acinetobacter spp. (Cui et al., 2020) could be divided into tet(X3)- or tet(X6)-bearing plasmids, which could make it difficult to decipher the accurate different genetic contexts if only tet(X) represented the two alleles simultaneously. To better investigate the molecular epidemiology, genomic evolution, and functional analysis and avoid confusion in tet(X) designations, a clear nomenclature scheme acceptable to researchers worldwide should be proposed as soon as possible. Because mcr genes exist in certain bacterial species as housekeeping genes and certain alleles leap over species boundary limits to Enterobacterales via mobile elements like Tn6330 (Li et al., 2016; Shen et al., 2020), tet(X) genes may behave similarly because they exist as core genes in certain bacteria and transfer to Enterobacterales by mobile elements like ISCR2. Thus, the mcr nomenclature scheme may be a good example when it comes to tet(X) designation (Partridge et al., 2018). More research should be performed to put forward a widely accepted tet(X) allele numbering system to facilitate research communications.



CONCLUSION

To conclude, we characterized three tet(X)-bearing Enterobacterales strains of chicken origin and found that one P. cibarius coharbored both blaNDM–1 and tet(X6). To the best of our knowledge, this is the first report of convergence of tet(X6) and blaNDM–1 genes in Enterobacterales, highlighting the importance of continuous surveillance of tigecycline- and carbapenem-resistant Enterobacterales of animal origin, which may act as the potential reservoir of clinical Enterobacterales resistant to tigecycline and carbapenems.
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Purpose: Lefamulin is a novel antibiotic approved by the U.S. Food and Drug Administration in 2019 for the treatment of community-acquired bacterial pneumonia (CABP). In this study we evaluated the in vitro antimicrobial activity of lefamulin in order to better understand its antibiogram.

Methods: The test strains were isolated from patients across China during the period from 2017 to 2019, including 634 strains of respiratory pathogens. The minimum inhibitory concentrations (MICs) of lefamulin and comparators were determined by broth microdilution method.

Results: Lefamulin showed potent activity against Streptococcus pneumoniae and Staphylococcus evidenced by 100% inhibition at 0.25 mg/L, and favorable MIC50/90 (0.125/0.125 mg/L) against S. pneumoniae (penicillin MIC ≥ 2 mg/L), MIC50/90 (≤0.015/0.125 mg/L) against methicillin-resistant S. aureus, and MIC50/90 (≤0.015/0.06 mg/L) against methicillin-resistant S. epidermidis. Lefamulin also had good activity against Streptococcus pyogenes and Streptococcus agalactia (MIC50/90: ≤0.015/≤0.015 mg/L), β-lactamase-producing Haemophilus influenzae (MIC50/90: 0.5/1 mg/L), β-lactamase-negative H. influenzae (MIC50/90: 1/1 mg/L), Moraxella catarrhalis (MIC50/90: 0.25/0.25 mg/L), and Mycoplasma pneumoniae (MIC50/90: 0.03/0.03 mg/L) regardless of resistance to azithromycin. Lefamulin was generally more active than the comparators against the test strains.

Conclusion: In summary, lefamulin has good and broad-spectrum coverage of respiratory pathogens (methicillin-sensitive and -resistant Staphylococcus, S. pneumoniae, β-hemolytic Streptococcus, H. influenzae, M. catarrhalis and M. pneumoniae). In vitro activity supports the use of lefamulin in the treatment of CABP in China.

Keywords: lefamulin, antimicrobial susceptibility test, minimum inhibitory concentration, community-acquired bacterial pneumonia, Mycoplasma pneumoniae


INTRODUCTION

Pleuromutilin is a natural antimicrobial substance first found in 1950s. It can be obtained from Clitopilus scyphoides, Clitopilus passeckerianus, or other Clitopilus species in basidiomycota. Lefamulin is the first-in-class semi-synthetic pleuromutilin antibiotic for systemic use. Its molecular formula is C28H45NO5S (molecular weight 567.79 g). Lefamulin inhibits bacterial protein synthesis by binding to “A” and “P” sites of the peptidyl transferase center (PTC) of the 23s rRNA of the 50S ribosomal subunit of bacterial cell. The binding is through the mutilin core and C-14 side chain in the forms of hydrogen bonds, hydrophobic interactions, and conformational change to prevent correct orientation of tRNA’s 3’-CCA ends for peptide transfer (Veve and Wagner, 2018; Rodvold, 2019). The resistance to lefamulin may be related to the mutations in rplC gene and cfr gene of Staphylococcus aureus, Vga (AV) coded by the transposon Tn5406 and vga(A) carried by plasmids (encoding ABC transporter) (Mendes et al., 2019; Rodvold, 2019). So far, it is known that lefamulin has no cross resistance to the antimicrobial agents in clinical use.

Studies have shown that lefamulin has good coverage of the pathogens of community-acquired respiratory tract infections, including antibiotic-resistant strains, such as penicillin-resistant Streptococcus pneumoniae (PRSP), macrolide-resistant Mycoplasma pneumoniae, and methicillin-resistant S. aureus (MRSA) (Veve and Wagner, 2018; Rodvold, 2019). In August 2019, lefamulin was approved by the U.S. Food and Drug Administration (FDA) for the treatment of community-acquired bacterial pneumonia (CABP) patients based on its good pharmacodynamic results, pharmacokinetic, and safety profiles in clinical trials.

The antibacterial spectrum and activity of lefamulin have been studied in the United States and Europe (Paukner et al., 2013, 2019), but it is not clear about its antimicrobial activity against the clinical isolates in China. For better understanding the antimicrobial activity of lefamulin against the common respiratory pathogens recently isolated in China, we studied the in vitro activity of lefamulin against a broad range of respiratory pathogens.



MATERIALS AND METHODS

A total of 634 non-duplicate strains of respiratory pathogens were tested, including 580 strains of bacteria and 54 strains of Mycoplasma pneumoniae. These strains were isolated from 29 hospitals across China, representing 23 provinces and municipalities, during the period from October 2017 to July 2019. Specifically, the test strains included S. aureus (n = 121), S. epidermidis (n = 30), β-lactamase-producing Haemophilus influenzae (n = 48), β-lactamase-negative H. influenzae (n = 48), Haemophilus parainfluenzae (n = 10), Moraxella catarrhalis (n = 54), S. pneumoniae (n = 172), Streptococcus pyogenes (n = 30), and Streptococcus agalactiae (n = 13). All the strains were re-identified before susceptibility testing. Species identification was confirmed by MALDI-TOF/MS system (bioMérieux, France), and antimicrobial susceptibility testing were controlled with reference strains S. aureus ATCC29213, S. pneumoniae ATCC49619, H. influenzae ATCC49247, and M. pneumoniae ATCC 29342.

The minimum inhibitory concentrations (MICs) of lefamulin and the comparators were determined by broth microdilution method according to the Clinical and Laboratory Standards Institute (CLSI) (2018) M07-11th Edition (CLSI, 2018). The MICs against M. pneumoniae were measured according to the methods for antimicrobial susceptibility testing for human mycoplasmas described in CLSI document M43-A (2011) (CLSI, 2011). The antimicrobial comparators included tigecycline, moxifloxacin, linezolid, penicillin, ampicillin, oxacillin, ceftriaxone, levofloxacin, vancomycin, trimethoprim-sulfamethoxazole, erythromycin, and azithromycin. The concentrations of the test antimicrobial agents ranged from 32 mg/L to 0.015 mg/L.

WHONET 5.6 software and the breakpoints of CLSI M100-29th Edition (CLSI, 2019) were used to interpret and analyze the results of antimicrobial susceptibility test. Lefamulin and tigecycline were analyzed according to the breakpoints recommended by FDA1. The breakpoints of lefamulin was ≤0.25 mg/L active against methicillin-sensitive S. aureus, ≤0.5 mg/L against S. pneumoniae, and ≤2 mg/L against H. influenzae. The breakpoint of tigecycline was ≤0.5 mg/L active against S. aureus, and ≤0.25 mg/L against H. influenzae.


Ethics Statement

The study protocol was approved by the Ethics Committee of Huashan Hospital, Fudan University (Number: 2019-319).



RESULTS

Lefamulin at 0.25 mg/L inhibited the growth of all Staphylococcus strains (Table 1 and Figure 1). The MIC90 value of lefamulin was 0.125 mg/L against MRSA, 0.06 mg/L against methicillin-resistant S. epidermidis (MRSE), 0.06 mg/L against methicillin-sensitive S. aureus (MSSA), and 0.03 mg/L against methicillin-sensitive S. epidermidis (MSSE). Lefamulin displayed MIC values ranging from ≤0.015 mg/L to 0.25 mg/L (MIC90: ≤0.25 mg/L) against 172 strains of S. pneumoniae, including penicillin-susceptible (PSSP) strains (penicillin MIC ≤0.06 mg/L), penicillin-intermediate (PISP) strains (penicillin MIC: 0.125 mg/L–1 mg/L), and penicillin-resistant (PRSP) strains (penicillin MIC ≥ 2 mg/L). Lefamulin inhibited the growth of all PSSP strains at ≤0.015 mg/L and all PISP and PRSP strains at 0.25 mg/L. The MIC50/90 values of lefamulin were ≤0.015/≤0.015 mg/L against S. pyogenes and ≤0.015/0.06 mg/L against S. agalactiae. Lefamulin inhibited the growth of all the S. pyogenes and S. agalactiae strains at 0.06 mg/L (Table 2 and Figure 1).


TABLE 1. In vitro activity of lefamulin and comparators against Staphylococcus.
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TABLE 2. In vitro activity of lefamulin and comparators against Streptococcus species.
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FIGURE 1. MIC frequency distribution of lefamulin against respiratory pathogens. MRSA (n = 60), MSSA (n = 61), S. pneumoniae strains (penicillin MIC ≤ 0.06 mg/L, n = 40; penicillin MIC = 0.12–1 mg/L, n = 40; penicillin MIC ≥ 2 mg/L, n = 118), S. pyogenes (n = 30), H. influenzae (β-lactamase-positive strains, n = 48; β-lactamase-negative strains, n = 48), M. catarrhalis (n = 54), and M. pneumoniae (n = 54). MIC, minimum inhibitory concentration; MRSA, methicillin-resistant S. aureus; MSSA, methicillin-susceptible S. aureus.


The MIC50/90 values of lefamulin ≤ 1/ ≤ 1 mg/L against H. influenzae and H. parainfluenzae, regardless of β-lactamase production. Lefamulin inhibited the growth of all the Haemophilus strains at 2 mg/L (Table 3 and Figure 1). Lefamulin showed MIC50/90 of 0.25/0.25mg/L against M. catarrhalis. Lefamulin inhibited the growth of all M. catarrhalis strains at 0.5 mg/L (Table 3 and Figure 1).


TABLE 3. In vitro activity of lefamulin and comparators against Haemophilus influenzae and Moraxella catarrhalis.

[image: Table 3]Lefamulin inhibited the growth of all M. pneumoniae strains at 0.03 mg/L. The MIC ranged from ≤0.015 to 0.03 mg/L (MIC50/90: 0.03/0.03 mg/L). Its activity was comparable to moxifloxacin and significantly superior to erythromycin and azithromycin (Table 4 and Figure 1).


TABLE 4. In vitro activity of lefamulin and comparators against M. pneumoniae.
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DISCUSSION

In the present study, lefamulin displayed excellent antimicrobial activity against all the respiratory pathogens, including MRSA, MSSA, MRSE, MSSE, S. pneumoniae, β-hemolytic Streptococcus, Haemophilus, M. catarrhalis, and M. pneumoniae. Our results are consistent with the reports of Susanne Paukner et al. on the antimicrobial activity of lefamulin against 1,473 and 2,661 strains of S. pneumoniae, 3,923 and 2,919 strains of S. aureus in the SENTRY Antimicrobial Surveillance Program 2010 and 2015–2016 (Paukner et al., 2013, 2019). The MIC90 of lefamulin was 0.25 mg/L and 0.12 mg/L against S. pneumoniae, regardless of resistance to penicillin, ceftriaxone and/or levofloxacin. The MIC50/90 was 0.12/0.12 mg/L against MRSA and MSSA. They also reported that the MIC value of lefamulin was 2–>16 mg/L against two MRSA isolates and 5 MSSA isolates in 2010, whereas the MIC value of lefamulin against 11 S. aureus isolates in 2015–2016 was higher than its epidemiological cutoff value. However, all the Staphylococcus strains tested in the present study were sensitive to lefamulin. All the Staphylococcus strains were also susceptible to tigecycline, vancomycin, and linezolid. However, lefamulin inhibited the growth of all Staphylococcus strains at concentration of ≤0.25 mg/L, which is far lower than the concentration of 1–2, 1–4, and 0.25–0.5 mg/L required by the above three comparators for 100% inhibition of bacterial growth. Lefamulin was also superior to quinolones (only inhibited 80–96.7% of the strains) in this respect.

Lefamulin also displayed high antimicrobial activity against Haemophilus and M. catarrhalis. Lefamulin was comparable to ceftriaxone in activity against S. pneumoniae strains (PSSP, PISP) and β-hemolytic Streptococcus, but better than ceftriaxone against PRSP, better than penicillin against PISP and PRSP, and similar to penicillin against β-hemolytic Streptococcus. Lefamulin had similar activity as moxifloxacin, vancomycin, and linezolid against Streptococcus. It inhibited the growth of all Streptococcus species at 0.125 mg/L, which was lower than the above mentioned three agents. Lefamulin was significantly better than erythromycin and azithromycin in the activity against S. pneumoniae and β-hemolytic Streptococcus.

In this study, lefamulin also had good antimicrobial effect on the gram-negative bacilli commonly found in CABP. Lefamulin was similar to ceftriaxone, tigecycline, levofloxacin, and moxifloxacin, and better than ampicillin, azithromycin, and trimethoprim-sulfamethoxazole in the activity against β-lactamase-producing H. influenzae and M. catarrhalis. As for the β-lactamase-negative strains, lefamulin provided significantly better activity than azithromycin. Lefamulin was comparable to tigecycline, ceftriaxone, and levofloxacin, and significantly superior to azithromycin and trimethoprim-sulfamethoxazole in the activity against M. catarrhalis. These results are consistent with those reports from other countries (Paukner et al., 2013, 2019).

It has been reported that the M. pneumoniae strains isolated from China are highly resistant to macrolides. Our results also confirmed the previous reports. About 94.4% of the 54 M. pneumoniae strains were resistant to erythromycin and azithromycin in this study. However, lefamulin still showed MIC range from ≤0.015 to 0.03 mg/L, which was not affected by resistance to macrolides. This MIC range is consistent with that from other countries (MIC90: 0.002 mg/L) (Waites et al., 2017).

Lefamulin is the first semi-synthetic pleuromutilin antimicrobial agent approved for the treatment of CABP patients. Clinical trials have proved the excellent therapeutic effect of lefamulin. The MIC90 value of lefamulin was 0.5 μg/mL against the 50 strains of S. pneumoniae isolated from the patients in phase III clinical trial LEAP 1 (File et al., 2019) and 0.25 μg/mL against the 123 strains of S. pneumoniae isolated from the patients in clinical trial LEAP 2 (Alexander et al., 2019). The MIC90 against S. aureus isolates (10 and 13 strains) was 0.12–0.25 μg/mL. The post-treatment bacterial clearance rate was up to 100%. Research results at home and abroad have shown that lefamulin had similar antimicrobial activity against S. epidermidis and S. aureus (Paukner et al., 2013, 2019).

The above results support the excellent antimicrobial activity of lefamulin against CABP pathogens, especially antibiotic-resistant pathogens, such as PRSP, macrolide-resistant M. pneumoniae and MRSA. The major parameter driving efficacy for both S. aureus and S. pneumoniae is the 24h area under the drug concentration–time curve (AUC) over the MIC (24 h AUC/MIC). Lefamulin achieves rapid and predictable penetration into human tissues, with a mean 5.7-fold higher concentration in the pulmonary epithelial lining fluid compared with plasma. Percent probabilities of attaining the median AUCELF/MIC ratio targets associated with a 1-log10 CFU reduction from baseline by MIC were 97.0% at a MIC of 0.5 μg/mL for S. pneumoniae and 99.4% at a MIC of 0.25 μg/mL for S. aureus (Falcó et al., 2020). The unique mechanism of action, lack of cross resistance, good and broad coverage of respiratory pathogens regardless of resistance to other antimicrobial agent (Abbas et al., 2017; Lee and Jacobs, 2019) will surely make lefamulin a promising alternative treatment option in Chinese patients with CABP, especially those caused by PRSP, MRSA, or macrolide-resistant M. pneumoniae.
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Objectives: Bacteria carrying the Klebsiella pneumoniae carbapenemase genes have rapidly spread worldwide and have become a great threat to public health. The blaKPC–2 gene has been primarily located on plasmids cocirculating in various strains. However, chromosomal integration of the blaKPC–2 gene in Escherichia coli has not been reported. In the present study, we report the detection of the first clinical strain of E. coli ST131 with a blaKPC–2 gene, which integrated in the chromosome. E. coli strain EC3385 was identified and subjected to susceptibility testing and genotyping. The complete genome sequences of this strain and four Proteus mirabilis strains were obtained. Chromosomal integration of the blaKPC–2 gene was confirmed using a combination of short- and long-read sequencing. Comparative genetic analyses were performed and the origin of the chromosomal location of the blaKPC–2 gene was further analyzed. Whole-genome sequencing revealed that strain EC3385 belonged to the ST131 type and possessed various resistance and virulence genes. Sequence analysis showed that the blaKPC–2 gene was carried in a 24-kb insertion sequence on the chromosome. This insertion sequence possessed high sequence similarity to previously reported blaKPC–2-habouring plasmids of P. mirabilis in China. To the best of our knowledge, this is the first report of a clinical ST131 E. coli strain carrying blaKPC–2 on the chromosome. The blaKPC–2 gene was probably horizontally transferred from the P. mirabilis plasmid to the E. coli chromosome by the IS26 element, indicating that P. mirabilis might be an important reservoir of blaKPC–2 gene for E. coli. Furthermore, the E. coli ST131 strain carrying the chromosomal blaKPC–2 gene could be further spread due to its carbapenem resistance and high virulence. It is imperative to perform active surveillance to prevent further dissemination of KPC-2 type carbapenemase-producing isolates.

Keywords: E. coli, KPC-2, cre, resistance mechanism, whole genome sequencing


INTRODUCTION

Bacteria carrying the Klebsiella pneumoniae carbapenemase genes (blaKPC) have rapidly spread worldwide and have become a great threat to public health because these bacteria are often associated with high morbidity and mortality (Wang et al., 2016; An et al., 2018). KPC-2 is the main type of KPC carbapenemase and is most common in K. pneumoniae bacteria. In China, clonal spreading is a main mode of transfer of KPC-2 type carbapenemase-producing K. pneumonia. Our previous research demonstrated that multilocus sequence type 11 (ST11) originated from a successful lineage of KPC-2 type carbapenemase-producing K. pneumonia in China (Qi et al., 2011).

In contrast to K. pneumoniae, E. coli strains have rarely been reported to carry the blaKPC–2 gene. However, recent reports found that the number of E. coli strains carrying the blaKPC–2 gene has increased. In addition, unlike K. pneumoniae, clonal spread has not been found for the blaKPC–2 gene of E. coli (Chen et al., 2014). These strains also have different clone types, such as ST131, ST410, ST2281, ST43, ST721, ST4385, and ST8 (Kim et al., 2012; Mavroidi et al., 2012; Tian et al., 2020). Notably, among these clone types, E. coli ST131, an international multidrug-resistant high-risk clone, has gained a further selective advantage as a result of acquiring carbapenem resistance (Rogers et al., 2011; Kim et al., 2012) and E. coli ST131 may become a successful lineage of KPC-2 type carbapenemase-producing E. coli.

In addition, K. pneumoniae carbapenemase genes have been primarily located on plasmids cocirculating with various strains (Nordmann et al., 2011). They are considered a major mechanism responsible for the dramatic increase in the prevalence of carbapenem-resistant Enterobacteriaceae isolates. Plasmid DNA can act as a temporary “lending library” allowing vital genes to survive various selective pressures (Harrison et al., 2015). Notably, in vitro data demonstrated that once a gene is incorporated into a chromosome, it is maintained through replication without being subject to selective pressures, and gene loss from bacterial populations is rare (Bergstrom et al., 2000; Bahl et al., 2009; Carraro et al., 2015). Interestingly, the earliest observed chromosomal blaKPC gene integration events have been sporadic in gram-negative bacteria, such as Pseudomonas aeruginosa in 2006 (Villegas et al., 2007), Raoultella spp. in 2008 (Castanheira et al., 2009) and Acinetobacter baumannii in 2009 (Martínez et al., 2014). Recently, chromosomal integration has been described in four K. pneumoniae ST258 isolates (Conlan et al., 2014; Chen et al., 2015; Mathers et al., 2017). However, blaKPC–2 gene chromosomal integration events in E. coli have not been reported.

In the present study, we report the detection of the first clinical strain of E. coli ST131 with a chromosomal blaKPC–2 gene integrated in the chromosome. In addition, the genetic origin of this gene was further analyzed using whole-genome sequencing.



MATERIALS AND METHODS


Patient and Strain Data

A patient was admitted to the hospital for a craniocerebral infarction in 2017. A carbapenem-resistant strain of E. coli EC3385 was isolated from sputum because the patient developed hospital-acquired pneumonia (HAP) secondary to postoperative intubation during the hospitalization. In addition, four P. mirabilis strains isolated at the same period (Table 1) as E. coli EC3385 in the ICU department were analyzed retrospectively. These strains were preliminary identified by the VITEK 2 system (Sysmex-bioMérieux, Marcy l’Etoile, France) and further confirmed by 16S rRNA sequencing.


TABLE 1. Strains collection date and Vitek-2 antibiotic susceptibility.
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Antibiotic Susceptibility Test

Antibiotic susceptibility was determined using the VITEK 2 system and broth microdilution method and the results were interpreted according to the Clinical and Laboratory Standard Institute (CLSI) guidelines (CLSI, 2017) except for tigecycline and colistin, which were interpreted according to the European Committee on Antimicrobial Susceptibility Testing breakpoints for Enterobacteriaceae1.



Whole-Genome Sequencing and Assembly

Total genomic DNA extraction and analysis were performed as previously described (Li et al., 2018). Briefly, E. coli strain EC3385 and four P. mirabilis strains were cultured to mid-logarithmic phase in 50 ml of MH medium at 37°C. The genomic DNA of these strains was extracted using a QIAamp DNA MiniKit (Qiagen, Valencia, CA, United States) following the manufacturer’s recommendations. The DNA library was prepared using a Nextera XT DNA library preparation kit (Illumina, Inc., Cambridge, United Kingdom), and genomic DNA was sequenced on an Illumina HiSeq 4000 instrument with a 150-bp paired-end approach at a depth of approximately 200 ×. The raw reads of the strains were assembled into draft genomes using the CLC Genomics Workbench 10.0.

In addition, E. coli EC3385 strain sequencing was further performed via a single molecule real-time (SMRT) technique using a PacBio RS II platform and the resulting sequences were assembled de novo using the hierarchical genome assembly process (HGAP) with the default settings of the SMRT Analysis v2.3.0 software package (Shen et al., 2017).



Genome Annotation and in silico Analyses

The Rapid Annotation using Subsystems Technology (RAST) annotation website server2 was used to annotate the genomes. Multi-locus sequence typing (MLST) of resistance genes and the Inc-type plasmid of the strain were performed using the MLST 1.8 server, ResFinder 3.0, Virulence Finder 1.5, and Plasmid Finder 1.3, which are available at the Center for Genomic Epidemiology3. Graphical maps were generated by the CGView server4. A comparison of the insert sequence of this strain and its related plasmids was performed with EasyFig 2.2.2 (Sullivan et al., 2011).



Phylogenetic Analysis

Phylogenetic analysis of these P. mirabilis strains was performed. Genome sequences of other P. mirabilis strains were downloaded from the RefSeq database. Our strains were annotated by Prokka (Seemann, 2014) using the P. mirabilis proteins from the RefSeq database as a prior reference. The core genome was determined by Roary (Page et al., 2015) using Mafft for multiple sequence alignment. A maximum-likelihood phylogenetic tree was inferred by RAxML (Stamatakis, 2014) using the GTRGAMMA model for nucleotide substitution and running with 100 bootstraps. The phylogenetic tree was visualized by iTOL (Letunic and Bork, 2019).



Nucleotide Sequence Accession Numbers

The complete nucleotide sequences of the chromosome and three plasmids of E. coli strain EC3385 reported in the present study were deposited in the GenBank nucleotide database under accession numbers CP029420, CP029421, and CP029422, respectively.

Sequence data from four P. mirabilis strains were also deposited in GenBank as follows:

CAV1042, CP018671.1; CAV1392, CP011578.1; CAV1453, CP018356.1.



RESULTS AND DISCUSSION


Clinical Microbiologic Characteristics

The antimicrobial susceptibility test results showed that E. coli strain EC3385 was resistant to multiple antimicrobial agents, including cephalosporins, carbapenems and fluoroquinolones, but it was susceptible to aminoglycosides, ceftazidime-avibactam, colistin, and tigecycline (Table 1).

Multi-locus sequence typing analysis showed that this strain belonged to the ST131 type. The ST131-type E. coli clonal group emerged in the mid-2000s and has since spread extensively throughout the world (Can et al., 2015). Currently, the ST131 type is a very successful pandemic clone associated with community- and hospital-acquired infections. Many studies have demonstrated that this clone has high virulence potential and is associated with treatment failure (Can et al., 2015). In this study, VirulenceFinder analysis showed the presence of multiple potential virulence factors, such as iss (increased serum survival), lpfA (long polar fimbriae), and gad (glutamate decarboxylase) (Table 2). In addition, this clone is responsible for the rapid increase in β-lactam resistance among E. coli, mainly due to the production of CTX-M type extended spectrum β-lactamase enzymes (ESBLs) (Nicolas-Chanoine et al., 2014).


TABLE 2. Genome and plasmids of E. coli EC3385.

[image: Table 2]Interestingly, the isolate in this study did not carry additional genes encoding the CTX-M enzyme. A recent study reported that ESBL-negative ST131 strains have also been isolated worldwide (Ripabelli et al., 2020). In this study, no ESBL-encoding gene was detected in E. coli strain EC3385; instead, the blaKPC–2 gene, which encodes the KPC-2 type β-lactamase was identified by PCR amplification and sequencing.



Chromosomal Integration of the blaKPC–2 Gene

Escherichia coli strain EC3385 carried the blaKPC–2 gene, which is primarily located on plasmids. However, further plasmid transfer and location experiments were not successful (data not shown), suggesting that the blaKPC–2 gene was located on the chromosome. Notably, a CTX-M type β-lactamase gene was found to be integrated in the chromosome of a high-risk E. coli ST131 clone by vertical transmission (Cerquetti et al., 2010; Stoesser et al., 2016), indicating that the ST131 type E. coli strain might have the ability to integrate resistance genes into chromosomes.

To determine the gene location, whole-genome sequencing was performed. The whole-genome sequencing data were assembled, and a circular chromosome and two plasmids were generated (Table 2). The size of the genome was 4,910,422 bp, with a GC content of 50.9%, 66 rRNA operons, 267 tRNAs, and 4749 predicted protein-coding sequences (Table 2). Two plasmids approximately 89 to 101 kb in size and having a GC content between 50.5 and 46.3% were grouped into identifiable replicon types (Table 2 and Figure 1). Notably, the chromosomal location of the blaKPC–2 gene was determined using PacBio sequencing. Furthermore, the resequencing results further confirmed that the blaKPC–2 gene was located on the chromosome.


[image: image]

FIGURE 1. Circular maps of the E. coli EC3385 genome and its plasmids. (A) Circular graphs of two plasmids. (B) Circular graph of the EC3385 genome sequence and genome alignment. Blue arrows denote coding sequences, red arrows denote tRNA genes, and replication genes are denoted by green arrows. Genome alignment between EC3385 and E. coli uk_P46212 is shown in the outer circle in pink, and the GC content is shown in the inner circle in black. The region surrounding the blaKPC–2 gene is highlighted with a red frame.


To evaluate the molecular basis of chromosomal integration, the chromosomal region encompassing the blaKPC–2 gene in the closed PacBio assembly of the ST131 type EC3385 isolate was aligned to reference the strain E. coli uk_P46212 (GenBank accession number CP013658), which belongs to the ST131 clone type. Relative to the reference, the EC3385 strain had a 24-kb insertion sequence in the chromosome, which included Tn1722 and several ISs (Figure 2).
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FIGURE 2. Linear comparison of the 24-kb insertion sequence with closely related plasmids. The gray regions between plasmids indicate nucleotide identity (87–100%) determined by BLASTn. Arrows indicate predicted open reading frames (ORFs). The primary structural characteristics of the 24-kb insertion sequence are compared to plasmids pT21 (CP017083) and pH17 (CP021195). Colored arrows represent ORFs, with red, purple, yellow, green, and white representing antibiotic resistance genes; replication, recombination and repair genes; plasmid stability genes; mobile elements and plasmid transfer related-genes; and genes with unknown function genes, respectively.


The blaKPC–2 gene in the E. coli EC3385 strain was carried on this 24-kb composite transposon-like element flanked by two IS26 elements, which undergo replicative transposition with 8-bp target site duplication (TSD) (ACGGGAGG). This finding suggests the mobilization of this blaKPC–2 gene by the composite transposon formed by IS26 (Figure 2). IS26 has been demonstrated to undergo frequent intramolecular transposition. The structure of the insert sequence leads to the speculation that the IS26 element may facilitate recombination between the plasmid and chromosome (He et al., 2015).

A further BLAST search of the 24-kb insertion sequence against the GenBank database5 revealed that this sequence is highly similar to plasmid pT21 (GenBank accession no.CP017083), which was described in a KPC-2 type carbapenemase- producing P. mirabilis strain isolated in Zhejiang, China (Hua et al., 2020), with 99.9% query coverage and a maximum of 100% identity (Figure 2). In contrast, this 24-kb insertion sequence is only partly similar (47% query coverage and a maximum of 100% identity) to plasmid pH17-2 (GenBank accession no. CP021195) of a KPC-2 type carbapenemase-producing E. coli strain isolated in China (Figure 2; Zhao et al., 2018), indicating that capture of the chromosomal blaKPC–2 gene from P. mirabilis by plasmids is possible.



Possible Origin of the Chromosomal blaKPC–2 Gene

To further clarify the origin of the blaKPC–2 gene, four blaKPC–2-producing P. mirabilis strains isolated during the same period (approximately 2 months, Table 1) as E. coli EC3385 in the ICU department were analyzed retrospectively. These four P. mirabilis strains were all isolated from the sputum of different patients. Notably, a maximum-likelihood phylogenetic analysis between the four P. mirabilis strains and P. mirabilis T21 carrying the pT21 plasmid revealed that these strains were clustered together and belonged to the same clone (Figure 3A). Moreover, the whole-genome sequence analysis revealed that the four P. mirabilis strains all possessed a 24-kb insertion sequence (Figure 3B), indicating that this 24-kb insertion sequence that integrated into the chromosome of the E. coli EC3385 strain may have been acquired from P. mirabilis strains. In addition, two P. mirabilis strains were isolated before the E. coli EC3385 strain was identified, indicating that KPC-2 type carbapenemase-producing P. mirabilis strains may have spread in this ICU department. A limitation of this study is the lack of the direct links regarding the transmission between KPC-2 type carbapenemase- producing P. mirabilis and E. coli EC3385 strains. However, because the patients had stayed in the same department, it is most likely they were exposed to a common source.
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FIGURE 3. (A) A maximum-likelihood phylogenetic analysis of P. mirabilis strains. (B) Coverage of Illumina reads for four P. mirabilis strains (PM380, PM187, PM906, and PM431) mapped to the 24-kb insertion shown in Figure 2. The mean coverage for each strain is denoted by a curve (blue).




CONCLUSION

In summary, to the best of our knowledge, this is the first report of a clinical ST131 E. coli strain carrying the blaKPC–2 gene in the chromosome. The blaKPC–2 gene was probably horizontally transferred from the P. mirabilis plasmid to the E. coli chromosome by the IS26 mobile element, indicating that P. mirabilis might be an important reservoir of the blaKPC–2 gene for E. coli. Furthermore, the discovery of a chromosomal the blaKPC–2 gene in an E. coli strain is alarming. This gene will be maintained through replication without being subject to selective pressures, as the loss of chromosomal elements from bacterial populations is rare. Therefore, the E. coli ST131 strain carrying the blaKPC–2 gene in the chromosome would be further spread due to its own carbapenem resistance and high virulence. It is imperative to perform active surveillance to prevent further dissemination of KPC-2 type carbapenemase-producing isolates.
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A rapid and accurate detection of carbapenemase-producing Gram-negative bacteria (CPGNB) has an immediate demand in the clinic. Here, we developed and validated a method for rapid detection of CPGNB using Blue-Carba combined with deep learning (designated as AI-Blue-Carba). The optimum bacterial suspension concentration and detection wavelength were determined using a Multimode Plate Reader and integrated with deep learning modeling. We examined 160 carbapenemase-producing and non-carbapenemase-producing bacteria using the Blue-Carba test and a series of time and optical density values were obtained to build and validate the machine models. Subsequently, a simplified model was re-evaluated by descending the dataset from 13 time points to 2 time points. The best suitable bacterial concentration was determined to be 1.5 optical density (OD) and the optimum detection wavelength for AI-Blue-Carba was set as 615 nm. Among the 2 models (LRM and LSTM), the LSTM model generated the higher ROC-AUC value. Moreover, the simplified LSTM model trained by short time points (0–15 min) did not impair the accuracy of LSTM model. Compared with the traditional Blue-Carba, the AI-Blue-Carba method has a sensitivity of 95.3% and a specificity of 95.7% at 15 min, which is a rapid and accurate method to detect CPGNB.

Keywords: carbapenemase-producing gram-negative bacteria, rapid detection, Blue-Carba, deep learning, OD value


INTRODUCTION

Antimicrobial resistance (AMR) poses a serious global threat to human, animal, and environment health, as multidrug resistant bacteria continue to emerge and spread worldwide. Carbapenems are one of the last-resort antibiotics to treat infections caused by multidrug-resistant Gram-negative pathogens. Carbapenem resistance in Gram-negative bacteria is primarily due to the production of various carbapenemases, which leaves the clinicians with limited therapeutic options. Carbapenemase-producers showed broad spectrum enzyme activity for various β-lactam substrates, and were associated with resistance to other antibiotic classes, and demonstrated rapid transmission in healthcare facilities, animals and the environments (Codjoe and Donkor, 2017). Notably, carbapenemase genes are frequently located on mobile genetic elements and plasmids, therefore facilitating the horizontal of resistance to other bacteria (Dortet et al., 2014; Nordmann and Poirel, 2014). It is of paramount importance to develop reliable methods for rapid detection and characterization of carbapenemase-producers.

Different phenotypic and molecular-based methods have been used to identify these carbapenemase producers. For known mechanisms, molecular methods of gene detection are usually fast and accurate. However, molecular detection of carbapenemase genes can be costly and may require substantial expertise, and more importantly they fail to detect unknown or novel carbapenemase genes (Stuart et al., 2012). A solution to this problem is the detection of carbapenem enzymatic degradation, using Matrix Assisted Laser Desorption Ionization-Time of Flight Mass Spectrometry (MALDI-TOF MS) (Yu et al., 2018); or by chromogenic agar or UV spectrophotometry (e.g., Carba NP and Blue Carba) (Bernabeu et al., 2012); or the rapid Carbapenem Inactivation Method (Muntean et al., 2018).

In 2012, Nordmann et al. developed the Carba NP test which is based on visual monitoring of medium acidification of a mixture containing bacterial cells, a carbapenem and the pH indicator phenol red (Dortet et al., 2012). However, some subtle color variations could be hard to differentiate by visual interpretation. This method was then adapted to microtiter plates and spectrophotometric measurement of optical density and interpreted using a pre-programmed Excel spreadsheet (Surre et al., 2018). However, the assay was not comprehensive enough and the data analysis of this assay is still not straightforward.

In this study, a deep learning approach was used to predict carbapenemase production, taking into consideration the similarity in the OD value distributions at different time points, instead of only the best hit. Deep learning has been proven to be the most powerful machine learning approach to date for many applications, including image processing (LeCun et al., 2015), biomedical signaling (Tabar and Halici, 2017), speech recognition (Hinton et al., 2012), and genomic related analysis, such as the predicting antibiotic resistance genes from metagenomic data (Pan and Shen, 2017; Li et al., 2018). Particularly in the case of predicting new genetic markers, the deep learning model surpasses all known binding site for prediction approaches (Drouin et al., 2016).

To the best our knowledge, this is the first time that contact the carbapenemase detection method with Deep learning. Here we describe the AI-Blue-Carba test, an improved variant of Blue-Carba to determine carbapenemase producers using a uniform standard.



MATERIALS AND METHODS


Sample Collection and Bacterial Strains

In this study, we mainly collected fecal samples from animals (anal swabs and feces). These fecal samples were randomly collected from pigs, chickens, ducks, and goose, if possible, the soil, dust, sewage and vegetable samples were also collected. These samples were screened from 14 animal farms (pig farms, n = 5; chicken houses, n = 5; duck farms, n = 3; goose farms, n = 1) in 6 provinces (Guangxi, Guangdong, Heilongjiang, Jiangsu, Jiangxi, and Zhejiang provinces) in China. In total, 498 strains were collected from June 2016 to Nov 2017 and subjected to selection onto MacConkey (MAC) agars containing meropenem (1 mg l-1). In order to enrich the diversity of carbapenem-resistant strains and genes, we also collected some strains from human and flower sources. Sixty clinical isolates were collected from the hospitals of Guangdong and Shandong provinces. In addition, 273 strains were isolated from flowers including carnations, roses and lilies which were collected from Mar 2018 to Apr 2018 in Guangzhou Flower Market and selected on MAC plates without any antibiotics.

We utilized 130 among the 831 collected strains from different sources above, including 49 isolates from animal anal swabs and feces samples which were characterized, 60 clinical isolates collected from two hospitals in Guangdong and Shandong provinces, and then 21 isolates from flowers. Carbapenemase genes were characterized by PCR and Sanger sequencing (Rahman et al., 2013). Strains from different Enterobacteriaceae species (E. coli, Klebsiella pneumoniae, Citrobacter freundii, Enterobacter cloacae, etc.) as well as Pseudomonas spp. were included. We identified 107 carbapenem-resistant strains able to produce at least one carbapenem-hydrolyzing β-lactamase, whereas the remaining 23 carbapenem-susceptible strains were carbapenemase negative (Table 1). The MICs for ertapenem, meropenem, and imipenem were determined by agar dilution and interpreted according to the Clinical and Laboratory Standards Institute guidelines (CLSI, 2018).


TABLE 1. Results of carbapenemase and non-carbapenemase producers’ PCR and MIC.
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Blue-Carba Test

The Blue-Carba test was performed and interpreted as previously described (Pires et al., 2013). Briefly, 5 μL loopfuls of bacteria cultured on Mueller-Hinton agar (HuanKai, Guangzhou, China) were suspended in 0.04% bromothymol blue (Macklin, Shanghai, China) solution containing (test) or lacking (control) 3 mg/mL imipenem (MedChemExpress, New Jersey, United States) and 0.1 mM ZnSO4 (Damao, Tianjin, China). Color changes were registered after incubation at 37°C for 2 h. The result was considered positive when the solution containing imipenem became green or yellow and differed from the negative control. The result was negative if the solution lacking antibiotic presented the same or a stronger color change as the solution containing imipenem. A previously characterized NDM-5 producer (CQ02-121) was used as positive control (Sun et al., 2016) and a test tube containing only bacterial inoculum (E. coli ATCC 25922) and Blue-Carba solution was used as negative control for each isolate tested.



Experiment Condition of AI-Blue-Carba

In order to overcome the limitation of lower the sensitivity with visual interpretation, we used the OD values to indicate the color’s change of the Blue-Carba result. To obtain a stable OD value, the optimum wavelength for detection of CPGNB was determined using a wavelength scan of test solutions generated using known carbapenemase producers up to 2 h in a Multimode Plate Reader (PerkinElmer, Hamburg, Germany) to obtain the absorbance maxima corresponding to yellow and blue (negative control).

Bacteria were diluted in 500 μL phosphate buffered saline (PBS, pH 7.4) and distilled water, respectively, the OD600 nm was adjusted to 1.0, 1.5, and 2.0 and the 100 μL of the bacteria suspension was used for testing. The wells were scanned and the OD was recorded every 5 min for 2 h at 37°C in the plate reader.



Deep Learning

The problem of distinguishing carbapenemase and non-carbapenemase producers based on the OD values and the results of the Blue-Carba test can be formalized as a machine learning or supervised learning question. It is assumed that a data sample S that contains m machine learning examples were given at the beginning. These examples are pairs (x,y), where x represents OD values detected over time and y is a label that corresponds to one of the two possible results (positive or negative). In addition, we assume that x ∈ {a1,a2…a13}which corresponds to the set of all 13 OD values and thaty ∈ {0,1}. Label y = 1 is assigned to the carbapenemase producers group and y = 0 is assigned to the non-carbapenemase producers group. We assumed the examples in S are drawn independently from an unknown and fixed data generating distribution D, resulting in the equation	of S def = {(x1,y1),…(xm,ym)}∼Dm.

Usually, learning algorithms are designed to learn from a vector representation of the data. In order to learn from detected OD values, a function∅:{x1,x2,…xm}*→Rd is defined, which takes time as input and maps it to some d dimensional vector space. Then a learning algorithm can be applied to the set S′ def = {∅(x1),y1,…∅(xm,ym)} to obtain a model h:Rd→{0,1}. The model is a function which maps the feature representation of OD values over time to the associated results of the carbapenemase producers. Our objective is to achieve a model h that has a good generalization performance, i.e., that minimizes the probability, R(h), of making a prediction error for any example drawn according to the distribution D, where
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Construct Models

The LSTM (Long Short-Time Memory) cells store and access information over long periods of time using multiplicative gates (Hochreiter and Schmidhuber, 1997). It retains useful long-term information through the threshold mechanism and removes useless short-term information to realize the mining of timing information. In this work, the rules were individual units that detect the carbapenemase-producer using OD values over time. These rules are Boolean-valued, i.e., the output is either positive or negative. The models learned by the LSTM are logical combinations of such rules, which can be conjunctions (logical-AND) or disjunctions (logical-OR). To predict the results of detection of carbapenemase producers using OD values over time, each rule in the model was evaluated and the results were aggregated to obtain the prediction.

Real-time prediction of data traffic requires continuous data input and learning. The dataset was therefore split into a training set (80% of the OD values) to construct the LSTM model that can output a y value randomly (0 or 1 which represent the positive or negative results of carbapenemase producer) if input a group of OD values. In addition, a separate testing set (20% of the data) were used with the results of Blue-Carba to validate and evaluate LSTM’s prediction accuracy. In this study, we used a 10-fold cross validation to test the prediction model and select the best hyperparameter (Webb et al., 2019).

In order to display data characteristics to more accurately predict the carbapenemase-producing strains, we compared the LSTM with LRM (Linear Regression model). The LRM is a linear approach to find the relationship between a scalar response and one or more explanatory variables (Kumaresan and Riyazuddin, 2007). In this paper, LRM modeled the relation between OD values and Blue-Carba test.



Evaluation Metrics

We evaluated the performance of the two models using the confusion matrix assessment method. The prediction quality was evaluated by the following evaluation metrics: The ROC curve describes the classifier’s True Positive Rate (TPR, the ratio of the number of positive samples correctly classified by the classifier to the total number of positive samples) and False Positive Rate (FPR, the number of negative samples that the classifier misclassified accounts for the total negative samples) Ratio of the number). Recall [Equation 2] shows the number of correct positive results divided by the number of all relevant samples that were identified as positive. Precision [Equation 3] expresses the number of correct positive results divided by the number of positive results predicted by the classifier. F1 Score [Equation 4] indicates the Harmonic Mean between Precision and Recall that tells you how precise your models is. The possible outcomes of a classification model include: true positive, TP; false positive, FP; true negative, TN; false negative, FN.
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Model Simplification

To achieve the purpose for rapid detection of a carbapenemase producer, we choose the OD values at 12 time points groups: 2 time points,3 time points, and so on 13 time points (Figure 1B) to optimize the best model from the above LSTM. We then evaluated the performance of the 12 models on the basis of the 12 sets of time points (OD value data set) using the above evaluation metrics to get the optimal detection time.
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FIGURE 1. Rapid detection of carbapenemase producers by AI-Blue-Carba. (A). Process to construct and validate the AI model; (B) Process to optimize the AI-Blue-Carba.




RESULTS


Optimum Conditions for AI-Blue-Carba Test

The scanning results of positive and negative carbapenemase producers indicated a maximum absorption peak at 615 nm and this was chosen as the detection wavelength in following experiments (Supplementary Figure S1A). At the same time, we chose 720 nm as the detection wavelength of negative carbapenemase producers due to its stable absorption after 700 nm (Supplementary Figure S1B) to stabilize the OD values. Finally, the experimental data was the difference in OD (ΔOD) values between 615 and 720 nm.

We next examined differing bacterial concentrations and diluents at these wavelengths and found that the ΔOD values varied. The general trend in ΔOD values over time showed a more rapid decrease using the PBS diluent vs. ultrapure water at different bacterial concentrations (Supplementary Figures S2A–F). The weak carbapenemase producers showed a more rapid decrease in OD values as the bacterial concentration increased. However, when the bacterial concentration was set at 2.0 OD (at 600 nm), the strong carbapenemase producers generated with an ascending pattern over time (Supplementary Figures S2C,F). As such, we choose 1.5 OD (at 600 nm) for the bacterial concentration in PBS as the most appropriate testing condition for the AI-Blue-Carba test, due to more reliable stable OD values were acquired for both strong and weak carbapenemase producers.

We measured the OD values every 5 min up to 1 h (13 time points) using our 160 isolates (Table 1) to obtain the data characteristics. In brief, the trend in the ΔOD values of non-carbapenemase producers over time demonstrated a smooth linear pattern and ranged from 1.5 OD to 2.0 OD. The strong carbapenemase-producers generated a trend of ΔOD values over time that were also smooth lines, but the range was 0.2 OD – 0.4 OD while for weak carbapenemase producers, the trend of ΔOD values decreased gradually over time (Figure 1A).



Construction and Evaluation of Deep Learning Model

In the following, we discuss the results of a 10-fold cross-validation study on the entire data set of 2 models. Across all cross-validation folds, predictor performance generalizes well to independent data. The degree of certainty of a read prediction can be measured by the prediction probability (see Methods). As Table 2 shows, the REC of LSTM is bigger (0.98) than LRM (0.62), other parameter values (ACC, REC, F1) of LSTM still higher than LRM. The model receiver operating characteristic (ROC) curves with the performances of LRM and LSTM (Figure 2A). The ROC-AUC of LSTM (0.99) was also better than LRM (0.94). Considering these factors, the LSTM model is the optimal model to detect the carbarpenemase producers.


TABLE 2. Prediction results for the majority prediction rule of four models.
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FIGURE 2. The ROC curves of different models. (A) The ROC curves are shown for the models trained with the multispecies data sets of Linear Regression model and LSTM model; (B) The ROC curves of different time points of LSTM.




The Simplified Model

In order to determine the earliest time required to accurately detect carbapenemase producers, we used OD values with lesser time points and constructed and evaluated the models in a manner similar to that described above. To find a suitable model for specific application, we get the corresponding ACC, PRE, REC, and F1 values, sensitivity, specificity to adjust the threshold of the model, the ACC, PRE, REC, and F1 values of 12 optimized LSTM models were all >96% after 20 min in Table 3. In addition, the ROC-AUC values of the 12 time points group was >96% after 15 min (Figure 2B). Additionally, the 95.3% specificity and 95.7% sensitivity of AI-Blue-Carba were higher than Blue-Carba at 0–15 min. Consequently, we used the 0–15 min internal for rapid detecting the carbapenemase producers.


TABLE 3. Prediction results for the different time groups by LSTM model.

[image: Table 3]We examined some weak (Klebsiella pneumonia E-3F3 and Citrobacter freundii 2N3001), strong (E. coli FS89) and non-carbapenemase producers (E. coli ATCC 25922) using the Blue-Carba test. Isolates FS89 and ATCC 25922 could be detected in 0 min, while E-3F3 and 2N3001 could be accurately judged after 30 min but the confirmation of the final results took 2 h by Blue-Carba. The ΔOD values for FS89 and 25922 from 0–15 min, 0–30 min and 0–60 min were consistent with the trend of the 13-time points taken over 1 h. This indicated that the strong carbapenemase and the non-carbapenemase producers can be rapidly detected within 15 min. For E-3F3 and 2N3001, the ΔOD values for the 13-time points was relatively slow for the 0–15 min, 0–30 min, and 0–60 min intervals (Figure 3A). The colors change of Blue-Carba (Figure 3B) and the results of AI-Blue-Carba (Figure 3C) were consistent with the PCR results.
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FIGURE 3. Comparison of the result of AI-Blue-Carba and Blue-Carba. (A) shows the ΔOD values’ change of different time points (within in 0 min, 0–15 min, 0–30 min, 0–60 min); (B) shows the results of carbapenamase producer by Blue-Carba; (C) shows the results of carbapenamase producer by AI -Blue-Carba within.




DISCUSSION

The rapid increase of carbapenem resistance in Gram-negative bacilli is of great concern worldwide (Zhang et al., 2018). Public health surveillance for a disease is traditionally viewed as the first step in disease prevention and data obtained from surveillance help to enforce public health action. Therefore, rapid and user-friendly assays are crucial.

To rapidly and efficiently detect carbapenemase producers, the Carba NP test was modified according to CLSI guidelines by measuring the in vitro hydrolysis of imipenem to produce a color change within 2 h (Dortet et al., 2012). The RAPID ECCARBA NP test could be useful for screening carbapenemase producers from colonized patients (Poirel and Nordmann, 2015). The commercially available β CARBA test is based on the change of color of an undisclosed chromogenic substrate in the presence of carbapenem-hydrolyzing activity. The test is simple to perform and interpret by non-specialized staff members (Mancini et al., 2017). In addition, the CarbAcineto NP test, which is rapid and reproducible, detects all types of carbapenemases including Acinetobacter spp. with a sensitivity of 94.7% and a specificity of 100%. Its use will facilitate its recognition and prevent its spread.

All these modified Carba NP tests have an obvious shortcoming that the color intensity is somewhat low, so we choose the LSTM model to correct this deficiency. Carbapenemase detection by spectrophotometric assays is a more accurate approach for the detection of carbapenemases and has excellent sensitivity and specificity for the Enterobacteriaceae. The results are usually comparable between different labs and were suggested to be implemented in national reference laboratories (Nordmann et al., 2012). Moreover, all the above methods can use these tools (OD values and the LSTM model) to improve their sensitivity and specificity.

A pioneering study illustrated the huge potential of using Big Data for epidemiology in which the epidemics can be detected early by tracking online queries on disease symptoms using social media such as Google Search and Twitter (Deiner et al., 2016). We introduce a “deep learning” approach to improve the objectivity and efficiency of detecting carbapenemase producers. The deep learning model can be applied to new data to make decisions after training, and decision making can involve detection, discrimination, and classification. Therefore, we trained the LRM and LSTM models using OD values generated by the Blue Carba test and compared the evaluation metrics of the four models. The results presented below could not be notably improved by further parameter tuning or feature selection efforts. An auxiliary assessment further shows that our classifiers are very robust. We chose LSTM to construct the website because it was optimized by the evaluation metrics independent of the values of the F1-scores. As we expected, its advantages are most pronounced for problems requiring the use of long-range contextual information. Consequently, LSTM has also been applied to various real-world problems, such as protein secondary structure prediction, music generation, reinforcement learning, speech recognition, and handwriting recognition. Furthermore, similar to any software systems, updating this classification system or model can be conducted at regular intervals whenever new dataset/information/evidence is available.

To achieve the aim of the rapid detection of the carbapenemase producers, we simplified the LSTM model by reducing detection times and chose 15 min as test interval. The deep learning analysis platform illustrates that ΔOD values change over time intuitively and then judges the strength of carbapenemase production by the test strains. In addition, you only need to input the OD values to the model and the result is the number of carbapenemase producers. The data can be output directly to reduce the time for manual entry and analysis of data. Lastly, the model gives a standard procedure for reading experimental results of carbapenemase producers and climates reading errors. In the next step, we will create a website platform that co-networking with hospitals and research laboratories, the results of carbapenemase producers in different areas can be compared to effectively monitor the prevalence of carbapenemases in the region. By providing actionable data directly to governments, a website that could analyze those areas containing CPGNB could forewarn healthcare facilities to take the appropriate infection control measures.

We evaluated a deep learning method (AI-Blue-Carba) which allows detection of CPGNB in less than 15 min. This test can be used as the first step in detecting the carbapenemase activity of candidate isolates. In addition, it is also useful for checking carbapenemase activity as part of the infection control process for outbreaks caused by carbapenemase producers. AI-Blue-Carba is a robust assay which user-friendly (no need for trained staff), high in performance (sensitive and specific), and low in cost.



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

JS and X-ML conceived of the study. LJ, LH, and S-CB performed the experiments. LJ and H-XC constructed models. LJ, Z-HC, R-SY, and R-MZ analyzed the data. LJ, X-WL, and RW made the figures. LJ wrote the manuscript. JS, LC, X-ML, and X-PL edited and revised the manuscript. Y-HL coordinated the whole project. All authors have read and approved the final manuscript.



FUNDING

This work was jointly supported by the National Key Research and Development Program of China (2016YFD0501300), the National Natural Science Foundation of China (31972735), the Program for Innovative Research Team in the University of Ministry of Education of China (IRT_17R39), and the 111 Project (D20008).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.585417/full#supplementary-material



REFERENCES

Bernabeu, S., Poirel, L., and Nordmann, P. (2012). Spectrophotometry-based detection of carbapenemase producers among Enterobacteriaceae. Diagn. Microbiol. Infect. Dis. 74, 88–90. doi: 10.1016/j.diagmicrobio.2012.05.021

CLSI (2018). Performance Standards for Antimicrobial Susceptibility Testing, 28th Edn. ClSI Supplement. M100. Wayne, PA: Clinical and Laboratory Standards Institute.

Codjoe, F. S., and Donkor, E. S. (2017). Carbapenem resistance: a review. Med Sci 6:1. doi: 10.3390/medsci6010001

Deiner, M. S., Lietman, T. M., Mcleod, S. D., Chodosh, J., and Porco, T. C. (2016). Surveillance tools emerging from search engines and social media data for determining eye disease patterns. JAMA Ophthalmol. 134, 1024–1030. doi: 10.1001/jamaophthalmol.2016.2267

Dortet, L., Poirel, L., and Nordmann, P. (2012). Rapid identification of carbapenemase types in Enterobacteriaceae and Pseudomonas spp. by using a biochemical test. Antimicrob. Agents Chemother. 56, 6437–6440. doi: 10.1128/aac.01395-12

Dortet, L., Poirel, L., and Nordmann, P. (2014). Worldwide dissemination of the NDM-type carbapenemases in Gram-negative bacteria. Biomed. Res. Int. 2014:249856.

Drouin, A., Giguere, S., Deraspe, M., Marchand, M., Tyers, M., Loo, V. G., et al. (2016). Predictive computational phenotyping and biomarker discovery using reference-free genome comparisons. BMC Genomics 17:754. doi: 10.1186/s12864-016-2889-6

Hinton, G., Deng, L., Yu, D., Dahl, G. E., Mohamed, A. R., Jaitly, N., et al. (2012). Deep neural networks for acoustic modeling in speech recognition. IEEE Signal Process. Mag. 29, 82–97.

Hochreiter, S., and Schmidhuber, J. (1997). Long short-term memory. Neural Comput. 9, 1735–1780.

Kumaresan, M., and Riyazuddin, P. (2007). Factor analysis and linear regression model (LRM) of metal speciation and physico-chemical characters of groundwater samples. Environ. Monit. Assess. 138, 65–79. doi: 10.1007/s10661-007-9761-8

LeCun, Y., Bengio, Y., and Hinton, G. (2015). Deep learning. Nature 521, 436–444.

Li, L. G., Yin, X., and Zhang, T. (2018). Tracking antibiotic resistance gene pollution from different sources using machine-learning classification. Microbiome 6:93.

Mancini, S., Kieffer, N., Poirel, L., and Nordmann, P. (2017). Evaluation of the RAPIDEC(R) CARBA NP and beta-CARBA(R) tests for rapid detection of Carbapenemase-producing Enterobacteriaceae. Diagn. Microbiol. Infect. Dis. 88, 293–297. doi: 10.1016/j.diagmicrobio.2017.05.006

Muntean, M. M., Muntean, A. A., Gauthier, L., Creton, E., Cotellon, G., Popa, M. I., et al. (2018). Evaluation of the rapid carbapenem inactivation method (rCIM): a phenotypic screening test for carbapenemase-producing Enterobacteriaceae. J. Antimicrob. Chemother. 73, 900–908. doi: 10.1093/jac/dkx519

Nordmann, P., Gniadkowski, M., Giske, C. G., Poirel, L., Woodford, N., Miriagou, V., et al. (2012). Identification and screening of carbapenemase-producing Enterobacteriaceae. Clin. Microbiol. Infect. 18, 432–438. doi: 10.1111/j.1469-0691.2012.03815.x

Nordmann, P., and Poirel, L. (2014). The difficult-to-control spread of carbapenemase producers among Enterobacteriaceae worldwide. Clin. Microbiol. Infect. 20, 821–830. doi: 10.1111/1469-0691.12719

Pan, X., and Shen, H. B. (2017). RNA-protein binding motifs mining with a new hybrid deep learning based cross-domain knowledge integration approach. BMC Bioinformatics 18:136. doi: 10.1186/s12859-017-1561-8

Pires, J., Novais, A., and Peixe, L. (2013). Blue-carba, an easy biochemical test for detection of diverse carbapenemase producers directly from bacterial cultures. J. Clin. Microbiol. 51, 4281–4283. doi: 10.1128/jcm.01634-13

Poirel, L., and Nordmann, P. (2015). RAPIDEC(R) CARBA NP test for rapid detection of carbapenemase producers. J. Clin. Microbiol. 53, 3003–3008. doi: 10.1128/jcm.00977-15

Rahman, M., Uddin, M., Sultana, R., Moue, A., and Setu, M. (2013). Polymerase chain reaction (PCR): a short review. Anwer Khan Mod. Med. Coll. J. 4, 30–36.

Stuart, J. C., Voets, G., Scharringa, J., Fluit, A. C., and Leverstein-Van Hall, M. A. (2012). Detection of carbapenemase-producing Enterobacteriaceae with a commercial DNA microarray. J. Med. Microbiol. 61, 809–812. doi: 10.1099/jmm.0.041673-0

Sun, J., Yang, R. S., Zhang, Q., Feng, Y., Fang, L. X., Xia, J., et al. (2016). Co-transfer of blaNDM-5 and mcr-1 by an IncX3-X4 hybrid plasmid in Escherichia coli. Nat. Microbiol. 1:16176.

Surre, J., Canard, I., Bourne-Branchu, P., Courbiere, E., Franceschi, C., Chatellier, S., et al. (2018). Enhanced detection of carbapenemase-producing Enterobacteriaceae by an optimized phenol red assay. Diagn. Microbiol. Infect. Dis. 90, 11–17. doi: 10.1016/j.diagmicrobio.2017.09.005

Tabar, Y. R., and Halici, U. (2017). A novel deep learning approach for classification of EEG motor imagery signals. J. Neural Eng. 14:016003. doi: 10.1088/1741-2560/14/1/016003

Webb, C. A., Trivedi, M. H., Cohen, Z. D., Dillon, D. G., Fournier, J. C., Goer, F., et al. (2019). Personalized prediction of antidepressant v. placebo response: evidence from the EMBARC study. Psychol. Med. 49, 1118–1127. doi: 10.1017/S0033291718001708

Yu, J., Liu, J., Li, Y., Yu, J., Zhu, W., Liu, Y., et al. (2018). Rapid detection of carbapenemase activity of Enterobacteriaceae isolated from positive blood cultures by MALDI-TOF MS. Ann. Clin. Microbiol. Antimicrob. 17:22.

Zhang, H., Ma, G., Zhu, Y., Zeng, L., Ahmad, A., Wang, C., et al. (2018). Active-Site Conformational Fluctuations Promote the Enzymatic Activity of NDM-1. Antimicrob. Agents Chemother. 62:e1579-18.


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.

Copyright © 2020 Jia, Han, Cai, Cui, Yang, Zhang, Bai, Liu, Wei, Chen, Liao, Liu, Li and Sun. 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.










	 
	ORIGINAL RESEARCH
published: 18 December 2020
doi: 10.3389/fmicb.2020.592146





[image: image]

Serotype Is Associated With High Rate of Colistin Resistance Among Clinical Isolates of Salmonella

Qixia Luo1, Yuan Wang1, Hao Fu1, Xiao Yu1, Beiwen Zheng1, Yunbo Chen1, Björn Berglund1,2 and Yonghong Xiao1*

1State Key Laboratory for Diagnosis and Treatment of Infectious Diseases, National Clinical Research Center for Infectious Diseases, The First Affiliated Hospital, College of Medicine, Zhejiang University, Hangzhou, China

2Department of Clinical and Experimental Medicine, Linköping University, Linköping, Sweden

Edited by:
Shaolin Wang, China Agricultural University, China

Reviewed by:
Xiaodong Xia, Northwest A&F University, China
Soraya Chaturongakul, Mahidol University, Thailand

*Correspondence: Yonghong Xiao, xiaoyonghong@zju.edu.cn; xiao-yonghong@163.com

Specialty section: This article was submitted to Antimicrobials, Resistance and Chemotherapy, a section of the journal Frontiers in Microbiology

Received: 06 August 2020
Accepted: 16 November 2020
Published: 18 December 2020

Citation: Luo Q, Wang Y, Fu H, Yu X, Zheng B, Chen Y, Berglund B and Xiao Y (2020) Serotype Is Associated With High Rate of Colistin Resistance Among Clinical Isolates of Salmonella. Front. Microbiol. 11:592146. doi: 10.3389/fmicb.2020.592146

To investigate the prevalence, probable mechanisms and serotype correlation of colistin resistance in clinical isolates of Salmonella from patients in China, Salmonella isolates were collected from fecal and blood samples of patients. In this study, 42.8% (136/318) clinical isolated Salmonella were resistant to colistin. MIC distribution for colistin at serotype level among the two most prevalent serotypes originating from humans in China indicated that Salmonella Enteritidis (83.9% resistance, 125/149) were significantly less susceptible than Salmonella Typhimurium (15.3% resistance, 9/59, P < 0.01). mcr genes and mutations in PmrAB confer little for rate of colistin resistant Salmonella isolated from human patients. Phylogenetic tree based on core-genome single nucleotide polymorphisms (SNPs) was separately by the serotypes and implied a diffused distribution of MICs in the same serotype isolates. Relatvie expression levels of colistin resistant related pmr genes were significantly higher in non-mcr colistin resistant S. Typhimurium than in colistin sensitive S. Typhimurium, but no discernable differences between colistin resistant and sensitive S. Enteritidis, indicating a different mechanism between colistin resistant S. Typhimurium and S. Enteritidis. In conclusion, colistin susceptibility and colistin resistant mechanism of clinical isolated Salmonella were closely associated with specific serotypes, at least in the two most prevalent serotype Enteritidis and Typhimurium. We suggest clinical microbiology laboratory interpreting Salmonella colistin MIC results in the serotype level.
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INTRODUCTION

Polymyxins, which include polymyxin B and colistin, are cyclic polypeptide antibiotics that are synthesized by members of the Paenibacillus genus (Olaitan et al., 2014). As an old class of antimicrobials, polymyxins have been increasingly revitalized as a last resort drug to combat infections caused by multidrug-resistant (MDR) and carbapenem-resistant bacteria (Poirel et al., 2017). The target of polymyxins is the outer membrane lipopolysaccharide (LPS) of Gram-negative bacteria. Binding of polymyxin to the LPS increases the permeability of the bacterial membrane, leading to leakage of the cytoplasmic content and ultimately cell death (Olaitan et al., 2014). Resistance to polymyxins can be conferred via mutations in chromosomal genes, such as genes involved in the PmrAB/PhoPQ two-component systems, which promote the expression of LPS modification related genes, such as pmrC, pmrE, and pmrHFJKLM operon (Olaitan et al., 2014; Poirel et al., 2017). Plasmid-mediated colistin resistance genes (mcr) have since discovery in 2015 been frequently observed, and their continued widespread dissemination has became a challenge to public health worldwide (Liu et al., 2016; Luo et al., 2020).

Salmonella is one of the most important causes of foodborne diarrheal disease, even bloodstream infection (Ashton et al., 2017; Mohan et al., 2019). Although colistin is not a standardized option for treating infections caused by Salmonella in humans, the increasing reports of MDR and carbapenem-resistant Salmonella, in particular strains harboring mcr-genes isolated from patients (Kock et al., 2018; Lu et al., 2019; Sun et al., 2020), indicate that these pathogens constitute a public health concern which calls more attention to the epidemic characteristics of colistin resistance. Colistin resistance in Salmonella spp. can be conferred by mutations in pmrAB, or more rarely, by the colistin resistance gene mcr (Cui et al., 2017). Interestingly, our daily experimental results indicated the rate of colistin resistance among clinical isolates of Salmonella spp. are considerably higher compared to other Enterobacteriaceae, such as Escherichia coli and Klebsiella pneumoniae (Zhang et al., 2017). The objective of this study was to investigate the prevalence and probable mechanisms of colistin resistance in clinical isolates of Salmonella in China.



MATERIALS AND METHODS


Collection of Salmonella Isolates and Serotyping

A total of 318 isolates of Salmonella spp. were collected from clinical samples nationwide in China from 2014 to 2018, including 218 isolates from bloodstream infection and 100 isolates from fecal samples that were derived from diarrhea patients (Supplementary Table 1). Salmonella serotyping was conducted according to the White–Kauffmann–Le Minor scheme (9th Edition) by performing a slide agglutination test (State Serum Institute (SSI), Copenhagen, Denmark).



Colistin Susceptibility Testing

Cation-adjusted Mueller-Hinton Broth (Oxoid, Basingstoke, United Kingdom) dilutions were used for colistin MIC determination according to the CLSI-EUCAST joint recommendations. E. coli ATCC 25922 was used as a control. The experiment was conducted in duplicate on at least two separate occasions. The higher MIC was accepted for analysis in the duplicative test within one double dilution difference, or a third replicate would be measured (Kulengowski et al., 2019). The results were interpreted according to the EUCAST colistin breakpoint for Enterobacteriaceae (MIC > 2 mg/L, resistant).



Anlaysis of Colistin Resistance Mechanisms

The isolates were screened by using primers targeting mcr-1 to mcr-9 from previous studies (Luo et al., 2017; Borowiak et al., 2020). For the colistin-resistant isolates, pmrA and pmrB were amplified by primers pmrAB-F and pmrAB-R (Supplementary Table 2). The positive PCR products were sequenced with Sanger sequencing for verification. The sequences of pmrA and pmrB were compared to that of S. Typhimurium LT2 (GenBank: GCA_000006945.2), a colistin-susceptible Salmonella reference strain.



Whole-Genome Sequencing and Bioinformatic Analysis

Genomic DNA of 136 randomly selected Salmonella spp. isolates (including 64 colistin resistant and 72 susceptible isolates) were extracted using Gentra Puregene Yeast/Bact. Kit (Qiaqen, Hilden, Germany). Genomes were sequenced using the Illumina HiSeq 2500-PE150 platform (Illumina, San Diego, CA, United States). Quality-trimmed raw sequence data was assembled by using SPAdes 3.13.0. Annotation was performed by uploading the data to the RAST server (rast.nmpdr.org). All the assembled genomes were deposited in NCBI, the genome accession numbers were listed in Supplementary Table 1.

A phylogenetic tree based on SNPs in the core-genome was constructed via kSNP version 3.0 (Gardner et al., 2015). iTOL (V4) was used for the display, manipulation and annotation of phylogenetic trees (Letunic and Bork, 2019). Multi-sequence typing (MLST) were identified using BacWGSTdb (Ruan and Feng, 2016). All whole-genome sequenced Salmonella genomes were analyzed by using the SeqSero 1.2 software (Zhang et al., 2015)1 for serotype prediction. The results from SeqSero were compared to the traditional Kauffman-White serotyping. When the serotype of one isolate from SeqSero 1.2 was inconsistent with the serotyping from the slide agglutination test, the serotype was determined according to the phylogenetic clusters using core-genome SNPs.



Reverse Transcription-Quantitative PCR (qRT-PCR)

Overnight cultures of the target Salmonella isolates were diluted 1:100 and subcultured in MH medium for ∼4 h at 37°C (OD600 ∼0.6). Cells were collected at 4°C by centrifuging at 10,000 rpm for 1 min, and RNA was extracted using TRIzol Reagent (Invitrogen). DNase I-treated RNA was obtained using an RNeasy Mini Kit (QIAGEN, No. 75142), and mRNA expression levels of the target genes were examined using real-time PCR primers listed in Supplementary Table 2. qRT-PCR was performed using an ABI 7300 96-well system (Applied Biosystems) with SYBR Premix Ex Taq II (cat. no. RR820A; TaKaRa). Expression levels of target genes were normalized against the 16S rRNA gene of S. enterica using the standard curve method.



Statistical Analysis

Hypothesis testing was performed by stratifying the analyses for isolates of Salmonella Enteritidis and Salmonella Typhimurium. Due to the low prevalence of isolates with other serotypes, these were excluded from the analyses. Fisher’s exact tests were used to determine if resistant and susceptible phenotypes were equally distributed in S. Enteritidis and S. Typhimurium, and among isolates from blood and intestinal samples. A Mann-Whitney test was performed to determine if MICs were equally distributed among isolates of S. Enteritidis and S. Typhimurium. For the statistical analysis of relative expression levels of pmr genes, values are presented as means ± standard deviation (SD). Rank-sum tests were performed for pair-wise comparisons of groups, and P < 0.05 (two-tailed) was considered significant.



RESULTS


Colistin MICs and Resistance Mechanisms Among Salmonella Isolated From Human Patients

The colistin MICs of the tested Salmonella spp. isolates ranged from 0.25 mg/L to 16 mg/L (Figure 1). The two most prevalent MICs were 8 mg/L (38.4%, 122/318) and 1 mg/L (33.3%, 106/318). 42.8% (136/318) of colistin MICs of the isolates were measured as > 2 mg/L. MIC50 and MIC90 of the isolates were 2 and 8 mg/L, respectively. 48.6% (106/218) of the bloodstream infection isolates were identified as colistin-resistant, whereas 30% (30/100) of the isolates from intestinal samples were determined as colistin-resistant.
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FIGURE 1. Number of isolates and MIC distribution of different serotypes of Salmonella. “Other serotypes” presents serotypes except for Enteritidis and Typhimurium.


Resistance mechanisms of all the colistin-resistant isolates were investigated by screening for mcr genes and sequencing of pmrA and pmrB. Out of 136 colistin-resistant isolates, two were as mcr-1 positive (S039-44712 and S040-44862), none had other mcr genes, and two had pmrAB mutations which affected the amino acid sequence (S132-54197 and S133-54550). The isolates with pmrAB mutations carried a missense point mutation in pmrA (T89S), and five missense mutations in pmrB (M15T, G73S, V74I, I83V, A111T). However, none of the mutations were predicted to affect the protein function.



Relation Between Serotypes and Colistin Susceptibility

18 serotypes were identified among the 318 isolates. S. Enteritidis (n = 149) and S. Typhimurium (n = 59) were found to be the overall most prevalent. S. Enteritidis (122/218) was the most common among isolates from bloodstream infection samples, followed by S. Typhimurium (12/218), whereas the inverse was true among isolates from patients with intestinal infections, with 27.0% (27/100) S. Enteritidis and 47.0% (47/100) S. Typhimurium (P < 0.01).

The rate of colistin-resistant S. Enteritidis and S. Typhimurium were 83.9% (125/149) and 15.3% (9/59), respectively. Isolates of S. Enteritidis were significantly less susceptible than isolates of S. Typhimurium (P < 0.01) and had significantly higher MICs (P < 0.01). S. Enteritidis was most prevalent among the colistin-resistant isolates, representing 91.9% (125/136) of all with the resistance phenotype, followed by S. Typhimurium (6.6%, 9/136). All colistin-resistant isolates were S. Enteritidis and S. Typhimurium, except for the two isolates (S132-54197 and S133-54550) which were identified as Salmonella Gallinarum (1/2) and Salmonella Goldcoast (1/1), respectively.



Serotype Comparison and Phylogenetic Analysis

In order to discover the relation between Salmonella serotypes, phylogenetic evolution and MICs, Salmonella serotypes were confirmed and phylogenetic trees based on core-genome SNPs were generated. The whole-genome sequenced isolates were predicted serotypes using SeqSero 1.2 and were compared to the traditional Kauffman-White serotyping. Phylogenetic analysis was employed to confirm the serotyping, by using core-genome SNPs as described above. 63 S. Enteritidis, 45 S. Typhimurium and 28 isolates of other serotypes were identified from the 136 whole-genome sequenced isolates, and were 98.4% (63/64), 97.8% (45/46), and 92.9% (28/30) identical to the traditional Kauffman-White serotyping, respectively.

Phylogenetic trees based on core-genome SNPs were generated for WGS isolates of all serotypes (Figure 2), for all S. Enteritidis isolates (Figure 3) and for all S. Typhimurium isolates (Figure 4). The relation between serotypes, sequence types and MICs was inferred in the phylogenetic tree (Figure 2). The isolates clustered by serotypes and sequence types in the phylogenetic tree but not by MICs. The S. Enteritidis isolates showed little variation in their core genomes. The numbers of SNPs of serotype Enteritidis isolates ranged from 1 to 236, which was very closely in evolution, but did not constitute a single clone. Sequence type of all serotype Enteritidis were ST11 (Figure 3). Five colistin-susceptible isolates (S049, S064, S145, S146, S147) clustered together while the remaining five colistin-susceptible isolates (S148, S149, S150, S151, S152) were more diffusely distributed (Figure 3). In contrast, isolates of S. Typhimurium showed a considerable diversity in their core genomes (Figure 4). The two mcr-1 positive S. Typhimurium isolates were both monophasic variant of Typhimurium and clustered together, while the other colistin-resistant S. Typhimurium isolates were more dispersed.
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FIGURE 2. Maximum parsimony tree of the whole-genome sequenced 136 clinical Salmonella isolates. MICs (mg/L) and sequence types of colistin among different serotype Salmonella isolates were shown. Maximum parsimony tree were generated based on core-genome SNPs by kSNP 3.0. Isolates with different serotypes are indicated in the inner ring with different colors. Colistin MICs in mg/L are shown, along with corresponding mcr-1 gene and pmrAB mutations known to be associated with phenotypic resistance. For the description of colistin susceptibility, resistance corresponds to MIC > 2 mg/L and susceptible corresponds to MIC ≤ 2 mg/L.
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FIGURE 3. Zoomed-in maximum parsimony tree showing the Enteritidis serotype sub-clade of the clinical Salmonella isolates. Colistin MICs in mg/L and sequence types are shown. For the description of colistin susceptibility, resistance corresponds to MIC > 2 mg/L and susceptible corresponds to MIC ≤ 2 mg/L.
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FIGURE 4. Zoomed-in maximum parsimony tree showing the Typhimurium and monophasic variant of Typhimurium (Salmonella 4,[5],12:i:-) serotypes sub-clade of the clinical Salmonella isolates. Colistin MICs in mg/L and sequence types are shown. For the description of colistin susceptibility, resistance corresponds to MIC > 2 mg/L and susceptible corresponds to MIC ≤ 2 mg/L.




Comparision of Expression Levels of pmr genes in Colistin Resistant and Sensitive S. Typhimurium or S. Enteritidis

In order to discover if there are different mechanisms between colistin resistant S. Typhimurium and S. Enteritidis, expression levels of LPS modification related pmr genes (pmrC, pmrD, pmrE, and pmrHFJKLM operon) in colistin sensitive S. Typhimurium or S. Enteritidis were compared with non-mcr colistin resistant S. Typhimurium or S. Enteritidis, respectively. Seven isolates of each serotype were colistin resistance (Supplementary Table 1) and seven were colistin sensitive (Supplementary Table 1). Relatvie expression levels of all pmr genes were enhanced in colistin resistant S. Typhimurium than in colistin sensitive S. Typhimurium (P < 0.05), but no discernable differences between colistin resistant and sensitive S. Enteritidis (Figure 5), indicating a different mechanism between colistin resistant S. Typhimurium and S. Enteritidis.
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FIGURE 5. Relative expression levels of pmrC, pmrD, pmrE and pmrHFJKLM operon in colistin resistant and sensitive isolates of serotype Typhimurium (A) and Enteritidis (B). Gene expression levels of each target gene were identified and compared with 16s rRNA expression levels of each isolates. Relative gene expression levels of colistin sensitive (S) group and colistin resistant (R) group in serotype Typhimurium and Enteritidis were compared using p-values calculated by Statistical Package for the Social Sciences (SPSS) using rank-sum tests, respectively (*P < 0.05, **P < 0.01).




DISCUSSION

Previous studies on colistin susceptibility of Salmonella spp. utilizing surveillance data from poultry, food and human clinical sources in European countries and the United States, have indicated a correlation between Salmonella serotype and colistin MICs (Tyson et al., 2018; Alvarez et al., 2019). Though the occurrence of Salmonella serotypes vary from different countries and sources, the inhomogeneity was confirmed in the current study in which the high rate of colistin resistance of Salmonella spp. isolated from human patients from China was clearly linked to specific serotypes.

S. Enteritidis and S. Typhimurium were the predominant serotypes overall (with S. Enteritidis being the most prevalent), however, there was a sizeable and significant difference in colistin susceptibility and MICs between isolates of the two serotypes. Interestingly, the colistin resistance rate of bloodstream infection isolates was significantly higher compared to that of isolates from intestinal samples (P < 0.01). This difference was attributable to that S. Enteritidis were significantly more common among bloodstream isolates compared to the S. Typhimurium (P < 0.01). This indicates that not only is S. Enteritidis more likely to be colistin-resistant compared to S. Typhimurium, but also more frequently cause severe infections in China.

Carriage of mcr genes and missense mutations causing amino acid substitutions in PmrAB are the most commonly reported colistin resistance mechanisms in Salmonella spp. Surprisingly, in this study, only four isolates were observed with either of these resistance mechanisms, including two S. Typhimurium isolates carried mcr-1 and two isolates had missense mutations in pmrAB. According to previous studies in China, S. Typhimurium appear to more easily acquire mcr genes compared to S. Enteritidis (Li et al., 2016; Cui et al., 2017; Luo et al., 2020). This may be because S. Typhimurium in general is more susceptible to colistin than S. Enteritidis, and so tend to acquire mcr genes in order to adapt to colistin selection pressure. No pmrAB mutations were found in colistin resistant S. Enteritidis, though the high rate of colistin resistance were observed in this serotype. Relatvie expression levels of pmr genes were enhanced in colistin resistant S. Typhimurium than in colistin sensitive S. Typhimurium, but no discernable differences between colistin resistant and sensitive S. Enteritidis, which indicating a pmr related mechanism that confers to colistin resistance to non-mcr S. Typhimurium, but a pmr unrelated mechanism in colistin resistant S. Enteritidis. The large proportion of isolates with unknown resistance mechanisms in the current study indicate that other, as of yet uncharacterized, resistance mechanisms may be more important for Salmonella spp.

Aside from that unknown colistin resistance mechanisms could account for the difference in colistin resistance rates of S. Enteritidis and S. Typhimurium in this study, there could also be intrinsic differences between the serotypes which play an important role. The target of polymyxins is the outer membrane LPS of Gram-negative bacteria. These suggests that the O-antigen (surface LPS of the cell) might play a role in colistin susceptibility. Whether and how different O-antigen confer a different colistin susceptibility phenotype of Salmonella needs to be further investigation.

An epidemiological cut-off value for colistin regarding Salmonella spp. is lacking in the data presented by EUCAST; currently, only the MIC distribution of S. Dublin is presented. The results in this study indicate a very high rate of colistin resistance among S. Enteritidis in clinical isolates in China, and this could be associated to elevated wild type MICs compared to other serotypes. Further studies including isolates of S. Enteritidis from other countries and other sources are warranted to explore this possibility.
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Mobile colistin-resistant genes (mcr) have become an increasing public health concern. Since the first report of mcr-1 in Thailand in 2016, perspective surveillance was conducted to explore the genomic characteristics of clinical carbapenem-resistant Enterobacterales (CRE) isolates harboring mcr in 2016–2019. Thirteen (0.28%) out of 4,516 CRE isolates were found to carry mcr genes, including 69.2% (9/13) of E. coli and 30.8% (4/13) of K. pneumoniae isolates. Individual mcr-1.1 was detected in eight E. coli (61.5%) isolates, whereas the co-occurrence of mcr-1.1 and mcr-3.5 was seen in only one E. coli isolate (7.7%). No CRE were detected carrying mcr-2, mcr-4, or mcr-5 through to mcr-9. Analysis of plasmid replicon types carrying mcr revealed that IncX4 was the most common (61.5%; 8/13), followed by IncI2 (15.4%; 2/13). The minimum inhibitory concentration values for colistin were in the range of 4–16 μg/ml for all CRE isolates harboring mcr, suggesting they have 100% colistin resistance. Clermont phylotyping of nine mcr-harboring carbapenem-resistant E. coli isolates demonstrated phylogroup C was predominant in ST410. In contrast, ST336 belonged to CC17, and the KL type 25 was predominant in carbapenem-resistant K. pneumoniae isolates. This report provides a comprehensive insight into the prevalence of mcr-carrying CRE from patients in Thailand. The information highlights the importance of strengthening official active surveillance efforts to detect, control, and prevent mcr-harboring CRE and the need for rational drug use in all sectors.
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INTRODUCTION

The global spread of carbapenem-resistant Enterobacterales (CRE) has become a leading public health concern. The lack of accessible treatment has resulted in the use of colistin, an outmoded antibiotic, as a last-resort therapeutic drug for human infections by gram-negative bacteria. The widespread use of colistin in humans and animals has led to the emergence of colistin resistance in gram-negative bacteria, and the rates of resistance are continuously increasing (Kempf et al., 2016; Elbediwi et al., 2019). In 2017, the World Health Organization acknowledged that CRE are a serious priority in a published list of globally important of 12 antimicrobial-resistant pathogens (World Health Organization, 2017). Of particular concern is the spread of mcr genes into CRE, which would create strains that are potentially pan-drug resistant (PDR).

A common mechanism of colistin resistance is thought to be associated with chromosomal mediation (Meletis and Skoura, 2018). The discovery of the first plasmid-mediated colistin resistance gene mcr-1 in an Escherichia coli strain isolated from a pig in China led to an increasing number of reports on the identification of mcr in many bacterial species worldwide (Liu et al., 2016; Elbediwi et al., 2019). Thus far, 10 variants of mcr (mcr-1 through to mcr-10) have been reported (Gharaibeh and Shatnawi, 2019; Wang et al., 2020). The mcr gene has been shown to encode a phosphoethanolamine transferase that alters lipid A in the lipopolysaccharide of the bacterial outer membrane by adding a phosphoethanolamine (Gharaibeh and Shatnawi, 2019). This reduces the attachment of colistin to the bacterial outer membrane and, therefore, prevents cell lysis.

The presence of mcr has been reported in different gram-negative bacteria isolated worldwide from animal and human sources (Elbediwi et al., 2019; Gharaibeh and Shatnawi, 2019). In Thailand, the first reported mcr-1-harboring E. coli were isolated from the stool of an asymptomatic person in 2012 (Olaitan et al., 2016). There has since been documentation of mcr- 1-, mcr- 2-, and mcr-3-carrying E. coli and Klebsiella pneumoniae strains isolated from patients (Paveenkittiporn et al., 2017; Srijan et al., 2018; Kamjumphol et al., 2019; Malchione et al., 2019). The current study investigated the genomic characterization of antimicrobial resistance genes and antimicrobial susceptibility of CRE isolated from patients in Thailand during a laboratory-based surveillance program in 2016–2019.



MATERIALS AND METHODS


Identification of CRE and Detection of Antimicrobial Resistance Genes

In total, 6,996 multidrug-resistant (MDR) bacterial isolates were collected from individuals during 2016–2019 from a hospital network in 24 provinces throughout Thailand (Figure 1). There were 666, 2,763, 2,618, and 949 MDR isolates surveyed in 2016–2019, respectively. Conventional biochemical tests described elsewhere were used for the species identification of Enterobacterales (Abbott, 2011). The presence of carbapenemase (blaIMP, blaKPC, blaNDM, and blaOXA–48–like) and mcr-1 genes was determined using multiplex PCR (Hatrongjit et al., 2018). The mcr genes (mcr-1 to mcr-9) were detected using PCR, as described elsewhere (Rebelo et al., 2018; Wang et al., 2018; Yang et al., 2018; Yuan et al., 2019). All mcr-positive isolates were subjected to whole-genome sequencing.
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FIGURE 1. Location of hospital network in 24 provinces throughout Thailand.




Antimicrobial Susceptibility Testing

Analysis of the minimal inhibitory concentration (MIC) of antimicrobials for mcr-harboring CRE isolates was performed using the Epsilometer test (E test) and interpreted according to the 2020 Clinical and Laboratory Standards Institute guidelines (Clinical and Laboratory Standards Institute, 2020), and E. coli ATCC 25922 was used as the control. The E test was based on ampicillin, amoxicillin-clavulanate, ampicillin-sulbactam, piperacillin-tazobactam, cefazolin, cefepime, cefotaxime, cefoxitin, ertapenem, meropenem, imipenem, gentamicin, amikacin, ciprofloxacin, levofloxacin, trimethoprim, fosfomycin, nitrofurantoin, chloramphenicol, tetracycline, aztreonam, and azithromycin. Additionally, a modified carbapenem inactivation method (mCIM) was applied to all CRE isolates according to 2020 CLSI M100-S30.

Broth microdilution was used to determine the MIC of colistin using colistin sulfate (Merck, Germany) at 1, 2, 4, 8, 16, and 32 μg/ml, respectively. According to 2020 CLSI M100-S30, an MIC of ≤2 μg/ml was interpreted as intermediate susceptibility, whereas an MIC of ≥4 μg/ml was considered to indicate resistance.



Whole-Genome Sequencing and Analysis

DNA from 13 mcr-carrying CRE isolates was extracted from nutrient agar plate cultures using a DNeasy blood & tissue kit (Qiagen, Hilden, Germany) following the manufacturer’s recommendations, and the concentration was determined using the Qubit dsDNA BR assay kit (Invitrogen, Oregon, United States). Sequence libraries were prepared using a Qiagen QIAseq FX DNA library kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. The prepared libraries were sequenced on the Illumina Miseq platform with Illumina MiSeq 2X 250 base paired-end chemistry (Illumina, CA, United States) according to the manufacturer’s instructions. The genomes for each strain were de novo assembled using CLC Genomics Workbench v12.0.2 (Qiagen, Aarhus, Denmark) with mostly default settings, except that the minimum contig size threshold was set to 500 bp.

Analysis of the whole-genome sequence data was performed as described elsewhere (Kerdsin et al., 2019). Briefly, the isolates were identified to species level using KmerFinder 3.1 (Larsen et al., 2014)1. Antimicrobial resistance genes were identified using ResFinder 4.1 (Zankari et al., 2012)2 and the Comprehensive Antibiotic Resistance Database (CARD) (Alcock et al., 2020)3. We investigated chromosome-mediated colistin resistance by analyzing the mgrB, phoPQ, pmrAB, crrB, and rpoN genes. The gene sequences were analyzed using local BLAST + and Clustal W, including K. pneumoniae MGH78578 (GenBank accession number NC_009648.1) and E. coli K12 sub-strain MG1655 (GenBank accession number U00096) genomes as colistin-susceptible references.

Plasmid replicons were analyzed using PlasmidFinder (Carattoli et al., 2014)4. Phylogrouping for E. coli and the KL type of K. pneumoniae were based on analysis using ClermonTyping (Beghain et al., 2018)5 and Kaptive (Wick et al., 2018)6. The virulence genes of E. coli and K. pneumoniae were analyzed using VirulenceFinder 2.0 (Joensen et al., 2014)7 and Institut Pasteur8, respectively.

For multilocus sequence typing (MLST) analysis of the sequence types (STs) of E. coli and K. pneumoniae, we used MLST 2.0 (Larsen et al., 2012)9. The genomic comparison of 13 mcr-harboring CRE isolates was conducted using a modular Single Genome Analysis to search for the genetically closest relatives in the database following the single nucleotide polymorphism (SNP) approach with BacWGSTdb (Feng et al., 2020)10. A phylogenetic tree was constructed using REALPHY and MEGA X via the neighbor-joining method with 500 bootstrap replicates by applying the Tamura three-parameter model (Bertels et al., 2014; Kumar et al., 2018). The tree was visualized and annotated using Interactive Tree of Life (ITOL) V4 (Letunic and Bork, 2016). E. coli K12 substrain MG1655 (accession no. U00096) and K. pneumoniae HS11286 (accession no. CP003200) were used as the reference sequences for SNP analysis. Details of the other genomes used for comparison with our isolates are shown in the Supplementary Materials.



Statistical Analysis

The associations between mcr genes, mcr-harboring E. coli isolates, and non-E. coli isolates were analyzed by calculating the odds ratios (OR) and p-values using the STATA version 14 software package, with p < 0.05 considered to be statistically significant.


Accession Number

The assembled genomic sequences were deposited under the BioProject accession number PRJNA525849 with BioSample accessions: SAMN15497997-SAMN15498009. The accession numbers for each mcr-1-harboring CRE isolate are provided in Table 2.



RESULTS


Genomic Analysis of CRE Isolates Harboring mcr Genes

Of the 6,996 MDR isolates, 4,516 were identified as CRE (64.5%). Of these, 4,235 (93.7%) isolates were classified as carbapenemase-producing Enterobacterales (CPE) and carried carbapenemase genes (blaNDM, blaOXA–48–like, blaIMP, or coexisting carbapenemase genes) according to the mCIM and PCR results. Of all the CPE isolates, 13 (0.3%) carried mcr genes (Table 1). The mcr-carrying rates among carbapenemase-producing E. coli and K. pneumoniae were 1.03 and 0.12%, respectively. Statistical analysis revealed a strong association between mcr and carbapenemase-producing E. coli, with the OR being 11.06 (95% CI, 3.07–49.23) and statistically significant (p < 0.0001) (Table 1).


TABLE 1. Distribution of mcr and carbapenemase genes in carbapenemase-producing Enterobacterales (CPE) during 2016–2019.

[image: Table 1]The proportions of E. coli and K. pneumoniae isolates showing mcr genes were 69.2% (9/13) and 30.8% (4/13), respectively. Individual mcr-1.1 genes were detected in eight E. coli (61.5%) from 13 mcr-carrying CRE isolates, whereas the co-occurrence of mcr-1.1 and mcr-3.5 was found in only one E. coli isolate (7.7%) (Table 2). However, mcr-2, mcr-4, and mcr-5 through to mcr-9 were not detected. Analysis of the plasmid replicon types carrying mcr revealed that IncX4 was the most common (61.5%; 8/13), followed by IncI2 (15.4%; 2/13), as shown in Table 2. However, three isolates were unidentified. Six carbapenem-resistant E. coli isolates harboring mcr carried IncX4, whereas two isolates contained IncI2. Of the four carbapenem-resistant K. pneumoniae isolates harboring mcr, two carried IncX4 and the other two had unknown plasmid replicon types. The genetic organization of the mcr genes in these 13 isolates is outlined in Figure 2. A common gene found downstream of mcr-1.1 in all isolates encoded the PAP2 family protein, whereas the upstream genes varied. However, a DUF2726-domain-containing protein-encoding gene was commonly found in 8 of the 13 isolates (seven E. coli and one K. pneumoniae). Furthermore, the upstream and downstream genetic organization of mcr-3.5 was quite different from that of mcr-1.1.


TABLE 2. Distribution of sequence types and antimicrobial resistant genes in carbapenem-resistant E. coli and K. pneumoniae carrying mcr genes.
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FIGURE 2. Comparison of the genetic organization of the mcr genes in 13 CRE isolates. The schematic shows the genes flanking the mcr genes in the isolates.


As shown in Table 2, chromosomal-mediated colistin resistance gene mutations, including those in mgrB, pmrAB, phoPQ, crrB, and rpoN, were analyzed. We detected substitutions in pmrAB and rpoN in almost mcr-harboring CRE isolates, whereas phoPQ substitutions were found in three isolates, and no mutations were detected in mgrB. Substitutions were commonly found in the pmrA genes of 12 out of 13 mcr-harboring isolates, while pmrB and rpoN substitutions were detected in 11 isolates. The isolates 54881 and 54882 contained more mutations in the chromosomal-mediated colistin resistance genes than other isolates. Substitution at S29G and E57G in pmrA was predominant in E. coli and K. pneumoniae, respectively. The pmrB substitution at D283G was commonly found in E. coli, whilst all four mcr-1-harboring K. pneumoniae contained a T246A substitution. Only one substitution in phoP (I44L) and one in phoQ (L343V) were detected in mcr-1-carrying E. coli. Substitution at E150D and I165M in rpoN was predominant in E. coli isolates, in contrast to those at F304Y which was commonly found in K. pneumoniae isolates. In addition, one crrB substitution (L296Q) was found in all K. pneumoniae isolates. Insertion or deletion in those described genes was not detected in all mcr-1-harboring CRE isolates.

As shown in Table 2, of the 13 isolates, five and three mcr-harboring E. coli isolates carried blaNDM–1 and blaNDM–5, respectively. Only one E. coli isolate contained blaOXA–48. Three and one mcr-1.1-harboring K. pneumoniae isolates carried blaNDM–1 and blaOXA–181, respectively. Among the β-lactamase genes, blaCTX–M, blaSHV, or blaTEM were detected in almost all isolates (92.3%, 12/13), and only one E. coli isolate had no β-lactamase genes. The predominant blaCTX–M was blaCTX–M–15, which was detected in 53.8% (7/13) of all isolates. The gene blaSHV was found in all K. pneumoniae and one isolate of E. coli (Table 2). Among the ampC β-lactamase genes, blaCMY–2 only was detected in four E. coli isolates (28.6%). The other antimicrobial resistance genes in the mcr-carrying CRE isolates, including those for fluoroquinolones, aminoglycosides, rifampicin, macrolides, chloramphenicol, sulfonamide, tetracycline, fosfomycin, and trimethoprim, are shown in Table 2.



Antimicrobial Susceptibility of CRE Isolates Harboring mcr Genes

As shown in Table 3, the colistin MIC values for the mcr-harboring isolates were in the range of 4–16 μg/ml. According to the 2020 CLSI M100-S30 guidelines, a microbe with a colistin MIC value of ≥4 μg/ml is resistant, whereas MIC ≤ 2 μg/ml indicates intermediate resistance. Thus, the results indicate that 100% of the mcr-carrying CRE isolated from patients were resistant to colistin. The highest MIC value for colistin (16 μg/ml) was found in two carbapenem-resistant K. pneumoniae isolates. Most of the mcr-harboring E. coli had colistin MIC values of 4 μg/ml (8/9; 88.8%).


TABLE 3. Antimicrobial susceptibility of mcr-harboring carbapenem-resistant E. coli and K. pneumoniae.

[image: Table 3]More than 50% of the mcr-harboring CRE isolates were susceptible to amikacin (11/13), fosfomycin (12/13), and nitrofurantoin (7/13). Of the 13 CRE-harboring mcr isolates, four E. coli isolates and one K. pneumoniae isolate were extensively drug-resistant (XDR; 38.5%). Details of the antimicrobial resistance profiles of the 13 isolates are provided in Table 3. Moreover, 12 of the 13 mcr-harboring CRE isolates were resistant to ciprofloxacin. As shown in Table 2, ciprofloxacin resistance may result from the presence of quinolone resistance genes: oqxA, oqxB, qnrS1, qnrB6, and aac(6′)-Ib-cr.



Molecular Typing of mcr-Harboring CRE Isolates

As summarized in Table 2, Clermont phylotyping of nine mcr-harboring carbapenem-resistant E. coli isolates demonstrated that phylogroup C (5/9; 55.6%) was predominant, followed by phylogroups A (2/9; 22.2%) and D (2/9; 22.2%). The Clermont phylogroup was concordant with clonal complexes (CC). Phylogroup C was concordant with CC23, which contained only ST410. Phylogroup D was concordant with CC38, which consisted of ST3052, whereas phylogroup A was concordant with CC10, which contained either ST10 or ST1287. Four carbapenem-resistant K. pneumoniae isolates harboring mcr were predominantly ST336 (3/4; 75%) and one was ST340 (1/4; 25%). ST336 belonged to CC17 and KL type 25, whereas ST340 belonged to CC258 and KL type 15.

The genetic relationships based on the SNPs of these mcr-harboring isolates are demonstrated in Figures 3, 4. Five E. coli ST410 isolates were widely distributed in several sub-clusters of the ST410 cluster. Strain no. 53360 was closely related to the strain AMA1167 from Denmark, whereas strain no. 56511 clustered with strains from Norway, India, Lebanon, China, and Denmark (Figure 3). Strains no. 58967 and no. 62122 were related to strain KBN10P04869 from South Korea. Strain no. 53037 clustered with strains from Norway, the United States, Brazil, and Germany. Two ST3052 isolates (nos. 54881 and 54882) were closely related to the strain WCHEC020028 from China; they had similar characteristics and were from different individuals in the same hospital ward, indicating that they were likely to have originated from the same source. Strain no. 54715 (ST1287) was related to a strain from the United States (ST617), and these were clustered together with strain no. 6000 (ST10) (Figure 3).
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FIGURE 3. Phylogenetic tree based on single nucleotide polymorphisms (SNP) in E. coli using the neighbor-joining method. The tree was visualized and annotated using Interactive Tree of Life (iToL). The tree is annotated based on sequence types (STs; color highlight), mcr (square), blaNDM (circle), blaKPC (right triangle), and blaOXA–48–like (star). Presentation of the genes is shown by filled symbols. STs 410, 1287, 617, 10, and 3052 are highlighted in yellow, green, brown, pink, and blue, respectively. The isolates used in this study are shown in bold.
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FIGURE 4. Phylogenetic tree based on single nucleotide polymorphisms (SNP) in K. pneumoniae using the neighbor-joining method. The tree was visualized and annotated using Interactive Tree of Life (iToL). The tree is annotated based on sequence types (STs; color highlight), mcr (square), blaNDM (circle), blaKPC (right triangle), blaOXA–48–like (star), and blaIMP (left triangle). Presentation of the genes is revealed by filled symbols. STs 336, 340, 11, and 4008 are highlighted in yellow, pink, and brown, and green, respectively. The isolates used in this study are shown in bold.


Among the K. pneumoniae isolates, the ST336 isolates were closely related and clustered with other ST336 strains isolated in Thailand (Figure 4). Interestingly, the Thai-ST336 isolates were in a different cluster from that containing the ST336 isolates from other countries. Similarly, isolate no. 60220 (ST340) in this study was closely related to strain 4300STDY6636946 circulating in Thailand (Figure 4).



DISCUSSION

The discovery that plasmid-mediated colistin resistance is encoded by mcr genes and the high prevalence of human isolates harboring these genes are of global concern. A recent report revealed the overall average prevalence of mcr genes to be 4.7% (0.1–9.3%) in 47 countries across six continents (Elbediwi et al., 2019), and as many as 10 mcr genes (mcr-1 through to mcr-10) have been reported (Gharaibeh and Shatnawi, 2019; Wang et al., 2020). A study of the global prevalence of mcr genes revealed that mcr-1 (4917/5191; 94.7%) is a common gene and has a wider distribution compared with mcr-2 through to mcr-8 (Elbediwi et al., 2019). Human infections with both CRE and non-CRE isolates carrying mcr-1 have been widely reported (Liu et al., 2016; Mediavilla et al., 2016; Paveenkittiporn et al., 2017; Quan et al., 2017; Mendes et al., 2018; Srijan et al., 2018; Zhong et al., 2018; Elbediwi et al., 2019).

The coexistence of mcr and carbapenemase genes, such as blaNDM, blaOXA–48–like, and blaIMP, in CRE isolates has been described in countries worldwide (Mediavilla et al., 2016; Arabaci et al., 2019; Huang et al., 2020; Kananizadeh et al., 2020). The current study found the predominant mcr gene to be mcr-1, which more frequently coexists with blaNDM than blaOXA48–like, highlighting the potential dissemination of mcr-1 and blaNDM among CRE isolates in Thailand. This concurs with a study in China (Huang et al., 2020), where mcr-1 and blaNDM–5 were predominant (78.6%, 11/14). In this study, mcr-1 and blaNDM–1 were the most prevalent resistance genes (61.5%, 8/13). A previous study showed that mcr-3 had a wide distribution in water, animals, food, and human isolates (Elbediwi et al., 2019). We found a 7.7% (1/13) prevalence for mcr-3.5, which co-occurred with mcr-1 and blaOXA–48 in E. coli. The phenomenon of double mcr genes has been reported in isolates from humans, with K. pneumoniae harboring mcr-3 and mcr-8 being isolated from the stool of a healthy individual in Laos (Hadjadj et al., 2019).

Our study revealed that the most common type of plasmid replicon carrying mcr was IncX4. Previous reports have shown IncX4, IncI2, and IncHI2 to be the major plasmid types driving the global dissemination of mcr-1 (Wu et al., 2018). A study in Thailand revealed two predominant plasmid types (IncX4 and IncI2) carrying mcr-1 in CRE (Shanmugakani et al., 2019). This suggests that IncX4 bearing mcr-1 mediates the transmission of CRE and may promote its circulation throughout Thailand. IncX4 and IncI2 acting as vehicles for mcr-1 propagation enhance host fitness and provide a competitive advantage over strains with other plasmid replicon types, resulting in greater plasmid stability (Wu et al., 2018).

On the basis of the Clermont phylotyping scheme, E. coli species can be divided into eight main phylogroups, termed A, B1, B2, C, D, E, F, and G (Clermont et al., 2019). The nine carbapenem-resistant E. coli isolates carrying mcr (55.6%) in this study belonged to phylogroup C, whereas the rest belonged to phylogroups A and D (22.2% each). The E. coli strains responsible for extra-intestinal infection were more likely to be members of phylogroups B2 or D, which show greater pathogenesis than A, B1, or C (Clermont et al., 2013). Strains belonging to phylogroups A, B1, and C are commonly commensal, suggesting that more than half of the E. coli harboring mcr isolated from patients in this study were commensal strains.

Our study revealed seven carbapenem-resistant STs that carry mcr, of which E. coli ST410 (35.7%) and K. pneumoniae ST336 (21.4%) isolates were predominant. Elbediwi et al. (2019) reported that E. coli ST101 carrying mcr-1 have been found in environmental samples, animals, and humans. However, ST10 was the most globally common ST of E. coli carrying mcr-1 (Elbediwi et al., 2019). In Asia, ST116 was found to be the predominant ST that carries mcr-1 isolated from humans, followed by ST117, ST10, ST38, ST101, and ST156 (Elbediwi et al., 2019). E. coli ST410 is internationally considered a new high-risk clone that can cause several types of infection; it is highly resistant and has a global distribution (Roer et al., 2018). This ST has been described in Southeast Asia following multiple introductions through several independent events and differs from clones detected in Europe and North America (Nadimpalli et al., 2019). SNP phylogenetic analysis in this study revealed that the ST410 isolates were diverse or not closely related to other strains. Instead, they were shown to be related to strains from countries other than Thailand. This adds support to the assumption that there have been multiple dissemination events into this area.

Klebsiella pneumoniae ST336 (CC17) is considered an international clone (Rodrigues et al., 2014; Novović et al., 2017; Palmieri et al., 2020) and has been frequently associated with the worldwide spread of blaCTX–M–15 and blaOXA–48–like (Rodrigues et al., 2014; Novović et al., 2017; Palmieri et al., 2020). Interestingly, all ST336 isolates in the current study carried blaNDM–1, but not any blaCTX–M genes, suggesting that they may be from different lineages. To the best of our knowledge, the carbapenem-resistant ST336 isolates in this study are the first to be described as having mcr-1. Previous studies revealed that colistin-resistant ST336 resulted from an mgrB mutation, and no mcr genes have been detected in this ST (Novović et al., 2017; Palmieri et al., 2020). SNP phylogenetic analysis allocated the ST336 isolates to the same cluster as other Thai-ST336 isolates, and this cluster was independent from another ST336 cluster consisting of isolates from other countries. This suggests that Thai-ST336 isolates circulate throughout our country by clonal expansion.

The colistin MIC values (4–16 μg/ml) for our isolates indicated they have 100% resistance. Combinations of mcr and chromosome-mediated colistin resistant genes (pmrAB, phoPQ, crrB, or recN) contributed to the colistin resistance of our isolates. It is interesting that substitutions in pmrAB and crrB in mcr-1-carrying K. pneumoniae are quite different from previous reports (Olaitan et al., 2014a,b; Wright et al., 2015; Cheng et al., 2016). In addition, substitution of phoPQ was not found in our K. pneumoniae isolates comparing to those studies (Olaitan et al., 2014a,b; Wright et al., 2015; Cheng et al., 2016). On the other hand, substitutions of pmrA (G144S), pmrB (H2R, D283G, Y358N), and phoP (I44L) in our mcr-1-harboring E. coli are similar to a study previously described (Choi et al., 2020). In case of rpoN, inactivation of this gene resulting in polymyxin resistance has been observed in Salmonella enterica (Barchiesi et al., 2009). However, polymyxin resistance via rpoN inactivation or substitution is not yet reported in either E. coli or K. pneumoniae. Although our study detected substitution of rpoN, but its role on polymyxin resistance remain to be investigated.

Several studies have shown mcr-1-carrying CRE isolated from humans to have high frequencies of colistin resistance, such as 71.4% in China (Huang et al., 2020), 100% in the United States (Mediavilla et al., 2016), and 100% in Turkey (Arabaci et al., 2019). A previous study in Thailand reported colistin resistance rates of 75.0 and 79.1% in carbapenem-resistant E. coli and K. pneumoniae isolates, respectively (Eiamphungporn et al., 2018). The 13 carbapenem-resistant mcr-1-harboring CRE isolates described here showed a high susceptibility (>50%) to the antibiotics amikacin, fosfomycin, and nitrofurantoin. In contrast, the human mcr-1-harboring CRE isolate from China was reported to be highly susceptible only to tigecycline, amikacin, and aztreonam (Huang et al., 2020), whereas the isolate from the United States was susceptible to more antibiotics, including amikacin, aztreonam, gentamicin, nitrofurantoin, tigecycline, and trimethoprim-sulfamethoxazole (Mediavilla et al., 2016).

Polymyxins, including colistin, were reintroduced into human medical practice by the WHO in 2012 (World Health Organization, 2012). In China, this antibiotic was approved for clinical use in the treatment of bacterial infections in 2017. Since then, the relative prevalence of CRE carrying mcr genes increased from 0.41 to 1.38% (Huang et al., 2020). A study in Singapore revealed that prior exposure to polymyxin (adjusted OR, 21.31; 95% CI, 3.04–150.96) and carbapenem (OR 3.74; CI 1.13–12.44) were independent risk factors for polymyxin-resistant CRE among hospitalized patients (Teo et al., 2019). A study in Thailand demonstrated that chronic kidney diseases (OR 3.95; CI 1.26–12.32) and exposure to antimicrobials for less than 3 months (OR 2.29; CI 0.29–18.21) were risk factors associated with infections by mcr-1-carrying Enterobacteriaceae (Shanmugakani et al., 2019). In patients infected with polymyxin-resistant CRE, the 30-day all-cause in-hospital mortality was 50.0% compared with a 38.1% mortality in patients with polymyxin-susceptible CRE (Teo et al., 2019). Therefore, minimizing the use of polymyxin and carbapenem is strongly recommended.

The findings of the current study provide comprehensive insights into the prevalence of mcr-carrying CRE in patients in Thailand. In general, mcr-1 was present in E. coli and K. pneumoniae isolates. The co-occurrence of two mcr genes was also demonstrated in CRE isolated from patients. To slow the emergence of XDR or PDR strains, priority should be given to strengthening official surveillance, active control, and prevention efforts as well as minimizing the dissemination of mcr genes among CRE isolates in humans.
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2
https://cge.cbs.dtu.dk/services/ResFinder/

3
https://card.mcmaster.ca/

4
https://cge.cbs.dtu.dk/services/PlasmidFinder/

5
http://clermontyping.iame-research.center/

6
http://kaptive.holtlab.net

7
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https://bigsdb.pasteur.fr/klebsiella/klebsiella.html

9
https://cge.cbs.dtu.dk/services/MLST/
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Background: Enterobacterales are the most common pathogens for nosocomial infections. The emergence and spread of KPC, NDM, and OXA-48-like carbapenemase-producing Enterobacterales with their extensively drug-resistant characteristics have posed great threats to public health. This study aimed to evaluate the performance of NG-test Carba 5, RESIST-5 O.O.K.N.V., and IMP K-SeT for rapid detection of five carbapenemases (KPC, NDM, VIM, IMP, and OXA-48-like) among Enterobacterales.

Methods: A total of 186 carbapenem-resistant Enterobacterales clinical isolates and 29 reference strains were used in this study. Carbapenemase genes were confirmed by PCR and DNA sequencing. The sensitivities and specificities of these assays were calculated utilizing the VassarStats software.

Results: For clinical isolates, the NG-test Carba 5 detected KPC, NDM, OXA-48-like, IMP, and VIM in less than 15 min with the sensitivity and specificity of 100% and 100%, respectively. The RESIST-5 O.O.K.N.V. detected KPC, NDM, OXA-48-like, and VIM with the sensitivity and specificity of 99.4 and 100%. The IMP K-SeT detected all of the IMP producers (6/6). For reference strains, the sensitivity and specificity of NG-test Carba 5, RESIST-5 O.O.K.N.V., and IMP K-SeT were all 100 and 100%, respectively.

Conclusion: As efficient, rapid, and convenient diagnostic methods, NG-test Carba 5, RESIST-5 O.O.K.N.V., and IMP K-SeT could help to simplify the complex routine workflow for detecting carbapenemases. Rapid and accurate identification of carbapenemase is of significance for both epidemiological and infection control purposes.

Keywords: immunochromatographic assay, carbapenem-resistant Enterobacterales, carbapenemase, NG-test Carba 5, RESIST-5 O.O.K.N.V, IMP K-SeT


INTRODUCTION

The emergence and dissemination of carbapenemase-producing Enterobacterales (CPE) pose a global health threat (Nordmann et al., 2012a). As the ability of carbapenemases to hydrolyze all β-lactam antibiotics leads to few antibiotics retaining activity against CPE, infections caused by CPE are usually burdened by high mortality and poor prognoses (Falagas et al., 2014; Feil, 2016). Tigecycline, colistin, and ceftazidime-avibactam are the only available antimicrobial agents for the treatment of infections caused by CPE in China. However, unlike tigecycline and colistin, the activity of ceftazidime-avibactam is varied to different CPE. The in vitro studies show that ceftazidime-avibactam has excellent in vitro activity against ESBL-, AmpC-, KPC-, and OXA-48-producing Enterobacterales, but has no activity against metallo-beta-lactamases Enterobacterales (Shirley, 2018; Yin et al., 2019). As reported, for the treatment of carbapenem-resistant Klebsiella pneumoniae bloodstream infections, initial adequate antibiotic therapy resulted in the only independent factor able to protect against death (Micozzi et al., 2017). Therefore, rapid and accurate identification of carbapenemases is critical for both epidemiological and infection control purposes.

Recently, rapid diagnostic tests, NG-test Carba 5 immunochromatographic assay (NG Biotech, Guipry, France), and RESIST-5 O.O.K.N.V. (CORIS, BioConcept, Gembloux, Belgium) have been developed to detect the five main carbapenemases, namely, KPC, NDM, OXA-48-like, IMP, and VIM. To date, several studies have evaluated the performance of NG-test Carba 5 and demonstrated that it performed well on bacterial colonies and positive blood cultures with overall sensitivity and specificity that ranged from 97.3 to 100% and 95.3 to 100%, respectively (Boutal et al., 2018; Hopkins et al., 2018; Bodendoerfer et al., 2019; Giordano et al., 2019). The RESIST-5 O.O.K.N.V. detected KPC-type and OXA-48-like carbapenemases from blood cultures with a sensitivity of 100% for both, but 50.0 and 52.2% for NDM- and VIM-type carbapenemases, respectively (Bianco et al., 2020). Comparative studies evaluating the performance of different lateral flow chromatographic assays to detect carbapenemase from bacterial colonies are lacking in China. In this study, we investigated the performance of NG-test Carba 5, RESIST-5 O.O.K.N.V., and IMP K-SeT assay to detect carbapenemases among CPE.



MATERIALS AND METHODS


Strains

From January 2016 to December 2018, 186 non-duplicate clinical isolates were collected from 32 hospitals of 22 provinces or cities across China, and 29 reference strains were purchased from the American Type Culture Collection1. These clinical isolates were resistant to at least one of the carbapenem antibiotics (ertapenem, meropenem, or imipenem), including 124K. pneumoniae, 26 Escherichia coli, 23 Enterobacter cloacae, 5 Klebsiella oxytoca, 2 Citrobacter freundi, 2 Enterobacter aerogenes, 2 Serratia marcescens, 1 Morganella morganii, and 1 Providencia rettgeri. Twenty-nine reference strains (including 17 K. pneumoniae, 8 E. coli, 1 E. cloacae, 1 K. oxytoca, 1 P. rettgeri, and 1 Enterobacter hormaechei) with or without carbapenemase were involved in this study (Table 1). All tested isolates were identified to the species level using matrix-assisted laser desorption/ionization-time of flight mass spectrometry (bioMérieux, France).


TABLE 1. Reference strains used in this study.
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Detection of Carbapenemase genes

For 186 carbapenem-resistant Enterobacterales (CRE) clinical strains, carbapenemase genes (blaKPC, blaNDM, blaOXA–48–like, blaIMP, and blaVIM) were detected by polymerase chain reaction (PCR) with specific primers and conditions as described previously (Poirel et al., 2011). The positive PCR amplicons were sequenced and compared with the reported sequences from GenBank by Blast2. As a result, 172 were positive for carbapenemase genes, including blaKPC–2 (n = 70), blaNDM–1 (n = 35), blaNDM–5 (n = 23), blaNDM–7 (n = 1), blaNDM–9 (n = 1), blaOXA–232 (n = 20), blaOXA–181 (n = 2), blaOXA–48 (n = 2), blaIMP–4 (n = 5), blaIMP–6 (n = 1), blaVIM (n = 1), blaKPC–2 plus blaNDM–1 (7/7), blaKPC–2 plus blaNDM–5 (1/1), blaNDM–5 plus blaOXA–48 (1/1), blaNDM–1 plus blaIMP–4 (1/1), and blaNDM–1 plus blaIMP–6 (1/1). Fourteen CRE clinical strains were carbapenemase-negative.



Immunochromatographic Assays

The NG-Test Carba 5 assay consists of an independent cassette (targets KPC-, NDM-, VIM-, and IMP-type and OXA-48-like five main carbapenemases). RESIST-5 O.O.K.N.V. consists of two independent K-SeTs (one for the detection of OXA-163, OXA-48-like, and KPC; another for the detection of VIM and NDM). Both cassettes are provided in a single package and are to be used in parallel on the same bacterial lysis preparation. IMP K-SeT consists of a K-SeT for the detection of IMP metallo-β-lactamase, which was performed as a complementary test of RESIST-5 O.O.K.N.V.

These tests were performed according to the manufacturer’s instructions in parallel. Firstly, one single isolated colony of overnight growth was harvested from the plate to an Eppendorf tube or tube with extraction buffer and suspended thoroughly to perform the lysis step. Subsequently, approximately 100 μl of the mixture was loaded on the sample region of the cassette and allowed to migrate for 15 min. Finally, the results were read until the control line turned red in the control region and then recorded whether the lines turned red in the test region of the cassette 15 min later.



Statistical Analysis

The sensitivity and specificity of the assay and upper and lower limits of the 95% confidence intervals (CIs) were calculated utilizing the VassarStats software3.



RESULTS

The NG-test Carba 5 and RESIST-5 O.O.K.N.V. showed the detection of 100% of KPC-2 (70/70), NDM-5 (23/23), NDM-7 (1/1), VIM (1/1), OXA-232 (20/20), OXA-181 (2/2), and OXA-48 (2/2) with no false positive. This study also demonstrated that 100% of IMP-4 (5/5) and IMP-6 (1/1) were correctly detected by NG-test Carba 5 and IMP K-SeT. NG-test Carba 5 showed the detection of 100% of NDM-1 (35/35), whereas RESIST-5 O.O.K.N.V. showed the detection of 97.1% of NDM-1 (34/35) except one P. rettgeri. Moreover, NG-test Carba 5 and RESIST-5 O.O.K.N.V. were able to detect double carbapenemases-producers simultaneously, and the results showed 100% of KPC-2 plus NDM-1 (7/7)-, KPC-2 plus NDM-5 (1/1)-, and NDM-5 plus OXA-48 (1/1)-producing isolates with two red positive lines in the test region. All of the non-carbapenemase (0/14) producers were negative in the tests (Table 2). Overall, the sensitivity and specificity of NG-test Carba 5 to detect five main carbapenemases were both 100%. The sensitivity and specificity of RESIST-5 O.O.K.N.V. were 99.4 and 100%, respectively (Table 2).


TABLE 2. Rapid identification of carbapenemases by NG-test Carba 5, RESIST-5 O.O.K.N.V., and IMP K-SeT.

[image: Table 2]For the 29 reference strains, NG-test Carba 5, RESIST-5 O.O.K.N.V., and IMP K-SeT detected all KPC-2 (14/14), NDM-1 (6/6), OXA-48 (2/2), OXA-181 (1/1), VIM-1 (2/2), and IMP-1 producers (1/1) (Table 1). Three ESBL producers were negative without cross-reaction. The overall sensitivity and specificity of NG-test Carba 5, RESIST-5 O.O.K.N.V., and IMP K-SeT detecting carbapenemases were all 100 and 100%, respectively (Table 2).



DISCUSSION

Of note, the rapid detection and identification of carbapenemase can help to prevent the spread and infection control of carbapenemase-producing isolates in health facilities (Boutal et al., 2018; Takissian et al., 2019). A nationwide survey indicated that blaKPC–2 (57% and 627/1,105) and blaNDM (31% and 343/1,105) were the most common carbapenemase genes among carbapenem-resistant Enterobacterales clinical isolates in China (Zhang et al., 2017; Han et al., 2020). Rapid identification of the carbapenemase type can help to guide therapy for the treatment of infection caused by carbapenemase-producing isolates. As reported, most KPC-2 or OXA-48-like carbapenemase-producing isolates are susceptible to ceftazidime-avibactam (Falcone and Paterson, 2016; Bassetti et al., 2018; Stewart et al., 2018; Zou et al., 2019). On the contrary, ceftazidime-avibactam has no activities against metallo-β-lactamase (NDM-, VIM-, or IMP-type) producers; thus other therapeutic options have to be considered, such as tigecycline, colistin, or other available antimicrobial agents (Davido et al., 2017; Zusman et al., 2017; Jayol et al., 2018; Emeraud et al., 2019; Yin et al., 2019; Zou et al., 2019).

Currently, several phenotypic methods have been developed for the detection and identification of carbapenemases. Modified carbapenem inactivation methods (mCIMs) had sensitivities ranging from 93 to 100% and specificities from 97 to 100% for the detection of CPE, and excellent reproducibility was shown across laboratories (Pierce et al., 2017; Tsai et al., 2020). The mCIM and EDTA-CIM detected metallo-carbapenemases with a sensitivity of 89.3% and a specificity of 98.7% (Tsai et al., 2020). The mCIM was easy to perform and interpret for Enterobacterales, but time-consuming (overnight incubation). Besides, invalid or uncertain results may occur with some isolates, and certain carbapenemase types are not detected consistently.

Carba NP test detected most carbapenemases with high sensitivities from 73 to 100% among Enterobacterales, but with low sensitivity in detecting OXA-48-like carbapenemase producers (Nordmann et al., 2012b; Tijet et al., 2013; Vasoo et al., 2013; Yusuf et al., 2014; Papagiannitsis et al., 2015; Tamma et al., 2017). The modified Carba NP test had a sensitivity of 99% (Tamma et al., 2017). One limitation of the manual versions of the Carba NP test and its variants was frequent reagent preparation due to the short shelf life of the imipenem-containing solution. Other commercially available assays, including the Rapidec Carba NP test, the Neo-Rapid Carb screen, and the Rapid Carb Blue screen have sensitivities ranging from 89 to 98% and specificities approaching 100% (Tamma et al., 2017). Similar to the Carba NP test, the limitations of these commercial assays are as follows: false-negative results occurred with OXA-48-like carbapenemase and the interpretation of results can be subjective due to slight color changes (Tamma and Simner, 2018). The sensitivites of the modified Hodge test (MHT) have been reported to be between 93 and 98% in KPC producers, but low sensitivites for metallo-beta-lactamases (Girlich et al., 2012; Mathers et al., 2013; Vasoo et al., 2013; Tsai et al., 2020). Reported sensitivities and specificities of MALDI-TOF MS ranged from 77 to 100% and 94 to 100%, respectively, with a turnaround time of within 4 h (Knox et al., 2014; Papagiannitsis et al., 2015; Oho et al., 2020). Carbapenemase inhibition tests with boronic acid derivatives (BA) and dipicolinic acid (DPA)/EDTA were tested in Enterobacterales. The sensitivity for identification of class A, B, and OXA-48 carbapenemases was 95, 90, and 100%, with 96 to 100% specificity (van Dijk et al., 2014).

Compared with the phenotypic method, the multiplex immunochromatographic assay for the detection of KPC-, NDM-, VIM-, IMP-, and OXA-48-like carbapenemases was easy to perform and only relatively little hands-on time (no more than 5 min) was required. Several studies assessing the immunochromatographic for the detection of common carbapenemases showed high sensitivity and specificity results in bacteria (Boutal et al., 2018; Hopkins et al., 2018; Bodendoerfer et al., 2019). The NG-test Carba 5 has evaluated the detection of CPE from spiked blood cultures with a sensitivity and specificity of 97.7 to 98.3% and 96.1 to 100%, respectively (Giordano et al., 2019; Takissian et al., 2019). The RESIST-5 O.O.K.N.V. detected KPC-type and OXA-48-like carbapenemases from blood cultures with a high sensitivity of 100%, but with low sensitivities of 50.0 and 52.2% in detecting NDM- and VIM-type carbapenemases, respectively, and the results were quite different from our research of NDM metallo-beta-lactamases (97.1% sensitivity) (Bianco et al., 2020).

The results of our study indicated that the NG-test Carba 5 showed the detection of 100% of KPC-2, NDM, VIM, and OXA-48-like with no false positive. The RESIST-5 O.O.K.N.V. showed 100% detection of KPC-2, OXA-48-like, IMP, and VIM, whereas it showed 97.1% detection of NDM-1 (34/35) with one false-negative result. We speculated that this might be associated with the mean intensity of NDM bands; NG-Test Carba 5 was 2.2 times higher than RESIST-4 O.K.N.V. (Bogaerts et al., 2020). Additionally, NG-test Carba 5, RESIST-5 O.O.K.N.V., and IMP K-SeT were also able to detect two carbapenemases simultaneously with a sensitivity of 100%. Of concern, NG-test Carba 5 was not able to distinguish OXA-48-like variants (OXA- 48-, OXA- 181-, OXA- 163-, OXA- 232-, and OXA-405-type carbapenemase), and the OXA-163- and the OXA-405-producing strains might be considered as false-negative results for OXA-48-like carbapenemase producers (Boutal et al., 2018; Takissian et al., 2019). In this case, the RESIST-5 O.O.K.N.V. assay could fill this gap by specifically detecting OXA-163 (OXA-48-like variants) with a sensitivity of 100%, which was an updated version of the RESIST-3 O.O.K. K-SeT (Coris BioConcept) and the OXA-163/48 K-SeT (Coris BioConcept) (Meunier et al., 2016; Pasteran et al., 2016). Due to a lack of OXA-163 producers, we could not evaluate the ability of RESIST-5 O.O.K.N.V. in detecting OXA-163. The limited detection ranges of these assays cover only common carbapenemases, which lead to the neglect of rare carbapenemases like GES, IMI, and GIM.

Our study had three limitations. The first limitation is including only six blaIMP-positive strains and one blaVIM-positive strain. Second, there is a lack of other KPC- and OXA-48-like variant carbapenemases such KPC-3 and OXA-163 in this study; these variants are rare in China. Third, limited non-CPE isolates were used to assess the specificity of the assays, and we need to sufficiently investigate this isolates to evaluate the performance of these assays in this study. Recently, we collected one K. pneumoniae harboring a new variant, rare carbapenemase blaKPC–33 (Shi et al., 2020), and we found that immunochromatographic assays cannot detect this new variant. Although other blaKPC-positive strains including blaKPC–3-, blaKPC–33-, or blaVIM-type metallo-β-lactamase positive strains are rare in China, we still need to collect these strains to make a more comprehensive assessment on the performance of immunochromatographic testing for detection of carbapenemases.



CONCLUSION

In conclusion, NG-test Carba 5, RESIST-5 O.O.K.N.V., and IMP K-SeT assays could be efficient, rapid, and convenient diagnostic tools for detecting the most common carbapenemases in China. These might help to control the spread of carbapenemase-producing isolates in health facilities.
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The emergence and worldwide dissemination of plasmid-mediated colistin resistance gene mcr-1 has attracted global attention. The MCR-1 enzyme mediated colistin resistance by catalyzing phosphoethanolamine (PEA) transfer onto bacterial lipid A. However, the interaction partners of MCR-1 located in membrane protein in E. coli are unknown. Co-immunoprecipitation (Co-IP) and Mass Spectrometry were performed to define the interacting proteins of MCR-1. A total of three different anti-MCR-1 monoclonal antibody (mAbs) were prepared and 3G4 mAb was selected as the bait protein by compared their suitability for Co-IP. We identified 53, 13, and 14 interacting proteins in E. coli BL21 (DE3) (pET28a-mcr-1), E. coli BL21 (DE3) (pET28a-mcr-1-200), and E. coli DH5α (pUC19-mcr-1), respectively. Six proteins, including the stress response proteins DnaK (chaperone protein) and SspB (stringent starvation protein B), the transcriptional regulation protein H-NS, and ribosomal proteins (RpsE, RpsJ, and RpsP) were identified in all these three strains. These MCR-1-interacting proteins were mainly involved in ribosome and RNA degradation, suggesting that MCR-1 influences the protein biosynthesis through the interaction with ribosomal protein. Multidrug efflux pump AcrA and TolC were important interacting membrane proteins of MCR-1 referred to drug efflux during the PEA modification of the bacterial cell membrane. Overall, we firstly identified the functional interactome profile of MCR-1 in E. coli and discovered that two-component AcrA-TolC multidrug efflux pump was involved in mcr-1-mediated colistin resistance.

Keywords: MCR-1, colistin resistance, interactome, co-immunoprecipitation, E. coli


INTRODUCTION

mcr-1, as an important plasmid-borne colistin resistant gene, has attracted much attention in recent years for its threat in the clinical efficacy of the last-resort antibiotic when treating multidrug–resistant (MDR) Gram-negative bacterial infections (Liu et al., 2016; Shen et al., 2016; Poirel et al., 2017). mcr-1 encodes a member of the family of phosphoethanolamine (PEA) transferases that decorates the lipid A headgroups of lipopolysaccharide of the outer membrane of Gram-negative bacteria through the addition of PEA (Anandan et al., 2017; Li et al., 2018). MCR-1 belongs to the alkaline phosphatase superfamily/sulphatase with five transmembrane segments. Many MDR gram-negative bacteria possess multiple members of this family of enzymes that are engaged in the decoration of lipid A or the conserved inner core of the lipopolysaccharide (Needham and Trent, 2013). The proper function of an organism is orchestrated by highly complex protein networks and the interactome is crucial for understanding structural and functional organization in time and space (Sanchez et al., 1999). Deciphering the interactome profile of MCR-1 may help us in decoding its exact physiological function and various related biological process.

At present, the dissemination and prevalence of mcr-1 has been widely reported in human, foods, animals, and environment (Gao et al., 2016; Ye et al., 2016; Wang et al., 2017). As an important resistant protein, the functional interactome of membrane protein MCR-1 was poorly understood. Affinity purification based on co-immunoprecipitation (Co-IP) coupled to mass spectrometry has become an important method of identifying protein interactome (Pankow et al., 2016; Maccarrone et al., 2017). Discovering interaction protein is still challenging, however, because a comprehensive interactome analysis requires high yields of the bait protein for robust co-purification of its interactors. In this study, we express and purify the catalytic domain and full-length protein of MCR-1, and prepare three different anti-MCR-1 monoclonal antibody (mAbs). We define the interacting proteins of MCR-1 using Co-IP and mass spectrometry in E. coli and characterize the protein-protein interaction (PPI) network of MCR-1.



MATERIALS AND METHODS


Expression and Purification of MCR-1

The gene encoding mcr-1, was amplified by polymerase chain reaction (PCR) from E. coli strain SHP45 genomic DNA using primers pET28a-mcr-1-F and pET28a-mcr-1-R and cloned into the plasmid pET28a to create a high copy expression vector with a N terminal hexa-histidine tag (pET28a-mcr-1) (Supplementary Table 1). Then the constructed plasmid pET28a-mcr-1 was chemically transferred into E. coli BL21 (DE3) strains to express the full length MCR-1. For the expression of the catalytic domain of MCR-1, the constructed plasmid pET28a-mcr-1-200 using primers pET28a-mcr-1-200-F and pET28a-mcr-1-200-R was transformed into E. coli BL21 (DE3) strains (Supplementary Table 1). Transformants were selected by the inclusion of kanamycin (50 μg/ml) on Luria Broth (LB) agar plates. The construction of E. coli cloning strains [E. coli DH5α (pUC19) and DH5α (pUC19-mcr-1)] was referred to our previous article (Li et al., 2019). The bacterial strains and plasmids used in this study were listed in Table 1. A starter culture was prepared by inoculating a single colony into 2 ml LB medium and grown at 37°C overnight. A sufficient volume of the starter culture was used to inoculate 200 ml LB medium and grown at 37°C in a shaking incubator set at 200 rpm until the OD600 reached 0.5–0.6. Protein expression was induced by the addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM and the culture was continued at 18°C, 160 rpm for a further 14 h. The cells were harvested by centrifuging at 9,000 × g for 20 min at 4°C.


TABLE 1. Bacterial strains and plasmids used in this study.

[image: Table 1]The harvested cells were re-suspended in 50 mM sodium phosphate buffer pH8.0 containing 300 mM NaCl, 10 mM imidazole at 4°C. Between 5 and 10 ml was used for each gram of cell pellet and cell lysis was performed using VCX105 ultrasonic instrument (Sonics & Materials, Inc., Newtown, CT, United States). The lysate was centrifuged at 12,000 × g for 30 min at 4°C to remove the non-lysed cells. The protein was purified from the supernatant using Ni-NTA agarose beads (Qiagen, Hilden, Germany). Briefly, the supernatant was incubated with pre-equilibrated Ni-NTA agarose beads (1 ml per pellet from a 200 ml culture) for 1 h. The beads were then loaded on a column and washed with 50 mM NaH2PO4, 300 mM NaCl, and 20 mM imidazole (pH 8.0). Protein was eluted with four column volumes of 50 mM NaH2PO4, 300 mM NaCl, and 150 mM imidazole (pH8.0). Imidazole was removed from the eluted protein by exchanging buffer to 50 mM NaH2PO4, 300 mM NaCl, and 1 mM tris (2-carboxyethyl) phosphine (TCEP) (pH8.0) using a PD-10 desalting column (GE Healthcare).



Preparation of MCR-1 mAb

The purified MCR-1 catalytic protein was used for immunization and custom production of the affinity-purified mouse mAb was used for subsequent experiments. All animal treatments were in accordance with Chinese laws and guidelines that were approved by the Animal Ethics Committee of China Agricultural University. Six eight-week old female BALB/c mice were immunized with the immunogen. The mice were immunized three times with an interval of 3 weeks between immunizations. The collected ascites were further purified to obtain the anti-MCR-1 mAb using AKTA Pure 150 system (GE Healthcare, Buckinghamshire, United Kingdom). Specificity of the antibody was determined by SDS-PAGE and Western blot.



Co-immunoprecipitation Assay

To identify the interactome profile associated with MCR-1, three E. coli clone strains carrying mcr-1 gene [DH5α (pUC19-mcr-1), BL21 (DE3) (pET28a-mcr-1), and BL21 (DE3) (pET28a-mcr-1-200)] and two empty vector strains [DH5α (pUC19) and BL21 (DE3) (pET28a)] were included to pull down MCR-1 and associated proteins using Co-IP assays with anti-MCR-1 mAb 3G4 as the bait. Anti-IgG and empty vector pull-downs were set as negative controls. The Co-IP assays of membrane protein MCR-1 was performed as previously described (Pankow et al., 2016). Briefly, the cells of two cloning strains [(DH5α (pUC19), DH5α (pUC19-mcr-1)] and three expressing strains [BL21 (DE3) (pET28a), BL21(DE3) (pET28a-mcr-1), and BL21(DE3) (pET28a-mcr-1-200)] were lysed by 50 mM Tris–HCl (pH7.5), 300 mM NaCl, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 1% n-dodecyl β-D-maltoside (DDM). 1 mg of solubilized proteins were incubated overnight with 250 μg of anti-MCR-1 mAb in a reaction volume of 100 μl at 4°C with gentle mixing. 50 μl of pre-equilibrated G-Sepharose (GE Healthcare, Uppsala, Sweden) was added and incubated for 4 h at 4°C with gentle agitation. After centrifugation, samples were washed 5 times with solubilization buffer and co-precipitates were eluted by incubation with 0.2 M glycine (pH2.3) and 0.5% Igepal CA-630 (Sigma-Aldrich, St. Louis, MO, United States). Co-precipitates were separated by SDS-PAGE, and visualized with silver staining. The MCR-1 binding proteins were identified using nano LC-MS/MS analysis. Three biological repeats were conducted in the Co-IP assay.



Nano LC-MS/MS and Data Analysis

The co-precipitates were analyzed on a Q-exactive mass spectrometer equipped with a Dionex Ultimate 3000 Nano (Thermo Fisher Scientific). Peptides were trapped on a Acclaim PePmap 100 (75 μm × 2 cm, nanoviper, C18, 3 μm, Thermo Fisher Scientific) and separated on a Venusil XBP C18 (2.1 × 150 mm, 5 μm, Agela Technologies) using a gradient formed between solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid in acetonitrile). The gradient started at 5% solvent B and the concentration of solvent B was increased to 80% within 60 min. Database search was performed using the MASCOT software against the E. coli K12 database.



Surface Plasmon Resonance Interaction Analysis of MCR-1 and SspB Protein

The surface plasmon resonance (SPR) interaction analysis was performed using the Reichert 4SPR instrument (Reichert Life Sciences). The MCR-1 and MCR-1-200 protein in PBS buffer were directly immobilized on a Planar Mixed SAM biosensor chip (Reichert Life Sciences), respectively. SspB was sequentially diluted in running buffer PBST (pH7.4, containing 0.05% Tween-20) and injected to be trapped on the chip through the immobilized MCR-1. Evaluation and calculation of the binding parameters were carried out according to the formula: KD = Ka/Kd (Ka = association rate constant and Kd = dissociation rate constant).



Bioinformatics Analysis

A protein-protein interaction (PPI) network was constructed from the STRING database v11.0 (Szklarczyk et al., 2017) using the set of MCR-1 interacting proteins identified here. The interaction score was set as medium confidence (more than 0.400), and gene ontology (GO) enrichment was calculated by Blast2GO software. Metabolic pathway of MCR-1 interacting proteins was analyzed using KEGG software1 to facilitate the related biological interpretation.



RESULTS


Protein Expression and mAb Preparation of MCR-1

Recombinant plasmid pET28a-mcr-1 was induced by IPTG to express a 6 × His-tagged recombinant protein at the N-terminus, consisting of 541 amino acids. The molecular weight of MCR-1 full-length protein after fusion expression was about 66 KDa. The catalytic domain of MCR-1 was induced and expressed by recombinant plasmid pET28a-mcr-1-200. The catalytic domain of MCR-1 consisted of 341 amino acids and its molecular weight was about 46 KDa. IgG positive hybridoma cells belonging to three isotypes-IgG1 (3G4, 6G4, and 8H11) were obtained. The anti-MCR-1 mAbs were purified from ascites fluid by protein G resin affinity chromatography. The cell lysate of the constructed E. coli DH5α (pUC19-mcr-1) strains was used for anti-MCR-1 mAb validation through regular Western blot method. His6-MCR-1 bands were detected by anti-His6 mAb (Figure 1A) and MCR-1 were successfully recognized by newly prepared anti-MCR-1 mAbs (Figure 1B). Then we compared the suitability of an antibody for Co-IP in a small-scale experiment followed by western blotting. We found that the anti-MCR-1 mAb 3G4 had no cross-linking efficiency and optimal performance in pulling down the target protein (Figure 1C).
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FIGURE 1. Characterization of the developed Co-IP assays. (A) MCR-1 catalytic domain expression in cell lysate. Lane 1–3: purified protein eluted from Ni-NTA column by the elution buffer, wash buffer, and binding buffer, respectively; Lane 4–5: total cellular protein in supernatant and pellets of the sonicated cell lysates, respectively; Lane 6–7: total cellular protein induced expression with IPTG and total cellular protein without induction, respectively. (B) Anti-MCR-1 mAbs validation using the cell lysate through regular Western blot method. (C) Comparison of the prepared anti-MCR-1 mAbs in Co-IP. (D) Representative silver-stained SDS-gel of the eluted binding proteins mixtures using 3G4 mAb bait. M: prestained protein ladder 11–180 KDa; Lanes 1–3: E. coli BL21 (DE3) (pET28a), BL21 (DE3) (pET28a-mcr-1), and BL21 (DE3) (pET28a-mcr-1-200), respectively. (E) The Venn diagrams of the identified MCR-1 interacting proteins in three different E. coli strains.




Interactome Profile of MCR-1

In an effort to better understand the mechanistic role of MCR-1, Co-IP, and mass spectrometry were used to identify the interacting proteins of MCR-1 in E. coli. Corresponding strong band at the expected size of MCR-1 and MCR-1-200 and a large number of other immunoprecipitated protein bands were shown using SDS-PAGE and silver stained (Figure 1D). We identified a total of 53 interacting proteins linked with ribosomal proteins (RplJ, RplK, RplO, RplL, RplC, RpmC, RplF, RplD, RplI, RpsU, RpsE, RpsJ, RpsP, and RpsN), stress response proteins (DnaK and SspB), metabolism (IDH1, SdhB, AcnB, ATPF0B, and GatB) and drug efflux system (AcrA, Lpp, OmpA, Pal, and TolC) in E. coli BL21 (DE3) (pET28a-mcr-1) (Table 2). In addition, we identified a total of 14 interacting proteins in E. coli DH5α (pUC19-mcr-1) and these interacting proteins mainly included ribosomal proteins (RpsE, RplK, RpsJ, RpsP, and RplK), DNA-binding proteins (H-NS, GntR, and EF-Tu) and stress response proteins (DnaK, GroL, and SspB) (Supplementary Table 2). A total of 13 interacting proteins including ribosomal proteins (RpsJ, RpsE, and RpsP), DNA-binding proteins (H-NS, HupA, HupB, and HofN) and stress response proteins (DnaK and SspB) were identified in the soluble domain expression vector E. coli BL21 (DE3) (pET28a-mcr-1-200) (Supplementary Table 3). The number of MCR-1-interacting proteins identified in full-length protein-expressing strains BL21 (DE3) (pET28a-mcr-1) was significantly higher than that in catalytic domain-expressing strains BL21 (DE3) (pET28a-mcr-1-200). Next, we analyzed all of the MCR-1-interacting proteins using InteractiVenn software. Of these proteins, six proteins (DnaK, SspB, H-NS, RpsE, RpsJ, and RpsP) were identified in all the three strains (Figure 1E).


TABLE 2. MCR-1 protein interactors identified in E. coli BL21 (DE3) (pET28a-mcr-1).

[image: Table 2]To elucidate the functional relationships between the MCR-1 interacting proteins, we extracted a PPI network over these proteins from the STRING interaction database. We identified several functional proteins associated with ribosome, DNA replication, and hyperosmotic shock in E. coli DH5α (pUC19-mcr-1) (Figure 2A). The interacting proteins of MCR-1 in E. coli BL21 (DE3) (pET28a-mcr-1) were mainly involved in ribosome, drug efflux system, DNA binding, and DNA replication (Figure 2B). And the MCR-1-interacting proteins in E. coli BL21 (DE3) (pET28a-mcr-1-200) were mainly related with ribosome and DNA binding (Figure 2C). KEGG pathway enrichment analysis of the MCR-1-interacting proteins in E. coli DH5α (pUC19-mcr-1) found that these proteins were mainly involved in ribosome and RNA degradation (Figure 2D). And the KEGG pathway of the MCR-1-interacting proteins identified in E. coli BL21 (DE3) (pET28a-mcr-1) were referred to ribosome, RNA degradation, and cationic antimicrobial peptide (CAMP) resistance (Supplementary Figure 1A). Interestingly, multidrug efflux pump AcrA and TolC was identified important interacting partners of MCR-1 (Table 2). Outer membrane lipoprotein SlyB contributes to membrane integrity. YidC is required for the insertion and/or proper folding of integral membrane proteins into the membrane. The discovery of these interacting proteins demonstrated that MCR-1 might affect the expression and regulation of membrane proteins to cause drug efflux during the PEA modification of bacterial cell membrane lipid A.
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FIGURE 2. Defining the MCR-1 functional interactome. (A) PPI network generated for 14 MCR-1 interactors using experimental evidence in STRING database and medium confidence links (>0.400) in E. coli DH5α (pUC19-mcr-1). Thickness of edges represent strength of evidence supporting interaction; (B) PPI network generated for 53 MCR-1 interactors in E. coli BL21 (DE3) (pET28a-mcr-1); (C) PPI network of the 13 MCR-1 interactors in E. coli BL21 (DE3) (pET28a-mcr-1-200); (D) KEGG pathway analysis of the interacting proteins of MCR-1 in E. coli DH5α (pUC19-mcr-1); (E) GO enrichment analysis of the interacting proteins of MCR-1 in E. coli DH5α (pUC19-mcr-1).


To identify putative functional processes associated with MCR-1-interacting proteins, we performed GO analysis. In E. coli DH5α (pUC19-mcr-1), the top-ranked categories of Biological Process analysis were cellular macromolecule biosynthetic process, cellular component biogenesis, protein-containing complex assembly (Figure 2E), suggesting that MCR-1 is related to protein biosynthetic process. In addition, Molecular Function of the MCR-1 interacting partners referred to organic cyclic compound binding, heterocyclic compound binding and RNA binding (Figure 2E). It indicates that MCR-1 may be involved in nucleic acid binding. Cellular Component analysis showed that these proteins were related to protein-containing complex, cytosolic part, and ribosome (Figure 2E), which implies that MCR-1 is likely to participate in protein biosynthesis. GO analysis of MCR-1-interactiong proteins in E. coli BL21 (DE3) (pET28a-mcr-1) were shown in Supplementary Figures 1B–D.



Interaction Analysis of SspB With MCR-1

To confirm the reliability of the developed Co-IP method and the effects of the identified MCR-1-interacting proteins, we investigated the binding ability of the target protein MCR-1, MCR-1-200, and SspB on the sensor chip. The SPR responses were obtained when the protein solution (0.156–5 μM, twofold dilution) was injected onto the sensor chip. The KD values for the association between the MCR-1 full length protein and the SspB were 1.40 × 10–4 and 5.13 × 10–6 M for catalytic domain protein MCR-1-200, respectively (Figures 3A,B). These results demonstrated that MCR-1 was directly interacted with SspB in colistin-resistant E. coli strains.
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FIGURE 3. SPR interaction analysis of MCR-1 and SspB protein. (A) Kinetic evaluation of MCR-1 full length protein and SspB; (B) Kinetic evaluation of MCR-1-200 catalytic domain protein and SspB. The SspB was diluted with PBST running buffer in the concentration range of 0.156–5 μM with twofold dilution series.




DISCUSSION

With the rapid spread of the mcr-1, its public health problems and human health threats need to be solved urgently. The identification of functional interaction partners is fundamental to understanding the role of proteins and the mechanism of action in vivo. This is particularly challenging because bacteria will continue to produce adaptive changes under the pressure of antibiotics. Using a reliable Co-IP assay couple with mass spectrometry, we reported here the first functional interactome of MCR-1 and identified the key interacting proteins in colistin-resistant E. coli strains.

Our data indicate that MCR-1 interacts with multiple types of proteins. Among the interacting proteins identified by mass spectrometry, the most enriched groups of proteins associated with MCR-1 were the components of the ribosome and cellular stress response (Figure 2D). We speculate that MCR-1 interact with ribosome-associated proteins to affect protein biosynthesis in conferring resistance by modifying the colistin target, catalyzing transfer of phosphoethanolamine (PEA) onto the glucosamine saccharide of lipid A in the bacterial outer membrane. Our previous research indicated that the expression of some ribosomal proteins was disturbed in the construct E. coli strains carrying mcr-1 and the bacteria could enhance protein synthesis in order to adapt to drug selection pressure (Li et al., 2019). Evaluating the likelihood and functional impact of the ribosome-associated interacting partners of MCR-1 will be an interesting follow up of this study.

As known, AcrAB-TolC multidrug resistance pump provides the Gram-negative bacteria with the necessary means to adapt drug pressure (Nikaido and Takatsuka, 2009). AcrA is the adapter component that associates the inner membrane pump with the TolC outer membrane channel (Fralick, 1996; Symmons et al., 2009). Our previous research found that MCR-1 not only caused the PEA modification of bacterial cell membrane lipid A, but also affected the efflux of polymyxin through disturbing the expression of efflux pump proteins involved in CAMP resistance pathway (Li et al., 2019). This study further confirmed that AcrA and TolC were important interacting membrane proteins of MCR-1 referred to drug efflux process. This finding indicated that MCR-1 might cause bacterial cell membrane to undergo the PEA molecule modification, which might also cause efflux pumps to participate in this biological process. The identification of the interacting partners SlyB and YidC showed that the importance of membrane protein integrity in mcr-1-mediated colistin resistance in E. coli. Lpp was a protein required for maintaining structural and functional integrity of bacterial cell envelope (Stenberg et al., 2005). Lpp was an integral component of cell outer membrane and seemed to interact with TolB, Pal, and TonB. We also found that H-NS interacted with DnaK, Lpp, HupA, and HupB in our study (Figure 2B). The regulatory protein H-NS controlled the lipid A palmitoylation mediated by the PagP enzyme (Chalabaev et al., 2014). Future work is needed to uncover the role of the promiscuous interaction of MCR-1 with two-component efflux pump AcrA-TolC and the contribution of other membrane proteins of the MCR-1 interactome during colistin resistance.

The stringent response is a general bacterial stress response that allows bacteria to adapt and survive adverse conditions. The cellular response to stress is orchestrated by the expression of a family of proteins termed heat shock proteins (e.g., DnaK) that are involved in the stabilization of basic cellular processes to preserve cell viability and homeostasis. Here, we found DnaK was a chaperone protein that interacted with MCR-1 (Figure 1E and Table 2). Chaperone protein DnaK was a multifunctional chaperone of highly conserved HSP70 family which assisted in protein folding, disaggregation, and remodeling of protein complexes (Calloni et al., 2012; Zahn et al., 2013). DnaK functions as a central hub to interact with a large number of proteins to regulate ribosomal biogenesis in E. coli (Zhang et al., 2016). DnaK has been proven to play an important role in the stress resistance of microorganism and may associate with the fitness cost reduction for mcr-1-carrying plasmids (Genevaux et al., 2007; Ma et al., 2018). We elucidate that DnaK might assist in the regulation of ribosomal biogenesis and affect the lipopolysaccharide modification. SspB, another protein that has been shown to interact with MCR-1 using Co-IP and SPR (Figure 3). Stringent starvation protein B (SspB) enhanced recognition of SsrA-tagged proteins by the ClpX-ClpP protease and regulated the protein expression during exponential and stationary-phase growth (Levchenko et al., 2000). H-NS was a global DNA-binding transcriptional dual regulator and implicated in transcriptional repression. RpsE, RpsJ, and RpsP are components of 30S ribosomal subunit and play an important role in ribosome biosynthesis. RpsE linked to the functional center of the 30S ribosomal subunit and was implicated in translational accuracy (Wimberly et al., 2000; Kirthi et al., 2006). RpsJ is involved in the regulation of ribosomal RNA biosynthesis by transcriptional antitermination (Luo et al., 2008; Weisberg, 2008). RpsP is essential for the viability of E. coli and plays an important role in the assembly of the 30S ribosomal subunits (Persson et al., 1995). So we predicted that MCR-1 interacted with H-NS to inhibit the DNA transcription and linked with ribosome proteins (RpsE, RpsJ, RpsP, etc.). Importantly, the identification and validation of MCR-1 interaction partner SspB with proven relevance demonstrate the power of our new Co-IP assay and provide reliable protein targets to advance our understanding of the mcr-1-mediated colistin resistance.

In conclusion, we define the functional interactome profile of colistin resistant protein MCR-1 in E. coli strains using Co-IP and mass spectrometry. Our study has uncovered a conceivable mechanism that MCR-1 influences the protein biosynthesis through the interaction with ribosomal protein. Multidrug efflux pump AcrA and TolC involved in the cationic antimicrobial peptide (CAMP) resistance pathway were identified as important interacting partners of MCR-1. Our data illustrates the interacting network of MCR-1 in colistin resistance and can provide valuable information to accurately understand its function and the mechanism of action at a deeper level.
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Multidrug-resistant bacteria, including carbapenem-resistant Klebsiella pneumoniae (CRKP), are becoming an increasing health crisis worldwide. For CRKP, colistin is regarded as “the last treatment option.” In this study, we isolated a clinical CRKP strain named as K. pneumoniae R10-341. Phenotyping analysis showed that this strain could transit from a colistin-sensitive to a resistant phenotype by inserting an IS4 family ISKpn72 element into the colistin-resistance associated mgrB gene. To investigate the mechanism of this transition, we performed genome sequencing analysis of the colistin-sensitive parental strain and found that 12 copies of ISKpn72 containing direct repeats (DR) are located on the chromosome and 1 copy without DR is located on a multidrug-resistant plasmid pR10-341_2. Both types of ISKpn72 could be inserted into the mgrB gene to cause colistin-resistance, though the plasmid-derived ISKpn72 without DR was in higher efficiency. Importantly, we demonstrated that colistin-sensitive K. pneumoniae strain transferred with the ISKpn72 element also obtained the ability to switch from colistin-sensitive to colistin-resistant phenotype. Furthermore, we confirmed that the ISKpn72-containing pR10-341_2 plasmid was able to conjugate, suggesting that the ability of causing colistin-resistant transition is transferable through common conjugation. Our results point to new challenges for both colistin-resistance detection and CRKP treatment.

Keywords: multidrug resistance, CRKP, mgrB, colistin, phenotype transition


INTRODUCTION

Multidrug-resistant pathogenic bacteria, such as carbapenem-resistant Klebsiella pneumoniae (CRKP), are increasingly becoming a health crisis worldwide (Nordmann et al., 2011; Pitout et al., 2015). Polymyxins, including polymyxin B and polymyxin E (colistin), have been regarded as “the last treatment option” for CRKP (Biswas et al., 2012). Polymyxins are lipopeptide antibiotics targeting the lipopolysaccharide (LPS) of the bacterial outer membrane, the main component of the Gram-negative bacterial cell wall (Hancock, 1997; Li et al., 2006).

The increase in infections by polymyxin-resistant bacteria has become a great challenge to clinical treatment (Antoniadou et al., 2007; Bogdanovich et al., 2011; Macesic et al., 2020). In K. pneumoniae, the most common polymyxin-resistance mechanism is achieved by LPS modification, which decreases the negative charge of LPS and reduces its affinity to polymyxins (Velkov et al., 2014; Liu et al., 2017). The mobile colistin resistance gene (mcr-1) is the first reported plasmid-mediated colistin resistance gene (Liu et al., 2016), which encodes a phosphoethanolamine-lipid A transferase catalyzing the addition of phosphoethanolamine (PEtN) to lipid A (Liu et al., 2016, 2017). To date, 10 variants (mcr1-10) have been identified on a wide variety of transferable plasmids (Wang et al., 2018, 2020; Yang et al., 2018; Zhong et al., 2018; Lei et al., 2020), leading to the widespread diffusion of mcr-mediated colistin-resistance (Zhong et al., 2018; Nang et al., 2019). Chromosome-mediated colistin-resistance has also been characterized by the involvement of a small transmembrane protein MgrB and the two-component systems (TCSs) PhoPQ, PmrAB, and CrrAB (Gunn and Miller, 1996; Olaitan et al., 2014). To the best of our knowledge, in contrast to mcr genes, chromosome-mediated colistin-resistance mechanisms are considered to be stable and have not been reported to be transferred or mobile to other bacteria. However, inactivation of the mgrB gene has been widely identified from clinical colistin-resistant clinical K. pneumoniae strains (Cannatelli et al., 2013; Gaibani et al., 2014; Olaitan et al., 2014).

In this study, we isolated a multidrug resistant K. pneumoniae strain named R10-341 with high frequency (∼10–6) of colistin heteroresistance (El-Halfawy and Valvano, 2015; Halaby et al., 2016). Genetic and molecular analyses identified that insertion of an ISKpn72 element into the mgrB gene was responsible for the acquisition of colistin resistance. We further analyzed ISKpn72 copies in this strain and demonstrated that the ISKpn72 element is derived from a mobile plasmid and suggested that this mobile plasmid has the ability to render transition from colistin-sensitive to resistant phenotype in K. pneumoniae.



MATERIALS AND METHODS


Bacterial Strains, Plasmids, and Primers

The K. pneumoniae strains named R10-341 and 7097 used in this study were isolated from the sputum samples collected from the Tongji Hospital, Hubei Province, China. The K. pneumoniae strains were grown in LB medium with 100 μg/mL ampicillin at 37°C.

For plasmid constructions, the p15A ori from plasmid pACYC184 (Rose, 1988) and the streptomycin-resistance gene from pTargetF (Jiang et al., 2015) were PCR amplified, respectively. These two fragments were assembled as the linearized vector p15A-Sm by overlap PCR, which was then cloned with ISpla (IS fragment from pR10-341_2) or ISchr (IS fragment from chromosome) fragment using the ClonExpress II One Step Cloning Kit (Vazyme) to generate two plasmids named p15A-Sm-ISpla and p15A-Sm-ISchr respectively. All primers used in this study are listed in Supplementary Table 1.



Sequence Typing and Colistin Resistant Gene Detection

Multilocus sequence typing (MLST) for the K. pneumoniae R10-341 strain was performed as described (Diancourt et al., 2005).1 Colistin resistance associated genes were detected by PCR. Each of the mcr genes was amplified using two pairs of primers. Genes encoding the two-component systems were amplified by PCR and confirmed by DNA sequencing in comparison with the K. pneumoniae HS11286 strain (Accession: NC_016845). All primers are listed in Supplementary Table 1.



Drug Susceptibility Test

MICs of antibiotics (except colistin) for K. pneumoniae R10-341 were determined using the broth microdilution method according to the Clinical and Laboratory Standards Institute (CLSI) guidelines (CLSI document M100-S28)2. The susceptibility to colistin was tested according to the guidelines of European Committee on Antimicrobial Susceptibility Testing (EUCAST)3. Briefly, 100 μL Cation-adjusted Mueller-Hinton Broth containing 2-fold diluted antibiotics was added to a 96-well plate, followed by the addition of 100 μL bacterial cells (105∼106CFU/mL) to each well. The 96-well plate was incubated at 37°C for 16–24 h. The lowest concentration of antibiotic with complete inhibition (clear broth) was regarded as the MIC.



Genome DNA Extraction, Whole Genome Sequencing, and Bioinformatics Analysis

The K. pneumoniae R10-341 strain was first spread onto a LB plate. A single colony was selected and cultured in LB medium at 37°C. Genomic DNA was extracted using a bacterial genomic DNA extraction Kit (Tiangen). Genome DNA sequencing was performed by both Hiseq X Ten (Illumina) and MinION (Oxford Nanopore Technologies) platforms according to a standard protocol provided by Illumina and Oxford Nanopore Technologies. The off-machine data of Nanopore sequencing is converted to fastq format through the Albacore software in the MinKNOW software package4 (Payne et al., 2019). After filtering to obtain clean reads, these reads are randomly selected and aligned with the Nucleotide Sequence Database. De novo genome assembly was performed with Unicycler v0.4.7 (Wick et al., 2017). NCBI Prokaryotic Genomes Annotation Pipeline (PGAP) was used to annotate assembled genome sequence and to identify genes related to conjugation (Tatusova et al., 2016). Antibiotic resistance genes and plasmid replicons were respectively identified by ResFinder v3.0 (Zankari et al., 2012) and PlasmidFinder v2.0 (Carattoli et al., 2014) from the Center for Genomic Epidemiology website5. Sequence reads for the whole-genome sequencing are available from the NCBI Sequence Read Archive (PRJNA655367).



IS Element Analysis

For analyzing the IS elements in K. pneumoniae R10-341, the IS element inserted into the mgrB gene in colistin resistant colonies was first identified by PCR and DNA sequencing. This IS element sequence was analyzed in ISfinder database6 and was named as ISKpn72 based on suggestion from ISfinder. The sequence of the ISKpn72 element was then aligned with the K. pneumoniae R10-341 genome sequence using BLASTn.

Amino acid sequences of transposases used in the phylogenetic tree analyses of the IS elements were downloaded from ISfinder database. Phylogenetic tree was constructed based on average distance using Jalview 2.11 (Waterhouse et al., 2009).



Conjugation Analysis

Since K. pneumoniae R10-341 is resistant to several antibiotics but is relatively sensitive to tetracycline, we constructed a tetracycline-resistant (TcR) E. coli K-12 strain as the recipient in conjugation experiment using a CRISPR/Cas9 system (Jiang et al., 2015). Briefly, the E. coli K-12 strain was first transformed with a Cas9 expressing plasmid pCas, and the sgRNA expressing plasmid pTargetF-EclacZ (targeting the lacZ gene) was then co-transformed with a DNA repairing fragment containing tetracycline-resistance gene from pACYC184 plasmid (Rose, 1988). The colonies resistant to tetracycline were screened. A single colony from 50 μg/ml tetracycline-containing LB agar plate was confirmed by DNA sequencing and was named as K12-TcR for subsequent conjugation tests.

Conjugation was performed by mixing an overnight donor (K. pneumoniae R10-341) and logarithmic phase recipient (K12-TcR) at a ratio of 4:1 in a total volume of 1 mL as described (Wu et al., 2019). The mixture was then concentrated and spotted onto LB agar without antibiotics at 37°C for 2–4 h to allow conjugation to occur. Since the pR10-341_2 plasmid contains streptomycin resistance gene (Table 1), the conjugated bacterial mixture was plated on LB agar containing 50 μg/ml tetracycline and 50 μg/ml streptomycin to screen for transconjugants carrying plasmid pR10-341_2. Transconjugants were confirmed by PCR using primers paired to K. pneumoniae R10-341 (Kpn-F-FR), K12-TcR (Ec-F-FR), and pR10-341_2 plasmid (P-F-FR), respectively.


TABLE 1. MIC values of different antibiotics to K. pneumoniae R10-341.
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RESULTS


Characterization of a Multi-Drug Resistant Klebsiella pneumoniae R10-341 Strain

The K. pneumoniae R10-341 strain was a clinical isolate from a sputum sample collected before antibiotic treatment from Tongji Hospital in Wuhan, China. This K. pneumoniae R10-341 strain was classified as ST11 and was resistant to different classes of antibiotics, including beta lactams, aminoglycosides, chloramphenicol, rifamycin, quinolones, sulfonamides and macrolides (summarized in Table 1). When testing the minimal inhibitory concentration (MIC) of colistin for this strain, we observed that some of the wells in the 96-well plate tested were resistant, while other wells showed colistin-sensitive phenotype (Figure 1). To exclude the possibility that the tested strain was a mixture of colistin sensitive and resistant, DNA sequences of known colistin resistance associated genes were tested in K. pneumoniae R10-341 parental strain. As summarized in Table 2, phoPQ, pmrAB, crrAB, and mgrB genes were the same as those in drug-sensitive strain, and the mcr1-8 genes could not be successfully amplified in K. pneumoniae R10-341 strain. To further exclude the possibility of bacterial contamination, we streaked the R10-341 strain onto LB plate and selected different single colonies. Similar results were obtained for all these single colonies (data not shown), which suggested that the appearance of colistin resistant colonies for K. pneumoniae R10-341 strain was due to a colistin heteroresistance (CHR).


[image: image]

FIGURE 1. Sensitivity test of the K. pneumoniae R10-341 strain to colistin. E. coli K-12 and K. pneumoniae 7097 were used as control strains. The depth of the color increases with the OD600 values.



TABLE 2. Genes related to colistin resistance in K. pneumoniae R10-341.
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Insertion of an IS4 Family Transposon Element Into mgrB Gene Generated Colistin-Resistant Colonies

To further characterize the K. pneumoniae R10-341 strain, we tested the growth of this strain on LB plates containing 100 μg/mL colistin. Consistent with MIC testing, some colonies (∼10–6) grew on the plate containing colistin, but no colonies were obtained from E. coli K-12 nor from another clinical isolate named K. pneumoniae 7097 on the colistin-containing plate (Figure 2A). To test the mechanism of this colistin resistance, we selected two colonies of the K. pneumoniae R10-341 strain from LB plate without colistin and then streaked onto LB plates containing 100 μg/mL colistin. Again, some colonies from both strains can grow on LB plates containing colistin. We then isolated four colonies from each of these two colistin-containing plates and sequenced the phoPQ, pmrAB, and mgrB genes (Figure 2B). Surprisingly, the amplified mgrB fragments from colistin-resistant colonies were all ∼1.4 kb longer than that from parental colistin-sensitive strains (Figures 2B,C).
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FIGURE 2. Insertion of an ISKpn72 transposon element into the mgrB gene in colistin-resistant strain. (A) Colonies of E. coli K-12, K. pneumoniae 7097 and K. pneumoniae R10-341 streaked on LB plates containing 100 μg/mL colistin. Each plate was streaked with 100 μL of logarithmic phase bacteria. As a control, 100 μL of 105 diluted bacteria was also spread onto LB plates without colistin. (B) Confirmation of acquisition of colistin resistance for the K. pneumoniae R10-341 strain. Two separated colistin-sensitive colonies were spread onto two LB plates containing 100 μg/mL colistin. Fragment insertions of the mgrB gene in four colonies from each plate were tested by PCR. (C) Insertion of the ISKpn72 element into the mgrB gene in K. pneumoniae R10-341 colistin-resistant colonies. (D) Phylogenetic tree of the IS elements based on amino acid sequences of transposases.


Next, we sequenced this ∼1.4 kb inserted fragment. Sequence alignment in the NCBI database showed this fragment encodes an IS4 family transposase. Further analysis of this ∼1.4 kb inserted fragment in ISfinder suggested that this insertion sequence could be named as ISKpn72 and classified into the IS10 group in the IS4 family, as its sequence is >95% identical to IS10R (Figure 2D). In accordance with this analysis, we identified 22 bp inverted repeats (IR) at both the left and right ends of this insertion fragment and 9 bp direct repeats (DR) around the insertion site (Figure 2C).



K. pneumoniae R10-341 Carries the ISKpn72 Element Both in the Chromosome and Plasmid DNA

The R10-341 strain can become colistin-resistant by inserting the ISKpn72 element into the mgrB gene, but we do not know the source of the ISKpn72 element. We therefore sequenced the genome of the original colistin-sensitive K. pneumoniae R10-341 strain. We obtained a 5.3 Mb chromosome DNA and two plasmid sequences (named pR10-341_1 and pR10-341_2, respectively), which are 5.3Mb, 10.06 kb, and 236.3 kb with G + C contents of 57.46, 55.07, and 52.72%, respectively. According to the PlasmidFinder database, pR10-341_1 and pR10-341_2 harbored ColRNAI and IncR replicon sequence, respectively. Several antibiotic resistance genes were identified both on the chromosome and plasmids, which were in consistent with our drug resistance tests (Table 1). Genome sequencing analysis confirmed that colistin-resistance related genes, including mgrB, phoPQ, and pmrAB, were all the same as the K. pneumoniae reference strain HS11286 (Genome accession: NC_016845), which further supports our hypothesis that the colistin-sensitive strain acquired resistance in the presence of colistin.

In searching for the ISKpn72 element sequence in the whole genome we obtained, we found 12 copies of this ISKpn72 element on the chromosome, and 1 copy on the plasmid pR10-341_2. Similar to that observed in the colistin-resistant R10-341 strain, all copies of the ISKpn72 element contain a pair of 22 bp-length imperfect terminal inverted repeats (IR) (Figure 3A). Surrounding the 12 copies of the ISKpn72 element located on the chromosome are 9-bp direct repeated (DR) sequences. In contrast, the plasmid encoding the ISKpn72 element only contains IR sequences but not the 9 bp-DR sequences (Figure 3A). Therefore, we assumed that the copy without DR on pR10-341_2 might be the root of all the ISKpn72 copies on the chromosome. These analyses suggested that the ISKpn72 element had already been inserted into the chromosome in the parental colistin-sensitive strain.
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FIGURE 3. Different types of ISs have different insertion efficiencies. (A) Schematic diagram of ISKpn72 elements located on chromosome and P2 plasmid. IR sequences are shown in blue and the DR sequences are indicated in orange. (B) Schematic diagram for cloning two forms of the ISKpn72 element into colistin-sensitive K. pneumoniae 7097 strain. (C) Acquired colistin-resistance for K. pneumoniae 7097 strain transformed with different ISKpn72 elements. Overnight grown bacteria were spread onto plates containing 100 μg/mL colistin, and bacterial colony forming unit (CFU) numbers were calculated. Representative data from two-independent experiments with four technique replicates are shown.




Both the DR-Containing and DR-Missing ISKpn72 Elements Can Be Inserted Into the mgrB Gene

Whether these existing ISKpn72 elements could be inserted into the mgrB gene to cause colistin-resistance is the next question. We transformed plasmids cloned with either the ISKpn72 element from pR10-341_2 or an ISKpn72 element from the K. pneumoniae R10-341 chromosome (named as ISpla and ISchr, respectively) into the colistin-sensitive strain K. pneumoniae 7097 (Figure 3B). In contrast to the parental K. pneumoniae 7097 strain, the transformation of the plasmid containing either ISpla or ISchr into this colistin-sensitive strain resulted in the growth of some colistin-resistant colonies. Colony forming units (CFU) on LB agar containing 100 μg/mL colistin revealed that the plasmid-derived ISKpn72 was more efficient than the chromosome-derived one in inserting into the mgrB gene to acquire colistin-resistance (Figure 3C). These data suggest that both ISpla and ISchr can be inserted into mgrB gene to acquire the colistin-resistance phenotype and ISpla without DRs had a higher efficiency.



The Resistance-Acquiring Mechanism May Be Potently Disseminated Among Bacteria

The next question is whether the ISKpn72 element on the pR10-341_2 plasmid could be horizontally transferred to acquire the colistin-resistant phenotype. Sequence alignment of the pR10-341_2 plasmid from the NCBI database showed high similarity to the conjugative multidrug resistant plasmid pR46-270 in a K. pneumoniae R46 isolate (GenBank: CP035776.1). Accordingly, a conjugative system consisting of tra, trb, and finO genes were encoded by the plasmid (Figure 4A). To confirm the transferability of the pR10-341_2, we used K. pneumoniae R10-341 as the donor and a tetracycline-resistant E. coli K12-TcR strain as the recipient to verify plasmid conjugation (Figure 4B). As expected, the E. coli K12-TcR strain containing the pR10-341_2 plasmid was successfully obtained (Figure 4C), suggesting the pR10-341_2 plasmid was transferable. Together, these results demonstrated that the K. pneumoniae R10-341 was able to disseminate the ability to switch from colistin-sensitive to resistant phenotype by transferring an IS containing plasmid.
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FIGURE 4. Transconjugation of the pR10-341_2 plasmid from K. pneumoniae R10-341. (A) Genes involved in mobility of the pR10-341_2 plasmid. (B) Strategy used in conjugation transfer analysis. (C) PCR confirmation of transconjugant. Data of amplified products for Ec-F, Kpn-F, and P2-F are shown.




DISCUSSION

Colistin-resistant bacteria are becoming an increasing threat to healthcare especially in hospitals (Antoniadou et al., 2007; Bogdanovich et al., 2011; Zhong et al., 2018; Nang et al., 2019). Previous studies have focused on mechanisms of drug-resistance and how to detect these resistant strains (Olaitan et al., 2014; Poirel et al., 2017). In this study, we identified a colistin-sensitive K. pneumoniae R10-341 strain with high frequency (∼10–6) of colistin heteroresistance. The K. pneumoniae R10-341 strain was classified as ST11, which is the most widely prevalent CRKP genotype in China and contains the blaKPC-2 gene, which encodes the KPC family carbapenem-hydrolyzing class A beta-lactamase (Qi et al., 2011; Liu et al., 2018). We showed that this K. pneumoniae R10-341 strain could transit from a colistin-sensitive to a resistant phenotype by the insertion of an ISKpn72 element into the mgrB gene. Importantly, we characterized this ISKpn72 element in a mobile plasmid, which showed high similarity to the conjugative plasmid pR46-270 (Wu et al., 2019). These analyses suggest that the ability of transiting from colistin-sensitive to resistant may be disseminated through plasmid transfer.

Heteroresistance has been reported to lead to failures in antibiotic treatment (Band et al., 2016; Band et al., 2019). In CRKP, colistin heteroresistance could be achieved by inserted inactivation and deletion or point mutations in mgrB, phoP, phoQ, lpxM, and yciM genes (Jayol et al., 2015; Halaby et al., 2016). Similar as previous studies, we found that the colistin heteroresistance in K. pneumoniae R10-341 was also caused by inactivation of chromosomal encoded mgrB gene, but we characterized that this inactivation was mediated by a mobile plasmid derived IS element. Therefore, our result is the first to report that the colistin heteroresistance is able to be transferred or spread via plasmid mobilization.

Colistin-resistance in K. pneumoniae can be achieved by chromosome- or plasmid-encoded genes (Ah et al., 2014; Olaitan et al., 2014; Rebelo et al., 2018). Chromosome-encoded mutations are considered to be stable (Gunn et al., 1998), while plasmid encoded mcr genes can be potentially transferred across bacterial species to cause direct colistin-resistance (Liu et al., 2016; Zhong et al., 2018). Being different from spreading of drug-resistance genes, we characterized the spread of the ability to become colistin-resistance via mobile plasmid. The ISKpn72-containing mobile plasmid enables the strain to transit from colistin-sensitive to resistant phenotype by inactivating the mgrB gene, which may also explain the widespread of mgrB gene inactivation in clinical samples (Cannatelli et al., 2014; Gaibani et al., 2014). Interestingly, all copies of the ISKpn72 element contain a pair of 22 bp-length imperfect terminal inverted repeats (IR), which is a characteristic feature of the IS element in bacteria (Rezsöhazy et al., 1993; Mahillon and Chandler, 1998); but only the 12 copies of the ISKpn72 element located on the chromosome contain 9-bp direct repeated (DR) sequences, which are considered as a marker of IS insertion (Mahillon and Chandler, 1998). These observations indicate that the copies of ISKpn72 on the chromosome are probably inserted from the DR-missing ISKpn72 element on the pR10-341_2 plasmid. In addition, we observed a colistin-resistance acquirement of ISchr transformers (Figure 3C), which indicated that the bacteria also can store the ability to become colistin-resistance by inserting IS in chromosome. The ability to transit to colistin-resistant can be both stored at chromosome and disseminated through mobile plasmids.

The mechanism of a mobile plasmid-mediated transfer of the ability to transit from a colistin-sensitive to resistant phenotype brings not only challenges to colistin-resistance detection, but also raises concerns to the use of colistin in clinical treatment. Firstly, this type of colistin-resistant phenotype was generated by the insertion of an ISKpn72 element into the mgrB gene, which means the parental strain may be mis-classified as colistin-sensitive in drug-resistant genotyping or phenotyping assays. Secondly, the ISKpn72 and other IS elements widely exist in prokaryotes (Mahillon and Chandler, 1998; Frost et al., 2005), suggesting transition to colistin-resistance may be widely occurred (Cannatelli et al., 2013, 2014). Different methods have been deployed for antibiotic resistance analysis and prediction, including traditional antimicrobial susceptibility testing (AST) (Jorgensen and Ferraro, 1998) and bioinformatics tools (Zankari et al., 2012; Boolchandani et al., 2019). It is still a challenge to identify whether a strain is able to acquiring inheritable or transmissible antibiotic-resistance, or under specific conditions due to the wide existence of IS elements. Additionally, the frequency of the ISKpn72 insertion into the mgrB gene characterized in our study can reach ∼10–6, indicating that the IS insertion, especially the IS4 family, should receive more attention in the clinical use of colistin.
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In the post-genomic era, molecular treatments and diagnostics have been envisioned as powerful techniques to tackle the antimicrobial resistance (AMR) crisis. Among the molecular approaches, aptamers and CRISPR-Cas have gained support due to their practicality, sensibility, and flexibility to interact with a variety of extra- and intracellular targets. Those characteristics enabled the development of quick and onsite diagnostic tools as well as alternative treatments for pan-resistant bacterial infections. Even with such potential, more studies are necessary to pave the way for their successful use against AMR. In this review, we highlight those two robust techniques and encourage researchers to refine them toward AMR. Also, we describe how aptamers and CRISPR-Cas can work together with the current diagnostic and treatment toolbox.
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ANTIBIOTIC RESISTANCE CRISIS

Despite antimicrobials’ impact on modern medicine since their introduction in the first part of the 19th century (Powers, 2004; CDC, 2019), resistant bacteria quickly emerged throughout the decades. Drug resistance to all available antibiotics has been detected in clinical bacteria, threatening all advances achieved within the antibiotic era and urging for alternative treatments (CDC, 2019).

Bacteria have developed resistance mechanisms to avoid, disrupt, eject, or resist the currently used antimicrobials (Box 1). They can be intrinsically resistant to antibiotics by using structural or functional inherent bacterial features or acquire resistance via genetic mutations or by horizontal transference of genetic elements (Blair et al., 2015; Munita and Arias, 2016).

The spread of bacterial resistance mechanisms has been much faster than the development of new treatments. New investments on antimicrobial research have been discouraged due to their elevated production costs and long-term development process (Adams and Brantner, 2010). On top of that, the misuse and over-prescription of antibiotics, which stem from uncertainties in diagnosis, contribute to the antimicrobial resistance (AMR) crisis escalation (Llor and Bjerrum, 2014; Malik and Bhattacharyya, 2019). The lack of rapid diagnostic tools directly affects initial treatment decisions, which might lead to empirical treatment guided only by clinical presentation (Fischer et al., 2004; Leekha et al., 2011).

Phenotypic-based diagnostics are currently considered as gold standards in AMR assessment. The “catch-all” resistance characteristic of phenotypic tests enables the evaluation of microbial susceptibility in a relatively unbiased way (Mitsakakis et al., 2018). Although efforts have been made to provide quick phenotypic tests (∼7 h) (Pancholi et al., 2018) to better guide antibiotic treatment, the most used techniques still require microorganism culture, with a turnaround time of around 18 h. This delays the availability of the AMR profiles, which might be accessible up to 72 h after sample collection (Leekha et al., 2011). Besides time-to-result limitation, phenotypic tests generally require laboratory structure (Mitsakakis et al., 2018). Therefore, quicker and accessible diagnostic tools are imperative to guide the first medical decisions regarding antimicrobial therapy prescription worldwide.



MOLECULAR APPROACHES

The search for more precise molecular diagnostic tools with quicker turnaround times has been encouraged to better guide clinical practice and public health policies. The recent global SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) outbreak has shown that in a matter of weeks, diagnostic centers have been overloaded with patients’ samples and quick result release is required for viral spread control. So far, until 21 December 2020, SARS-CoV-2 virus infected 75,704,857 individuals, with 1,690,061 deaths worldwide1. We dare to draw here a parallel between SARS-CoV-2 and the AMR crisis. Currently, AMR infections cause around 700,000 deaths per year (O’Neil, 2016). In both cases, an early diagnosis would give trustworthy information for discrimination and contention of the causative agent. With alarming death numbers, the exploration of alternative treatments and diagnostics comes into the spotlight as an attempt to revert the current scenario caused by AMR.

Different molecular tools have been employed as a diagnostic to identify infectious disease agents and their resistance profile. RT-qPCR (quantitative reverse transcription PCR) and NGS (Next-Generation Sequencing) have been currently playing a key role in the diagnostics of the SARS-CoV-2, different from what happened in the 2002 SARS outbreak (Sheridan, 2020). qPCR is also an outstanding tool for the molecular detection of antimicrobial resistance genes (ARGs) (Waseem et al., 2019) directly from patient samples such as urine, blood, and cerebrospinal fluid (Singh et al., 2017). In addition to qPCR, metagenomic, LAMP (Loop-mediated isothermal amplification), and whole genome sequencing approaches not only characterize pathogens at the species level but also detect ARGs (Zankari et al., 2012; Dekker, 2018; Ota et al., 2019).

The molecular diagnostic tools described above offer an abundant panel to recognize DNA and RNA of infectious microorganisms. Complementarily, proteomics- and metabolomics-based techniques have been gaining momentum into the clinical molecular diagnostic field, for instance, MALDI-TOF MS (Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry) (Patrinos et al., 2017). However, these tools require expensive equipment and laboratory structure, hampering their wide implementation as in loco diagnostic tools.


Box 1. Antimicrobial resistance mechanism.

Resistance mechanisms date back to thousands of years and have been probably used to endure the presence of toxic compounds present in nature—including antimicrobials derived from different microorganisms, while they also provide alternative cellular functions (Allen et al., 2010; D’costa et al., 2011). Bacteria can evade antimicrobials via reduction of drug intracellular concentration either by low membrane permeability or through antibiotic efflux; target modification by genetic mutation or post-translational modification; and inactivation of the antibiotic by hydrolysis or its modification (Blair et al., 2015). With the introduction and constant presence of antimicrobials in medical care, agriculture and animal health, the spread of resistant microorganisms and the evolution of their defense strategies have been accelerated (Figure 1; CDC, 2019). From all resistance mechanisms, genes responsible for antibiotic inactivation and target alteration (Figure 1 I and III, respectively) are commonly spread by plasmids and phage transduction (Munita and Arias, 2016; Calero-Caceres et al., 2019). Antibiotic inactivation is a usual strategy adopted for instance against beta-lactams and aminoglycosides. Beta-lactams can be hydrolyzed by enzymes encoded by the bla genes (beta-lactamase genes), such as blaTEM, blaKPC, and blaOXA. Aminoglycosides, by its turn, are chemically inactivated by mainly three biochemical reaction, named adenylation, acetylation, and phosphorylation catalyzed by the enzymes nucleotidyltransferases (ANT), acetyltransferases (AAC), and phosphotransferases (APH), respectively (Doi et al., 2016; Munita and Arias, 2016; Bush and Bradford, 2019). An advantage of the hydrolysis over the chemical alteration strategy is the requirement of water instead of chemical compounds as a co-substrate, which ease enzyme activity outside the cell. Target alteration can be achieved by four main strategies, affecting several antimicrobials (not limited to the examples), as follows: (i) Target protection. One of the best-studied examples involves the determinants Tet(M) and Tet(O), which confers resistance to tetracycline. They interact with the ribosome and dislodge the drug from its binding site. (ii) Mutation of the antimicrobial target site. The development of mutations in the chromosomal genes gyrA-gyrB and parC-parE codifying for DNA gyrase and topoisomerase IV, respectively, promotes resistance against fluoroquinolones. (iii) Enzymatic alteration. Macrolide resistance is acquired by erm genes (erythromycin ribosomal methylation), which codify enzymes responsible for 50S ribosomal subunit methylation. This alteration weakens the binding of the erythromycin to the ribosome. (iv) Replacement/bypass of the target. Beta-lactam resistance is frequently acquired by Gram-positive microorganisms via mecA gene. The gene encodes an exogen penicillin-binding protein (PBP2a) that has low affinity for the beta-lactams, opposite to what happens to endogen PBPs (Munita and Arias, 2016).
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FIGURE 1. Bacteria fight back antimicrobials. The main bacterial resistance mechanisms are displayed above. Of note, resistance against one class of antibiotics can be achieved using different strategies. For instance, resistance against beta-lactams can be caused by PBP2a (III), beta-lactamase (I), or by a combination of different mechanisms, i.e., reduction of porins (II) and the use of beta-lactamase (I). Also, efflux pumps can expel several antibiotic classes (IV) and are frequently present in multidrug resistance bacteria.


Aptamers and CRISPR-Cas (clustered repetitive interspaced short palindromic repeats, CRISPR-associated enzymes) systems have been slowly gaining support in clinical diagnosis and treatment of infectious diseases. Both can be employed as an onsite diagnostic tool with a quick turnaround time, which makes them more interesting than other methods targeting proteins or nucleic acids. Therefore, reviewing these two robust techniques attempts to encourage molecular biologist researchers to develop and refine clinical molecular tools against ARGs. Those methods do not necessarily intend to substitute the already implemented diagnostic approaches, but to stimulate their combination to circumvent antibiotic misuse. Also, their application in therapy will be reviewed to help paving the way for their use as treatments against multidrug-resistant agents.



APPLICATION OF APTAMERS INTO DETECTION AND NEUTRALIZATION OF AMR FACTORS

A substantial boost in aptamer application in research and clinical institutes has been noted worldwide (McKeague et al., 2015). Also called chemical antibodies (Toh et al., 2015), most aptamers interact with their targets in a constant equilibrium with binding affinities up to 1 pM (Ha et al., 2017). They offer a cheap large-scale production with chemical modifications, low or no immunogenicity, small size (close to 3 nm), flexibility in tridimensional structure, and great stability in different conditions of pH, temperature, and organic solvents (Yoon and Rossi, 2018). Also, aptamers interact with high sensitivity toward their targets, being able to discriminate a single amino acid mutation (Chen et al., 2015). Due to their small size, aptamers reach cavities that are often not accessible to monoclonal antibodies and, therefore, penetrate cell tissues more easily (Xiang et al., 2015). In this process, intracellular aptamers could be internalized by either a clathrin-dependent or -independent mechanism and co-localized in subcellular compartments, directly associated to its target, as reviewed in Yoon and Rossi (2018; Figure 2).
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FIGURE 2. Aptamer–target interactions in extra- and intracellular environments. (I) Aptamer recognizing cell membrane receptor or surface protein. The aptamer is uptaken into the cellular environment and can be located in some subcellular compartments such as lysosome, mitochondria, Golgi, and endoplasmic reticulum or guided to the nucleus in eukaryotic cells (Yoon and Rossi, 2018) or be stored into the cytoplasm of prokaryotic cells. (II) Cytosolic intracellular aptamers recognizing circulating proteins. (III) Nuclear intramers interacting directly with genetic elements. Aptamers’ uptake is mediated to the intracellular environment by a clathrin-dependent mechanism. Clathrin is a group of proteins present in membrane cavities that assist in membrane vesicle formation during the molecule internalization by endocytosis.


Single-stranded oligonucleotides can assume several secondary conformations such as hairpin, loop, pseudoknot, and G-quadruplex, which assure a unique folding for each sequence and allow interaction with specific sites (Yunn et al., 2015). DNA and RNA aptamers have similar binding characteristics, although DNA nucleotides have lower operating cost and offer greater stability than RNA, which in turn have greater versatility in their three-dimensional structures that directly affect target affinity.

Aptamer selection commonly occurs via a randomized process of systematic evolution of ligands by exponential enrichment (SELEX), firstly reported in 1990 (Ellington and Szostak, 1990; Tuerk and Gold, 1990). SELEX is based on iterative rounds of incubation of the oligonucleotide pool with the target, frequently divided into four stages: incubation, partition, recovery, and amplification. Also, aptamer–target affinity slowly increases alongside the rounds until the most specific aptamer is selected. SELEX allows greater versatility of binding conditions, which favors the adaptation of selected oligonucleotides to different cellular and non-cellular environments (McKeague et al., 2015).

Aptamer selection against many biological and chemical targets has been described (Qiao et al., 2018; Dalirirad and Steckl, 2020), along with its use in drug development (Esposito et al., 2018), bioimaging (Kim et al., 2019), food inspection (Duan et al., 2016), genetic modulation (Mol et al., 2019), and as a delivery vehicle (Zhuang et al., 2020). In antiviral therapy, G-3 aptamer dually inhibits HIV-1 cell replication both by blocking virus entrance via CCR5 receptor and by delivering a siRNA that decreases HIV-1 cytoplasmatic traffic (Zhou et al., 2015). Also, aptamers blocked quorum sensing and inhibited biofilm formation in Pseudomonas aeruginosa infections (Zhao et al., 2019). Even with many progresses, there is currently only one aptamer approved for clinical use, named pegaptanib. It is the main component of Macugen®, released by the FDA in 2004 to treat age-related macular degeneration (Gragoudas et al., 2004). Recently, there have been 10 therapeutic aptamers at different stages of clinical trials (Kaur et al., 2018), most of them employed to inhibit protein–protein interaction or act as antagonist (Yunn et al., 2015). To date, there is no aptamer currently approved by FDA for diagnostic purposes, even though they fit the quality standards of the diagnostic industry: affordable, sensitive, specific, user-friendly, and robust.

Different diagnostic devices based on aptamers have been proposed, including Aptamer-Linked Immobilized Sorbent Assay (ALISA), dot-blot, lateral-flow strips conjugated to nanomaterials, and the promising aptamer-based sensors (Stoltenburg et al., 2016; Shin et al., 2018; Su et al., 2018; Xiong et al., 2020). Aptasensors can be conjugated to a wide diversity of reporter molecules without modification of their activity (McKeague et al., 2015). Signal transducers commonly conjugated to aptasensors include but are not limited to colorimetric, electrochemical, and fluorescent approaches (Bai et al., 2017; Bayrac et al., 2017; Cai et al., 2019). Linking aptamer-based biosensors with nanomaterials can increase specificity and sensitivity of target binding up to 10-fold and offers a platform for rapid point-of-care diagnostic (<1 h) (Dalirirad and Steckl, 2020). Aptasensors have well-established protocols of chemical conjugation of aptamers with color or signal-transductor molecules, such as gold, silver, platinum, iron oxide nanoparticles, or carbon nanotubes and graphene oxide (Duan et al., 2016; Dehghani et al., 2018; Gao et al., 2018; Hua et al., 2018; Das et al., 2019a; Fan et al., 2020). The application of aptasensors for disease diagnosis has been tested in different samples, e.g., plasma and spiked nasal swab (Qiao et al., 2018), cultured bacteria (Maldonado et al., 2020), and urine and serum samples (Su et al., 2018). A lateral-flow paper strip conjugated with a gold nanoparticle aptamer-based sensor was developed to onsite detection of dopamine in urine samples (Dalirirad and Steckl, 2020).

When repurposed to bacteria, aptamers could recognize them by binding to antigens or cell surface receptors, or interacting with the whole cell through unknown targets (Tang et al., 2016; Song M. Y. et al., 2017; Shin et al., 2019). Although there are uncertainties concerning the mechanisms of aptamer uptake in bacteria, a report indicates that aptamers could traffic inside bacterial cells (Afrasiabi et al., 2020), similarly to what is shown in Figure 2. From 2016 to 2020, several papers have reported the use of aptamers applied to diagnostics of bacterial infections (Table 1). Nearly all studies employed biosensors based on DNA aptamers, which indicates that for diagnostic purposes, the DNA stability overcomes the advantage of tridimensional possibilities of RNA. It is worth mentioning that only three of these studies targeted resistant bacteria or products of ARGs. First, Fan et al. (2020) made a graphene-oxide aptasensor based on peroxidase-like activity for the detection of purified PBP2a protein, encoded by the mecA gene. Also, Maldonado et al. (2020) employed a fast and label-free photonic pegylated aptasensor that recognizes both pure PBP2a protein and methicillin-resistant Staphylococcus aureus (MRSA)-infected cells in culture. Finally, Qiao et al. (2018) detected PBP2a in S. aureus cells collected in clinical plasma and spiked nasal swab samples infected with MRSA strains using a single bacterial lysis step. Predominantly, the diagnostic approach using aptamer has been focusing on the detection of the whole cell instead of its biological specific components, such as proteins or toxins. Therefore, due to the well-established protein-SELEX approach, there is still room for finding highly specific aptamers that bind to proteins associated with ARGs and enrich the diagnostic toolbox.


TABLE 1. Report of literature aptamers applied in the diagnostic of bacterial infections from 2016 to 2020.
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CRISPR-Cas AS A TOOL AGAINST ANTIMICROBIAL-RESISTANT PATHOGENS

CRISPR-Cas is a ribonucleoprotein (RNP) prokaryotic complex present in 50% of the bacteria and in most archaea that behaves as a prokaryotic adaptive immune system (Makarova et al., 2015). The system confers protection against mobile genetic elements, i.e., bacteriophages, plasmids, and transposons in three coordinated phases: adaptation, CRISPR RNA (crRNA) biogenesis, and interference (Hille et al., 2018). Nearly all CRISPR-Cas system counts on an ingenious mechanism to prevent self-targeting. This includes the recognition of a short sequence called protospacer adjacent motif (PAM) during adaptation and interference stages, present only in foreign nucleic acids (Mojica et al., 2009; Marraffini and Sontheimer, 2010).

Based mainly on the signature Cas genes, the new classification of CRISPR-Cas systems includes two different classes, six types, and 33 subtypes (Makarova et al., 2020). The most widespread class 1 CRISPR-Cas comprises types I, III, and IV. It is characterized by effector complexes with multiple Cas proteins responsible for a coordinated action from pre-crRNA processing to target cleavage. By its turn, class 2 consists of types II, V, and VI, which contains a single-protein effector module able to recognize and cleave the targeting nucleic acid (Table 2; Makarova et al., 2020).


TABLE 2. General features of CRISPR-Cas systems based on the most well-characterized subtypes.

[image: Table 2]Upon unraveling the CRISPR-Cas potential of gene editing in an easier, cheaper, and flexible way compared to previously established tools [for instance, TALENs (transcription activator-like effector nucleases) and Zinc-finger nucleases], the systems have been quickly repurposed to the biomedical and biotechnology fields (Chen and Gao, 2014; Liu et al., 2018; Zhang et al., 2019; Li et al., 2020). Class 2 CRISPR-Cas has been an attractive option for gene editing as a result of the effector module’s simpler architecture when compared to class 1 (Makarova et al., 2020). Target specificity and cutting activity of the nucleases can be virtually programmed to any gene of interest by means of the short-length crRNA sequence. The engineering of a single-guide RNA (sgRNA) by fusing Cas9 crRNA and tracrRNA was a benchmark for gene editing (Jinek et al., 2012), but off-target effects still hold back CRISPR-Cas full potential. Several studies have tried to overcome this drawback by employing a plethora of modifications to increase the system specificity for gene editing (Kleinstiver et al., 2016; Slaymaker et al., 2016; Chen et al., 2017; Casini et al., 2018; Lee et al., 2018). Similarly, collateral effects of some Cas enzymes, i.e., the ability to indiscriminately (trans-) cleave ssDNA/ssRNA unleashed by site-specific DNA/RNA (cis-) bound by the crRNA, may also be a limitation for gene editing. However, here, this feature has been exploited for diagnostic purposes.

The collateral effect of Cas12 and Cas13 has been used as a key step to create several diagnostic platforms, such as DETECTR, HOLMES (both using Cas12), SHERLOCK, and CARMEN-Cas13 (the last two using Cas13) (Gootenberg et al., 2017; Chen et al., 2018; Li S. Y. et al., 2018; Ackerman et al., 2020). All platforms have similar diagnostic strategies, which involve the incubation of Cas enzymes (Cas12/Cas13) along with the target nucleic acid and fluorescent ssDNA/ssRNA reporters. By detecting the target nucleic acid, the Cas enzymes trans-cleave the quenched-fluorescent ssDNA/ssRNA reporters inserted into the platform, generating a robust fluorescent signal from around 1-h incubation (Figure 3) with a good correlation with PCR-based methods (Gootenberg et al., 2017; Chen et al., 2018; Gootenberg et al., 2018). In order to achieve attomolar sensitivity, the nucleic acid detection platforms were coupled to DNA amplification steps (i.e., PCR, recombinase polymerase amplification, and loop-mediated amplification) or reverse transcriptase combined with a DNA amplification step and T7 transcription for RNA targets (Gootenberg et al., 2017; Chen et al., 2018; Gootenberg et al., 2018; Li S. Y. et al., 2018; Ackerman et al., 2020; Broughton et al., 2020). To further enhance signal sensitivity, CRISPR type III effector nuclease Csm6, responsible for non-specific RNA degradation, can be combined with Cas13 activity (Gootenberg et al., 2018).
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FIGURE 3. CRISPR-Cas-based diagnostics. (I) A logic gate type “AND” of CRISPR-Cas12/13-based diagnostics. Amplified nucleic acid from patient samples can be used as input. Attomolar concentrations of RNA extracted from serum or urine samples could be detected. Without purification, Cas13 could detect RNA in samples containing up to 2% serum. The diagnostic could be performed also in cfDNA liquid biopsy samples and DNA extracted from anal swabs (Gootenberg et al., 2017; Chen et al., 2018; Gootenberg et al., 2018). A specific crRNA design to match a desired target, for instance, an antimicrobial resistance gene, is coupled with the Cas12/Cas13 as a second necessary input for the diagnostic. Once the target-positive sample is identified by the Cas12/Cas13-crRNA complex, the fluorescent output is generated. The fluorescent signal is a result of a collateral trans-cleavage of the quenched-fluorescent ssDNA/ssRNA by Cas12/Cas13, respectively. (II) CRISPR-Cas9 enrichment for NGS detection (Quan et al., 2019). (a) DNA or cDNA sequences containing the gene of interest (green); (b) blockage of DNA extremities; (c) CRISPR-Cas9 cleaves the target gene into fragments appropriately sized for NGS (yellow arrows); (d) ligation of universal sequencing adapters; (e) enrichment of the target sequence, which is now ready for NGS.


CARMEN-Cas13 and SHERLOCK have also been explored for multiplexing assays. The first one was specifically developed for this purpose and uses droplets containing either sample or detection solution, arranged pairwise. CARMEN can test more than 4500 crRNA–target pairs on a single microfluidic chip, which represents a simultaneous detection of around 170 agents (Ackerman et al., 2020). SHERLOCK, however, explored different trans-cleavage ssRNA preferences of Cas13 orthologs to develop a four-channel single-reaction multiplexing (Gootenberg et al., 2018). A different multiplexing strategy is employed by FLASH, a platform that uses Cas9 to enrich low-abundance targets from complex backgrounds (including clinical specimens) before NGS (Figure 3; Quan et al., 2019). Both CARMEN-Cas13 and FLASH offered an important multiplexing capacity but rely on robust laboratory structure, which may impar its implementation in less developed regions. SHERLOCK, however, has demonstrated its feasibility also as a paper-based test, which amplifies its potential to become a widely spread quick-and-cheap ($0.61 per test) diagnostic method (Gootenberg et al., 2017). The addition of an extra step called HUDSON before SHERLOCK protocol enabled the viral detection directly from bodily fluids, contributing to the creation of a field-deployable diagnostic platform (Myhrvold et al., 2018). Its efficiency to detect bacteria directly from patient samples, however, is yet to be defined. Also, SHERLOCK might benefit from Cas13 engineering in order to increase target preference options and therefore the multiplexing panel.

When focusing on ARGs, Klebsiella pneumoniae carbapenemase (KPC) and New Delhi metallo-β-lactamase (NDM) were precisely detected and distinguished from five clinical isolates of K. pneumoniae (Gootenberg et al., 2017). Also, HIV drug resistance mutations from 22 patient samples could be identified (Ackerman et al., 2020). As an advantage, these platforms offer a highly specific detection of single-nucleotide polymorphisms (SNPs), which can be valuable to precisely distinguish any desired resistance gene variant (Li S. Y. et al., 2018; Myhrvold et al., 2018).

Of note, the power of the platforms to face real-world challenges has been demonstrated with the detection of SARS-CoV-2 during the COVID-19 pandemic (Ackerman et al., 2020; Broughton et al., 2020) and with the FDA emergency authorization for CRISPR SARS-CoV-2 Rapid Diagnostic using SHERLOCK platform (Guglielmi, 2020).

When employed against AMR, CRISPR-Cas9, Cas3, and Cas13 have been explored as a powerful sequence-specific antimicrobial. Cell death is an expected outcome when sgRNA is directed to genes on the chromosome or plasmids containing a toxin–antitoxin system. For vectors without toxin–antitoxin, plasmid clearance or drastic copy number reduction can be achieved when targeting plasmids up to 300 copies/cell (Bikard et al., 2014; Citorik et al., 2014; Yosef et al., 2015; Kiga et al., 2020; Tagliaferri et al., 2020). Consequently to plasmid clearance in clinical isolates, other non-targeting ARGs harbored on the target vector were also eliminated, and antibiotic reusability could be confirmed in a Galleria mellonella infection model (Tagliaferri et al., 2020). Several variants or sub-variants of the resistance gene can be covered with one sgRNA/crRNA directed to a conserved genetic region (Kim et al., 2016; Tagliaferri et al., 2020), while selecting a sequence from a variable region may be a strategy to achieve a narrow-spectrum effect. CRISPR-Cas-mediated interference can also be fine-tuned according to the delivery approach. CRISPR-Cas delivery can be mediated by bacteriophages, and the specificity of phage–host interactions is an advantage when the target is placed in complex environments, such as microbiota (Bikard et al., 2014; Citorik et al., 2014; Yosef et al., 2015). Alternatively, the CRISPR-Cas system can be delivered via conjugative plasmid (Citorik et al., 2014; Rodrigues et al., 2019; Ruotsalainen et al., 2019). Opposite to the phage-mediated approach, lack of specific receptors for plasmid uptake during conjugation is considered as an advantage over phage delivery, as mutations in the receptors may lead to phage resistance. On the other hand, the conjugation rate is slower when compared to transduction (Ruotsalainen et al., 2019).



DISCUSSION AND FUTURE DIRECTIONS

Even with eminent demand, little has been explored of CRISPR-Cas and aptamer potential toward treatment of bacterial infection. As for CRISPR-Cas approach, Cas9 immunogenicity must be considered (Crudele and Chamberlain, 2018), as well as the definition of the most appropriate delivery method to optimize CRISPR-Cas effect in targeting bacteria within complex microbial communities. Environmental assessments may be required to evaluate risks involved on plasmid clearance and bacterial death, which can affect the frequency of non-targeting bacterial species and non-targeting plasmids. Also, with the ordinary or induced death of the targeting bacteria, CRISPR-Cas nucleic acid will naturally be released into the environment and strategies to prevent spread and horizontal transference of CRISPR-Cas system still need to be developed.

Important limitations of in vivo use of aptamers stem from their susceptibility to nuclease degradation and rapid elimination due to renal filtration, but chemical adjustments to the oligonucleotide structure have contributed to decrease those shortcomings (Rohloff et al., 2014). As an FDA-approved aptamer-based therapy is already a reality, we believe that the extension of this technology to other fields, including AMR, is a matter of time.

In contrast to treatment application, CRISPR-Cas-mediated diagnostic has been recently FDA-approved for detecting SARS-CoV-2, paving the way for further applications. Its high scalability and multiplexing properties are of great value for the detection and surveillance of the wide varieties of ARGs. A limitation of this approach is the target of either DNA or RNA, which confirms the presence but not the functionality of the ARGs. Aptamers by their turn target ARG products, but in order to be used as an independent diagnostic tool, increased sensitivity to attomolar levels may be required to bacterial detection in bloodstream (Kelley, 2017). As a counterpoint, the target flexibility of CRISPR-Cas, its simplicity, and the rational design of sgRNA/crRNA can be an advantage over the more complex and randomized process of aptamer selection.

We envisioned that, in the near future, CRISPR-Cas and aptamers can be combined to treat and/or diagnose resistant bacterial infections due to their aforementioned complementary characteristics. Together, those strategies have already shown to reduce CRISPR-Cas-related off-target effects in the HEK293 cell line (Zhao et al., 2020) and to increase the delivery selectivity in liver cells (Zhuang et al., 2020), and the combination was a powerful and reliable molecular sensor able to detect nasopharyngeal carcinoma biomarkers (Li et al., 2021). Whether their combined characteristics will also be beneficial for AMR diagnostics and for treating infections caused by resistant bacteria is yet to be determined. A recent study developed a strategy to recognize surface proteins on MRSA strains by aptamer and CRISPR-Cas12a-assisted rolling circle amplification (Xu et al., 2020). Still, there is a gallery of CRISPR-Cas/aptamer combinations and target bacteria to be tested, as well as further optimizations to achieve attomolar sensitivity.

Studies employing aptamer and CRISPR-Cas for diagnostics have demonstrated their ability to provide shorter turnaround time results than the gold standard AMR phenotypic tests, which can take up to 72 h to be released. This, along with the possibility of developing paper-based diagnostics, highlights the techniques’ potential to be employed as a first guidance to clinical decisions related to antimicrobial use. Altogether, the molecular approaches may offer a suitable solution to circumvent antibiotic misuse in the first antibiotic prescription, currently guided only by empirical decisions.
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The emergence and prevalence of tigecycline-resistant Klebsiella pneumoniae have seriously compromised the effectiveness of antimicrobial agents in the treatment of infections. To explore the role of the plasmid-borne tet(A) gene in tigecycline resistance in carbapenem-resistant K. pneumoniae (CRKP), a total of 63 CRKP isolates were collected from a tertiary hospital in Hangzhou, China. The minimum inhibitory concentration (MIC) of tigecycline, mutation rate of tet(A) gene, genetic surroundings of tet(A)-carrying transmissible plasmid and the contribution of tet(A) mutation to tigecycline resistance were analyzed using antimicrobial susceptibility test, whole-genome sequencing, tigecycline resistance evolution experiment, and plasmid conjugation experiment. Our results showed that 52.4% (33 isolates) of the test isolates carried the tet(A) gene; among them, 75.8% (25 isolates) exhibited a tigecycline non-susceptible phenotype (MIC = 4 mg/L). Three clonal groups (cluster I, cluster II, and cluster III) were identified in these tet(A)-bearing isolates. All 17 isolates belonged to serotype KL21 (cluster I), which differed by only 13 SNPs, suggesting a clonal spread of tet(A)-positive ST11 K. pneumoniae with serotype KL21 occurred in the sampling hospital. The induction of tigecycline resistance experiments showed that 71.4% of strains evolved tet(A) mutations and developed a high-level tigecycline resistance. Eight amino acid substitutions were identified in these mutants. The most common amino acid substitution was A370V, followed by S251A and G300E. Twelve isolates carrying tet(A) mutants succeeded in the filter mating experiment with a conjugation efficiency of 10–3–10–8. Tigecycline MICs in E. coli EC600 transconjugants with a mutated tet(A) were 2 to 8-fold higher than those in E. coli EC600 transconjugants with a wild-type tet(A). One ColRNAI/IncFII type and two IncFII type tet(A)-bearing conjugative plasmids were identified in this study, including a class 1 integron containing multiple antibiotic resistance genes, i.e., tet(A), qnrS1, blaLAP–2, catA2, sul2, and dfrA14. Our study revealed the wide-spread situation of plasmid-borne tet(A) gene in clinical CRKP, and mutation of tet(A) is a potential driven force that lead to tigecycline resistance.
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INTRODUCTION

Carbapenem-resistant Klebsiella pneumoniae (CRKP) is currently a substantial threat to public health worldwide. CRKP can cause a variety of infections, such as pneumonia, liver abscess, urinary tract infection, and bloodstream infection. CRKP often carry multiple antimicrobial resistance genes in the chromosome and plasmids, enabling the strain to be resistant to almost all antibiotics, except colistin and tigecycline. Tigecycline, the first glycylcycline drug, is an extended-spectrum antibiotic that inhibits protein synthesis by binding to the 30S ribosome and can overcome the mechanisms of tetracycline resistance (Pankey, 2005).

Antibiotics that can treat CRKP infections are limited. Tigecycline remains an important treatment method for CRKP. However, tigecycline resistance has emerged since the approval of this antibiotic and has been reported frequently in Enterobacteriaceae (Hoban et al., 2005). Previous reports have shown that overexpression of resistance-nodulation-cell division (RND)-type efflux pumps is associated with tigecycline resistance in Enterobacteriaceae, such as AcrAB (Ruzin et al., 2005; Keeney et al., 2007; Bratu et al., 2009; He et al., 2015). Ribosomal protein mutation (via the rpsJ gene) has also been reported to cause tigecycline resistance in Enterobacteriaceae (Beabout et al., 2015; He et al., 2018; Xu et al., 2020). Recently, the plasmid-mediated mobile tigecycline resistance gene tet(X4) and its variants has been reported in Enterobacteriaceae (He et al., 2019; Sun et al., 2019). However, this gene has most often been reported in Escherichia coli strains (Zhang et al., 2020), and its role in K. pneumoniae is limited.

In 2018, we reported the first case of tigecycline resistance in CRKP mediated by tet(A) evolution in vivo during tigecycline treatment (Du et al., 2018). Previously, Linkevicius et al. (2016) observed that evolutionary changes in tet(A) can cause tigecycline resistance in E. coli in vitro. Chiu et al. (2017) considered widespread mutated tet(A) gene to be concerning for the possible dissemination of tigecycline resistance in K. pneumoniae. To explore the role of tet(A) in tigecycline resistance in clinical CRKP isolates, tigecycline minimum inhibitory concentration (MIC) distribution, tet(A)-bearing rate, tet(A) mutation rate and transmission ability of clinical CRKP isolates were analyzed through antimicrobial susceptibility tests, whole genome sequencing, bioinformatics analysis, and plasmid conjugation experiments.



MATERIALS AND METHODS


CRKP Clinical Isolates

A total of 63 non-repetitive CRKP clinical strains were continuously collected from April 1st to May 30th in 2018 at a tertiary hospital in Hangzhou, China. Strains from different specimens of the same patient or specimens collected from the same patient at different times were considered to be duplicate strains, and only the first strain was selected for subsequent research. Supplementary Figure 1 outlined the detailed specimen collection information. All of the isolates were identified using the VITEK MS system (bioMérieux, Marcy-l’Étoile, France). The carbapenem resistance genes, blaKPC and blaNDM, as well as the tetracycline resistance gene, tet(A), were amplified by PCR and further sent for Sanger sequencing.



Antimicrobial Susceptibility Test

Antimicrobial susceptibility testing was conducted using standard broth microdilution tests and the VITEK 2 system (bioMérieux) with Gram-negative antimicrobial susceptibility testing cards (AST-GN13) following the guidelines of the Clinical and Laboratory Standards Institute (CLSI). Antimicrobial agents: amoxicillin/clavulanate, ceftriaxone, cefepime, cefoxitin, aztreonam, piperacillin/tazobactam, imipenem, meropenem, amikacin, levofloxacin, sulfamethoxazole/trimethoprim, colistin, and tigecycline were used in the test. Antimicrobial susceptibility was determined using breakpoints approved by the CLSI (2019). For tigecycline MIC detection, standard broth microdilution tests were adopted with fresh (<12 h) Mueller-Hinton broth (Cation-adjusted, Oxoid Ltd., Basingstoke, Hampshire, United Kingdom). E. coli ATCC 25922 was used for quality control. As there are no CLSI breakpoints for tigecycline, the FDA standard was adopted1. The interpretation of colistin MIC was follow by the EUCAST guideline (Breakpoints for 2021)2.



Quantitative Real-Time PCR

mRNA expression levels of the efflux pump genes, acrA and acrB, in tigecycline-resistant isolates were examined by quantitative real-time PCR according to our previously published paper (He et al., 2015). The relative expression of each target gene was calibrated against the corresponding expression of K. pneumoniae type strain ATCC 13883 (expression = 1), which served as a control with a tigecycline MIC of 0.125 mg/L. Relative expression levels of the two genes were analyzed by the 2–Δ Δ CT analytical method.



Whole-Genome Sequencing

Isolates confirmed to possess the tet(A) gene or resistance to tigecycline were sent for whole-genome sequencing using the Illumina NovaSeq 6000 platform (Illumina Inc., San Diego, CA, United States). In brief, genomic DNA was extracted using a QIAamp DNA Mini Kit (Qiagen, Valencia, CA, United States) and sent for sequencing using the paired-end 2 × 150-bp protocol. The draft genome sequences were assembled using SPAdes 3.13.0. Three strains with tet(A) mutants (CRKP52R, CRKP66R, and CRKP78R) were further sent for Nanopore sequencing with a long-read MinION sequencer (Nanopore, Oxford, United Kingdom). Both short Illumina reads and long MinION reads were hybrid assembled using Unicycler (v0.4.7). Complete genome sequences were generated and automatically annotated by the NCBI Prokaryotic Genome Annotation Pipeline (PGAP) server.



Genomic and Phylogenetic Relationship Analysis of tet(A)-Positive Isolates

MLST, acquired antibiotic resistance genes (ARGs) and plasmid replicons were analyzed using the BacWGSTdb 2.0 server (Ruan and Feng, 2016; Feng et al., 2020; Ruan et al., 2020). The phylogenetic relationship between tet(A)-carrying isolates was analyzed using the (neighbor joining (NJ))/unweighted pair group method with arithmetic mean (UPGMA) phylogeny method (MAFFT version 7) based on a core genome single nucleotide polymorphism strategy (Katoh et al., 2019). A phylogenetic tree was constructed using the resulting SNPs with recombination regions removed using the maximum parsimony algorithm (Jia et al., 2019). The KL type of K. pneumoniae was predicted by Kaptive Web (Wick et al., 2018).



Tigecycline Resistance Evolution Experiment in vitro

Wild-type tet(A)-carrying CRKP clinical isolates were used as parental strains in tigecycline resistance evolution experiments in vitro. Tigecycline-resistant mutants were selected by successive passages in MH broth containing increasing concentrations of tigecycline. In brief, one single clone of the parental strain was inoculated in MH broth overnight, and 200 μL of overnight cultures was added to 2 mL of fresh MH broth containing serial concentrations of tigecycline. The selective concentration began at 0.5 mg/L and doubled every 24 h. The protocol was repeated until the mutants grew at a tigecycline concentration of 32 mg/L.



Conjugation Experiment and VITEK MS Identification

Tigecycline-resistant tet(A) mutants obtained from tigecycline resistance evolution experiments and their parental strains with wild-type tet(A) were used as donors, and rifampicin-resistant E. coli EC600 was used as the recipient. Transconjugants were selected on MH agar plates supplemented with tetracycline (16 mg/L) and rifampicin (600 mg/L). E. coli EC600 transconjugants were identified using the VITEK MS system, and tet(A) gene mutations were further confirmed by PCR and Sanger sequencing. The conjugation efficiency was measured and calculated following the protocol in https://openwetware.org/wiki/conjugation.



Characterization of the tet(A)-Bearing Plasmid and Genetic Background of tet(A)

Circular comparisons of the tet(A)-carrying plasmid were conducted with BLAST Ring Image Generator (BRIG) based on concentric rings (Alikhan et al., 2011). Insertion elements (ISs) located on the plasmids were predicted by application of ISfinder (Siguier et al., 2006). Integrative and conjugative elements (ICEs) were predicted using ICEberg (Liu et al., 2019). The genetic location and background of tet(A) were determined by aligning the contigs carrying tet(A) with complete genome sequences generated in this study using CLC Genomics Workbench 10.0.1.



Nucleotide Sequence Accession Numbers

We deposited the complete sequences of the CRKP52R, CRKP66R, and CRKP78R K. pneumoniae strains and plasmids in GenBank under accession numbers CP066249-CP066253, CP063833-CP063838, and CP066254-CP066259. The draft genome sequences of 33 tet(A)-positive strains were deposited in GenBank under accession numbers JAEQKY000000000-JAEQME000000000. The sequence with GenBank accession number AJ517790 was used as the reference for the wild-type tet(A) gene with the primary start codon of GTG.



RESULTS


Tigecycline MIC Distribution and Mutations in rpsJ, ramR, and tet(A)

The antimicrobial susceptibility testing results are presented in Supplementary Table 1. All isolates were multidrug resistant bacteria with a resistance rate greater than 85% compared to β-lactams, quinolones and aminoglycosides but were still highly sensitive to colistin. The tigecycline MIC distribution of the 63 isolates is presented in Figure 1A. All 63 isolates carried blaKPC–2 gene, and the in silico MLST analysis showed that all strains, except three ST437 strains, one ST751 strain, and one ST15 strain, belonged to ST11. The highest MIC was 16 mg/L for isolate CRKP65, and further WGS results showed that this isolate did not harbor the tet(A) gene but had a rpsJ mutation (V57L). One isolate, namely, CRKP26, had a tigecycline MIC of 8 mg/L. Further WGS results showed that this strain had a ramR mutation (GATCCTG insertion at 222–223 resulted in frameshift mutation) and high expression of the RND efflux pump, AcrAB (Table 1), but did not harbor the tet(A) gene. Twenty-six isolates had a MIC of 4 mg/L, and among these, 25 isolates harbored wild-type tet(A). According to the FDA standard (MIC >2 mg/L for tigecycline non-susceptible), there were 28 tigecycline non-susceptible isolates, and the non-susceptible rate was 44.4%. The expression levels of the RND efflux pump genes, acrA and acrB, as well as the mutations in rpsJ, ramR, and tet(A) in tigecycline non-susceptible isolates are presented in Table 1. Four isolates (CRKP5, CRKP15, CRKP21, and CRKP26) had a high expression (two-fold increase compare to reference strain) of the AcrAB efflux pump.
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FIGURE 1. Tigecycline MIC distributions of 63 CRKP clinical isolates and 33 tet(A)-bearing isolates.



TABLE 1. Expression levels of the acrA and acrB efflux pump genes and mutation of rpsJ, ramR, and tet(A) in tigecycline non-susceptible isolates.
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Characterizations of tet(A)-Positive Isolates and Phylogenetic Analysis

The PCR and Sanger sequencing results showed that 33 of the 63 isolates (52.4%) carried the tet(A) gene, all of which were wild-type. The tigecycline MIC distribution of the 33 tet(A)-positive isolates is presented in Figure 1B, and there were 25 isolates with MIC 4 mg/L (75.8%) and eight isolates (24.2%) with MIC 2 mg/L. Compared with tet(A)-negative isolates, the tigecycline MIC is generally increased by two-fold. All 33 isolates belonged to ST11. The antimicrobial resistance genes and serotype based on WGS data of these 33 tet(A)-bearing isolates are presented in Figure 2. In total, 16 antimicrobial resistance genes were found in these isolates, including blaKPC–2, blaLAP–2, blaTEM–1B, fosA, qnrS1, rmtB, tet(A), blaCTX–M–15, blaCTX–M–65, blaSHV–11, blaSHV–12, aadA2, dfrA14, catA2, fosA3, and sul2. These isolates were divided into two serotypes (KL21 and KL64). The phylogenetic tree is presented in Figure 2, and SNP differences are presented in Supplementary Figure 2. Three clonal clusters (cluster I, cluster II, and cluster III) were identified. All 17 isolates belonged to serotype KL21 (cluster I), which differed with 13 SNPs. According to the relatedness criteria recommended for SNP typing schemes of K. pneumoniae reported by Schürch et al. (2018), a difference of SNPs ≤18 represents epidemiologically related. Therefore, a clonal spread of tet(A)-positive ST11 K. pneumoniae with serotype KL21 occurred in the sampling hospital.
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FIGURE 2. Phylogenetic relationship, antimicrobial resistance genes and serotype analysis based on WGS data of 33 tet(A)-bearing CRKP isolates. The cells in different colors indicate the presence of the antimicrobial resistance gene, while the blank cells indicate the absence of the gene. The color of each circle indicates a distinct capsular serotype.




Mutations of tet(A) in the Tigecycline Resistance Evolution Experiment

All 33 wild-type tet(A)-carrying CRKP isolates were subjected to tigecycline resistance evolution experiments in vitro. Under successive passages of tigecycline induction in MH broth for approximately 2 weeks, 28 isolates were induced to develop resistance with a tigecycline MIC ≥32 mg/L. PCR and Sanger sequencing detected 20 of the 28 isolates that evolved tet(A) mutations (Table 2), and the mutation rate was 71.4%. The following eight amino acid substitutions were identified in these mutants: A264V, I248L, A370V, S251A, G300E, G300V, A53G, and G237V. The most common amino acid substitution was A370V, which appeared six times, followed by S251A and G300E (appeared four times each). All 20 tet(A) mutants were subjected to conjugation experiments in which they were used as donors, and E. coli EC600 was the recipient. Twelve mutants succeeded in the conjugation experiment, and the conjugation efficiency was at a frequency of 10–3–10–8 (Table 2). The MICs of tigecycline and tetracycline of E. coli EC600 transconjugants of tet(A) mutants and wild-type tet(A) are presented in Table 2. In general, tigecycline MICs in E. coli EC600 transconjugants of mutated tet(A) were 2- to 8-fold higher than E. coli EC600 transconjugants of wild-type tet(A), and the MICs of tetracycline also increased in eight strains.


TABLE 2. Tigecycline and tetracycline MICs of E. coli EC600 transconjugants of tet(A) mutants or wild-type tet(A).
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Characterization of the tet(A)-Bearing Plasmid and Genetic Background of tet(A)

The complete genome sequences of three tet(A) mutants (CRKP52R, CRKP66R, and CRKP78R) were obtained using Nanopore sequencing. CRKP52R, CRKP66R, and CRKP78R were tigecycline-resistant tet(A) mutants collected in the tigecycline resistance evolution experiment. The parental strains of CRKP52R, CRKP66R, and CRKP78R were K. pneumoniae strains CRKP52, CRKP66, and CRKP78, respectively. tet(A) was located on plasmids in these strains, and three tet(A)-bearing plasmids were identified in CRKP52R, CRKP66R, and CRKP78R. The plasmid from CRKP52R was a ColRNAI/IncFII plasmid that was 99,066 bp in size and was designated pCRKP52R-4-tetA. Plasmids from CRKP66R and CRKP78R belonged to the IncFII type with sizes of 87,095 and 86,962 bp, and they were designated pCRKP66R-4-tetA and pCRKP78R-4-tetA, respectively (Table 3). Similar tet(A)-bearing plasmids in the NCBI GenBank database were searched with the Basic Local Alignment Search Tool (BLAST). We found that IncFII-type and IncFIB-type plasmids with sizes of approximately 90 and 120 kb were common plasmids carrying tet(A) in K. pneumoniae (Table 3). The similarity of the plasmid backbone of these plasmids is presented in Figure 3. These IncFII-type plasmids have a plasmid backbone similar to that of ARGs, including qnrS1, blaLAP–2, tet(A), catA2, sul2, and dfrA14. The tet(A) genes in the pCRKP52R-4-tetA plasmid were flanked by the qnrS1 and blaLAP–2 resistance genes on the left and the catA2, sul2, and dfrA14 resistance genes on the right, and they were all located in ICEs ranging from 11 to 99 kb in size (Figure 3). One class 1 integron (IntI1) was identified in pCRKP52R-4-tetA (from 18944 to 46168 bp), pCRKP66R-4-tetA, and pCRKP78R-4-tetA (Figure 4). This integron contains multiple ARGs, including tet(A). The tet(A) gene was located in the genetic environment, IS26-tetR-tet(A)-eamA-orf-TnAs1, suggesting that it was acquired by horizontal gene transfer with mobilizable transposons.


TABLE 3. Detailed information of tet(A)-bearing plasmids obtained in this study and the NCBI database.
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FIGURE 3. Plasmid backbone comparisons of tet(A)-carrying plasmids. Plasmid information is presented in Table 3. ARGs are indicated in red.
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FIGURE 4. Alignment of integrative elements with tet(A) in the pCRKP52R-4-tetA, pCRKP66R-4-tetA, pCRKP78R-4-tetA, and pKP18-2079_tetA plasmids. Resistance genes are indicated in red, and int1 is indicated in purple. IS elements are indicated in pink, and all other ORFs are indicated in blue.




DISCUSSION

Carbapenem-resistant K. pneumoniae has emerged as an important pathogen worldwide, and the emergence of tigecycline and colistin resistance makes clinical treatment difficult. According to the data obtained in this study, 52.4% of the tested isolates carried the wild-type tet(A) gene. Among these isolates, 75.8% of these tet(A)-bearing isolates exhibited a tigecycline non-susceptible phenotype. No mutations of rpsJ and ramR genes were identified in these isolates. We also searched the plasmid-encoded RND efflux pump genes tmexCD1-toprJ1 in the genome of these strains, but no related genes were found. Compared with tet(A)-negative isolates, the tigecycline MIC was generally increased by approximately two-fold in these wild-type tet(A)-bearing isolates. Except for three isolates (CRKP5, CRKP15, and CRKP21) had a high expression of the AcrAB efflux pump (Table 1), we considered that other undiscovered mechanisms may be utilized in these isolates that work together with wild-type tet(A) to mediate tigecycline non-susceptibility. A recent study reported that TetA in synergy with RND-type efflux transporters contribute to tigecycline resistance in Acinetobacter baumannii (Foong et al., 2020). This synergy may also exist in K. pneumoniae, which warrant further investigation.

tet(A) is a MFS family efflux pump, and mutation in tet(A) might result in increased accumulation of tigecycline as a substrate, thus contributing to tigecycline resistance (Linkevicius et al., 2016; Chiu et al., 2017). tet(A)-bearing K. pneumoniae tended to more easily evolve tigecycline resistance under selective pressure as 71.4% of the strains evolved tet(A) mutations and developed high-level tigecycline resistance in our tigecycline resistance evolution experiment in vitro. We have previously confirmed the contribution of the S251A Tet(A) variant to tigecycline resistance by transformation experiments (Du et al., 2018). Linkevicius et al. (2016) also confirmed that tet(A) mutants of I235F, I248L, S251A, and G300E show increased tigecycline MICs compared to the unmutagenized control. We further conducted transformation experiments on several other mutants (A264V, A370V, G300V, and A53G) identified in this study, and we found these mutants increased the tigecycline MIC in E. coli DH5α by 2 to 4-fold compared to the wild-type tet(A) control. The degree of tigecycline MIC increase in E. coli EC600 transconjugants of tet(A) mutants was diverse (Table 2), especially for a few transconjugants harboring the same mutation site (e.g., CRKP29, CRKP38, and CRKP78). Linkevicius et al. (2016) confirmed that the magnitude increase of tigecycline MIC depends on the expression level of the tet(A) mutant. Thus, we speculated that the difference of the tet(A) mutant expression level may be due to the diverse tigecycline MICs in these E. coli EC600 transconjugants. tet(A) mutants are often located in different types of plasmids, and these plasmids have different promoter and regulatory sequences that may result in different expression levels of tet(A).

Multiple types of tet(A)-bearing plasmids were retrieved from the NCBI GenBank database, and circular comparison analysis revealed that they have some similar structures, suggesting that genetic exchange and recombination among different types of tet(A)-bearing plasmids have occurred (Ribera et al., 2003; Szmolka et al., 2015; Yao et al., 2020). In the three tet(A)-bearing plasmids obtained in this study, one class 1 integron containing multiple ARGs, including tet(A), was detected. In addition, tet(A) mutation occurring under selective pressure may lead to tigecycline treatment failure. Zhang et al. (2019) reported the coexistence of mcr-1 and the tet(A) variant on the same plasmid from a K. pneumoniae isolate in human gut, and Yao et al. (2020) also reported an IncFII plasmid co-harboring blaIMP–26 and tet(A) variant in a clinical K. pneumoniae isolate. It seems that tet(A) mutants can not only occur in blaKPC–2-carrying plasmids, but also form fusion plasmids with other carbapenem resistance genes and mcr gene, which will cause a higher transmission risk of simultaneous resistance to carbapenem, colistin and tigecycline. The emergence and spread of such fusion plasmid needs our attention.



CONCLUSION

In conclusion, our study revealed the wide-spread of plasmid-borne tet(A) gene in clinical CRKP, and mutation of tet(A) is a potential threat that lead to tigecycline resistance. More attention should be devoted to monitoring the spread of plasmid-borne tet(A) in K. pneumoniae clinical isolates, especially the emergence of tet(A) mutants. Strict administration of tigecycline and classification management of antibiotics must be carried out with precautions.
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Non-typhoidal Salmonella (NTS) typically causes self-limiting diarrheal disease but may occasionally lead to invasive infection. This study investigated the epidemiology and antimicrobial resistance of children with NTS infection between 2012 and 2019. We retrospectively analyzed pediatric patients with NTS infections, confirmed by positive cultures, in a tertiary medical center in Taiwan in 2012 and 2019. Clinical features and laboratory data of the patients were collected. Changes in the serogroup category and antimicrobial resistance were also analyzed. Of the total 797 isolates collected, 55 had NTS bacteremia. Compared with the resistance rates in 2012, the rates of resistances to third-generation cephalosporin and ciprofloxacin were significantly higher in 2019 (4.1% vs 14.3%, P < 0.001; 1.9% vs 28.6%, P < 0.001), especially in groups B, D, and E. Moreover, we observed significantly higher antimicrobial resistance (25.3%) to third-generation cephalosporin, and approximately half the NTS isolates in the infant group were multidrug resistant – a higher rate than those of other age groups in 2019. Invasive NTS often presented with a longer fever duration, lower hemoglobin level and with no elevated C-reactive protein (P < 0.05). Non-invasive NTS isolates in 2019 were significantly more resistant to ceftriaxone (P < 0.001) and ciprofloxacin (P < 0.001) than those in 2012. The antimicrobial resistance of NTS in children has increased progressively in the past decade, and different serogroups exhibited different resistance patterns. During this period, infants showed the highest risk to get a third-generation cephalosporin-resistant NTS infection. The high rates of antimicrobial resistance among children with NTS in Taiwan merit continual surveillance.
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INTRODUCTION

Non-typhoidal Salmonella (NTS) infection is a global public health concern; it results in a considerable disease burden in both industrialized and developing countries (Majowicz et al., 2010; Kyu et al., 2018; Roth et al., 2018; Stanaway et al., 2019). NTS typically causes self-limiting diarrheal disease and may also result in invasive NTS (iNTS) infection (Katiyo et al., 2019). Approximately 5% of individuals with NTS infection develop invasive diseases, such as bacteremia, meningitis, or septic arthritis, which are especially common in young infants or patients with compromised immune systems (Hohmann, 2001; Feasey et al., 2012). Antimicrobial agents are not recommended for non-severe NTS diarrhea, but they are recommended for people at risk of severe or invasive infection (Ke et al., 2020).

Antimicrobial therapy is the first-line therapy for treating patients with NTS with invasive diseases (Tsai et al., 2011). However, the recognition of NTS bacteremia in children before culture is challenging and rarely reported. Furthermore, resistance to antimicrobial agents has increased worldwide, including in Taiwan (Su et al., 2011; James et al., 2018; Chang et al., 2020). Resistant NTS infection has been reported to be correlated with higher morbidity and mortality (Angelo et al., 2016). Therefore, awareness of changes in antimicrobial resistance and the clinical characteristics of NTS is essential for physicians to arrange effective therapeutic plans to prevent complications.

This study investigated the changing trend of antimicrobial resistance and serogroup distribution in children in northern Taiwan between 2012 and 2019 and the risk factors associated with invasive NTS infection.



MATERIALS AND METHODS


Study Population and Data Collection

The secular trend of antimicrobial resistance of NTS in Chang Gung Memorial Hospital is shown in Figure 1. The study enrolled patients aged < 18 years with NTS infection, confirmed by a positive culture, in Chang Gung Memorial Hospital, Linkou, Taiwan, in 2012 and 2019. We retrospectively collected demographic data and clinical characteristics, including patient age, sex, treatment, outcome, serogroup category, and antimicrobial susceptibility from the medical records. In Taiwan, the pediatrician cares patients under 18 of age. In addition, diarrhea is the main cause of morbidity of children under 5 years of age. We stratified participants at different age group, which has been widely validated in many studies. The study was approved by the Research Ethics Committee of Chang Gung Memorial Hospital. (Institutional Review Board Approval No: 201702155B0). All data analyzed were anonymized.
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FIGURE 1. Antibiotic resistant rates of non-typhoidal salmonella from 2012 to 2019.




Salmonella Strains and Antimicrobial Susceptibility Testing

We collected stool when the patient had gastrointestinal symptoms. The cerebrospinal fluid was sampled when meningitis is suspected. When a person has symptoms such as urinary irritation or needs to rule out a urinary tract infection, a urine culture would be ordered. At the time of admission in our hospital, each child would have a blood sample taken as usual. The blood samples were sent to microbiology laboratory and incubated in the BACTEC FX automatic blood culture system (Becton Dickinson Diagnostic Instrument Systems, Sparks, MD, United States). The BACTEC FX system monitors the production of carbon dioxide every 10 min and uses a fluorescent signal to indicate positive. The stool samples were planted on HE (Hektoen enteric) and EMB (Eosin Methylene Blue) agar medium, and then incubated at 35°C for 20–24 h. If the same participant had several samples, only 1 sample per patient was collected for downstream analyses. If both blood and stool isolates were available from the same patient, only the blood isolate was analyzed. Our hospital identified each Salmonella isolate by using a matrix-assisted laser desorption ionization time-of-flight mass spectrometry automated microbiology system. Serogroups of Salmonella isolates were examined with O-antigen antisera (Difco Laboratories, Detroit, MI, United States) by employing the slide agglutination method. We then classified Salmonella isolates into five serogroups (group B, C1, C2, D, and E) and other serogroups. The antimicrobial susceptibility of NTS isolates was determined using the Kirby–Bauer disk diffusion method and interpreted according to the Standards for Antimicrobial Susceptibility of the Clinical Laboratory Standards Institute. The CLSI versions M100-S29 in 2019 and M100-S22 in 2012 were used in this study (Clinical and Laboratory Standards Institute [CLSI], 2012, 2019). The following antimicrobial agents were examined: ciprofloxacin, ceftriaxone, ampicillin, chloramphenicol, ertapenem, imipenem, flomoxef, and trimethoprim-sulfamethoxazole (TMP-SMX). In MIC determination, the concentration of ceftriaxone resistant was with MIC 4 μg/mL and intermediate was with MIC 1–4 μg/mL. Meanwhile, the concentration of ciprofloxacin resistant was with MIC 1 μg/ml and intermediate was with MIC 0.5 μg/ml. The MIC range of chloramphenicol was 2.0–8.0 μg/mL. For further statistical analysis, intermediate resistance was regarded as the threshold for resistance. Multi-drug resistance (MDR) was defined as concomitant resistance to ≥three antimicrobial drug classes with the same selection, including ampicillin, ceftriaxone, chloramphenicol, ciprofloxacin, imipenem, TMP-SMX, ertapenem, and flomoxef. To analyze factors associated with invasive NTS in children, patients with Salmonella bacteremia, meningitis, or septic arthritis and without invasive salmonellosis were analyzed. For clinical features, only children who had both blood and stool culture performed were analyzed. We further divided the study patients into two groups. Those with diarrhea and negative blood culture were categorized as the non-invasive group. Those had positive results either in blood, CSF, or pus culture would be categorized into the invasive group. Patient eligibility was determined according to factors such as clinical manifestations and laboratory data obtained upon admission.



Statistical Analysis

We completed statistical analysis using SPSS for Windows version 22.0 (SPSS Inc., Chicago, IL, United States). Categorical variables including multiple categories were analyzed using the chi-square test, and continuous variables were examined using independent t tests. A p value <0.05 was considered to be statistically significant.



RESULTS

A total of 797 NTS isolates were collected from 781 patients in 2012 and 2019 (363 from 2012 and 434 from 2019), of which 90.7% were isolated from the stool, 6.8% from blood, and 2.5% from other extraintestinal samples (12 isolates from urine, 3 from cerebrospinal fluid, and 2 from pus). The isolates collected from blood and extraintestinal samples were classified as iNTS. The majority (81.5%) of the NTS isolates were obtained from children aged ≤ 3 years, and 36.0% of the isolates were from children aged 1–2 years. The most common serogroup was group D (42.6%), followed by group B (24.8%), serogroup C2 (12.6%), and serogroup E (12.1%). The overall resistance rates were 15.1% to ciprofloxacin, 8% to ceftriaxone, 41.4% to ampicillin, 27.8% to chloramphenicol, 2.3% to ertapenem, 3.9% to flomoxef, 0.6% to imipenem, and 28.2% to sulfamethoxazole. Table 1 presents a comparison of the baseline characteristics of the patients and antimicrobial resistance rates of NTS between 2012 and 2019. The mean age of the two groups was similar (2.1 years vs 2.4 years, P = 0.56). Compared with the resistance rates in 2012, the resistance rates in 2019 to ciprofloxacin (28.6% vs 1.9%, P < 0.001), ceftriaxone (14.3% vs 4.1%, P < 0.001), chloramphenicol (31.3% vs 21.7%, P = 0.003), and sulfamethoxazole (29.4% vs 27.2%, P < 0.001) were significantly higher. Moreover, the ampicillin resistance rate was significantly lower in 2019 than in 2012 (49.2% vs 40.1%, P = 0.01). No significant difference in resistance rate was observed for ertapenem, imipenem, and flomoxef between those 2 years. The incidence of ampicillin as an empirical antibiotic in 2012 was higher than in 2019 (18.8% vs 4.1%, P < 0.001). On the contrary, if directed, most doctors choose ceftriaxone as an empirical antibiotic in 2019 than in 2012 (79.5% vs 56.9%, P < 0.001). The evolution of antimicrobial resistance in different serogroups is presented in Table 2. The highest resistance rate to ampicillin was noted in group B (48%), and the highest resistance rate to ciprofloxacin was observed in group C1 (27.1%). We noted significantly increased ciprofloxacin, ceftriaxone, and MDR resistance between 2012 and 2019 in the isolates from group B, group D, and group E. In groups C1 and C2, we also noted an increase in ciprofloxacin resistance in 2019 compared with 2012. Table 3 presents the differences in antimicrobial resistance by age for 2012 and 2019. In 2019, the patients aged < 1 year had a higher resistance rate to ampicillin (50.6%, P = 0.005), ceftriaxone (25.3%, P = 0.002), TMP-SMX (44.2%, P = 0.001), and chloramphenicol (46.3%, P = 0.003) than did that other age group. The differences in clinical manifestations and laboratory examination results upon admission between the NTS bacteremia group and the non-iNTS group are listed in Table 4. Longer fever duration (3.8 ± 2.7, P < 0.001), lower C-reactive protein (CRP) level (39.1 ± 41.8 vs 58.6 ± 55.7, P < 0.001), and lower hemoglobin level (11.6 ± 1.4 vs 12.1 ± 1.2, P = 0.027) were significant factors associated with the NTS bacteremia group. The main outcomes between children with iNTS and those with diarrhea and a negative blood culture was the prolonged hospital stay in iNTS (9.8 ± 9.5 vs 5.8 ± 12.1 p = 0.016). Table 5 presents the antimicrobial resistance in NTS bacteremia and non-iNTS infections in 2012 and 2019. Non-iNTS isolates in 2019 were significantly more resistant to ceftriaxone (15.1% vs 3.8%, P < 0.001) and ciprofloxacin (28.5% vs 1.7%, P < 0.001) than those in 2012.


TABLE 1. Baseline characteristics and clinical features of 797 patients with non-typhoid Salmonella infection in 2012 and 2019.
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TABLE 2. Changing antimicrobial resistance in different serogroup between 2012 and 2019.
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TABLE 3. Changing antimicrobial resistance by different age groups between 2012 and 2019.
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TABLE 4. Demographic, clinical manifestations and antimicrobial resistance among iNTS and non-iNTS infections in 2012 and 2019.
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TABLE 5. Antimicrobial resistance and serogroups between iNTS and non-iNTS infections in 2012 and 2019.
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DISCUSSION

Our results indicated that the antimicrobial susceptibility of NTS has changed during the past decade, with several clinically relevant findings. A particularly crucial finding is the significantly higher prevalence of antimicrobial resistance to third-generation cephalosporin in infants. Additionally, the resistance rate to ciprofloxacin and third-generation cephalosporin increased significantly from 2012 to 2019, especially in groups B, D, and E. Furthermore, we observed that most patients with NTS bacteremia presented with fever lasting more than 4 days at admission with a lower systemic inflammatory reaction. This is the first analysis to reveal that Salmonella bacteremia is closely associated with longer fever duration and inconsistent lower systemic inflammatory reaction. By contrast, non-blood isolates (mostly local) were generally more resistant than NTS bacteremia isolates.

Concern has been growing over the past decades regarding antimicrobial resistance in NTS. Our data demonstrated an increase in overall antimicrobial resistance in Salmonella from 20 to 30% in 2012 to as high as 70% in 2019. Previous studies have reported high resistance rates to ampicillin in Taiwan. The increasing rates of resistance have resulted in changes to clinical practice guidelines for treating the disease. Therefore, expensive third-generation cephalosporins are currently the first-choice antibiotics for iNTS infection in children. Our data revealed a significant elevation in ceftriaxone resistance from 2012 to 2019, whereas the resistance rate to ampicillin decreased. These results are in accordance with recent studies indicating the emergence and spread of resistance to third-generation cephalosporin in Taiwan and other Asian countries (Lee et al., 2021). Ampicillin resistance significantly decreased in our study period, possibly because of antibiotic choice.

This study explored various NTS serogroups that are closely associated with antimicrobial resistance. More than half the NTS isolates were classified as MDR, with particularly high resistance in groups B, D, and E. These three groups also had the highest resistance rate to third-generation cephalosporin. In Taiwan, self-transferable blaCMY–2-harboring IncI1 plasmids have been identified in several Salmonella serotypes belonging to Salmonella groups B and D (Lo et al., 2020). Since 2015, northern Taiwan has experienced an increase in Salmonella infections caused by previously rare Salmonella Anatum, a serogroup E serotype. Such infections have also been reported in central Taiwan, indicating that this outbreak has already spread throughout the island (Chiou et al., 2019). Coresistance to ceftriaxone and ciprofloxacin is the main feature of the outbreak clone (Feng et al., 2020).

This study highlighted that isolates from infants had significantly higher MDR to ampicillin and third-generation cephalosporin than did isolates from other age groups. This is partly explained by the increase in isolates in infants with serotypes since the early 1990s, which have been associated with MDR (Katiyo et al., 2019). This rather unexpected result may be attributed to human-to-human transmissions. Parents may have more often touched, rinsed, and cooked contaminated meat before feeding other foods to their infants. Moreover, these parents were more willing to purchase meat from traditional markets rather than supermarkets (Feng et al., 2020). One possibility is that parents bought meat from traditional markets, and then, their frequent rinsing spread the Salmonella from the surface of the meats to cutting boards, knives, sinks, and finally onto fresh vegetables, fruit, and other ready-to-eat foods that were cross-contaminated and reached the infants through parents or other caregivers. This transmission mode is particularly critical in infants. On the basis of these findings, we recommend that clinicians in Taiwan use third-generation cephalosporins for empirical treatment of NTS bacteremia and determine the exact treatment according to antimicrobial susceptibility results.

Our analyses indicated that ceftriaxone resistance in Taiwan was low in 2012, and our results revealed that the overall resistance rates in the non-iNTS isolates were generally higher than those in the iNTS isolates. We noted significantly lower serum CRP level in patients with NTS bacteremia than in patients without NTS bacteremia. In previous studies, a severity score with CRP served as a guide for prescribing antibiotics for severe NTS infection in children. On the basis of the current findings, we recommend against routinely using antimicrobials to treat uncomplicated NTS gastroenteritis in cases of high CRP level. This finding is consistent with that of Mughini-Gras et al. (2020) who reported that iNTS isolates were generally less resistant than non-iNTS isolates (Mughini-Gras et al., 2020; Ke et al., 2020). NTS bacteremia in this study tended to develop in young children with prolonged fever. The hemoglobin level was also found significantly lower in the invasive group (P = 0.027) in our study. Christenson (2013) had reported that patients with hemolytic anemia, malaria, sickle cell anemia, and thalassemia major were more susceptible to invasive Salmonella infection (Christenson, 2013). This finding is consistent with previous reports that revealed a longer duration of symptoms, such as fever and diarrhea, before admission in children with bacteremia (Lee et al., 2021). Thus, fever duration can be a suitable rationale for treatment before receiving antimicrobial susceptibility results.

Adopting an 8-year detailed hospitalization dataset from the largest pediatric hospital in Taiwan enabled us to representatively evaluate the trends and characteristics of antimicrobial resistance in pediatric NTS infections. However, this study has some limitations. First, only serogroup data were available in our research, and serotype data were limited. Disease severity and antimicrobial resistance may be associated with different serotypes; therefore, further analysis of serotypes with clinical manifestations or resistance patterns are required to clarify virulence and impact among different serotypes. Second, this was a single-center study; thus, we could not adequately account for the considerable geographic variability in antimicrobial resistance patterns in NTS. Although the data is from a single hospital, Chang Gung Memorial Hospital is the largest in Taiwan. So, the data can reflect the true epidemiology in Taiwan.

This study revealed that the resistance of NTS to fluoroquinolones and third-generation cephalosporins has been increasing in Taiwan. MDR in serogroups B, D, and E remained high. More importantly, cephalosporin resistance was more common in isolates from infants. Prolonged fever was a single factor associated with bacteremia in children with NTS infection.
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Impact of mcr-1 on the Development of High Level Colistin Resistance in Klebsiella pneumoniae and Escherichia coli
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Plasmid-mediated colistin resistance gene mcr-1 generally confers low-level resistance. The purpose of this study was to investigate the impact of mcr-1 on the development of high-level colistin resistance (HLCR) in Klebsiella pneumoniae and Escherichia coli. In this study, mcr-1-negative K. pneumoniae and E. coli strains and their corresponding mcr-1-positive transformants were used to generate HLCR mutants via multiple passages in the presence of increasing concentrations of colistin. We found that for K. pneumoniae, HLCR mutants with minimum inhibitory concentrations (MICs) of colistin from 64 to 1,024 mg/L were generated. Colistin MICs increased 256- to 4,096-fold for mcr-1-negative K. pneumoniae strains but only 16- to 256-fold for the mcr-1-harboring transformants. For E. coli, colistin MICs increased 4- to 64-folds, but only 2- to 16-fold for their mcr-1-harboring transformants. Notably, mcr-1 improved the survival rates of both E. coli and K. pneumoniae strains when challenged with relatively high concentrations of colistin. In HLCR K. pneumoniae mutants, amino acid alterations predominately occurred in crrB, followed by phoQ, crrA, pmrB, mgrB, and phoP, while in E. coli mutants, genetic alterations were mostly occurred in pmrB and phoQ. Additionally, growth rate analyses showed that the coexistence of mcr-1 and chromosomal mutations imposed a fitness burden on HLCR mutants of K. pneumoniae. In conclusion, HLCR was more likely to occur in K. pneumoniae strains than E. coli strains when exposed to colistin. The mcr-1 gene could improve the survival rates of strains of both bacterial species but could not facilitate the evolution of high-level colistin resistance.

Keywords: mcr-1, Enterobacterales, colistin, resistance, fitness cost


INTRODUCTION

Infections caused by multidrug-resistant pathogens pose significant risks to public health worldwide (Ruhnke et al., 2014; Huang et al., 2018). Owing to a limited number of effective antimicrobial agents, colistin has been reused and is considered to be the last therapeutic agent; however, resistance to colistin has been increasingly reported (Liu et al., 2016; Srinivas and Rivard, 2017). Previously, colistin resistance was mainly caused by mutations in chromosomal genes, including pmrAB, phoPQ, crrAB, and the negative regulator mgrB (Wright et al., 2015; Poirel et al., 2017; Srinivas and Rivard, 2017), which resulted in the modification of lipid A with positively charged residues, such as phosphoethanolamine and/or 4-amino-4-deoxy-L-arabinose. However, plasmid-mediated colistin resistance genes have also emerged recently. Since, we reported the first case of plasmid-mediated colistin resistance gene (mcr-1) in 2015 (Liu et al., 2016), several variants of mcr genes (mcr-2 to mcr-10) have been reported worldwide (Shi et al., 2020; Wang et al., 2020).

Similar to plasmid-mediated quinolone resistance genes, mcr-1 generally confers low-level colistin resistance (2–8 mg/L) (Jeong et al., 2008; Jacoby et al., 2014; Liu et al., 2016). However, it is unknown whether the presence of mcr-1 can facilitate the selection of a higher level of colistin resistance, as reported for qnr family genes (Jeong et al., 2008; Jacoby et al., 2014). Furthermore, the available data show that the prevalence of mcr-1 is significantly higher in Escherichia coli than that in Klebsiella pneumoniae (Quan et al., 2017; Eiamphungporn et al., 2018). Additionally, in clinical K. pneumoniae isolates, colistin resistance is mostly mediated by chromosomal mutations, which usually confer higher levels of resistance (16–1,024 mg/L) than that conferred by mcr (Cannatelli et al., 2014; Liu et al., 2016; Jayol et al., 2017). It seems that K. pneumoniae is more likely to generate chromosomal mutations but is less likely to harbor mcr-1 compared to the phenomenon observed in E. coli. Nevertheless, a previous study showed that after a single overnight exposure to twofold minimum inhibitory concentrations (MICs) of colistin, mcr-1 facilitated the development of high-level colistin resistance (HLCR; MIC ≥ 32 mg/L) mutants in E. coli but did not affect the HLCR mutation rates in K. pneumoniae (Zhang et al., 2019). However, another study reported that MCR-negative strains could be induced to higher level of colistin resistance than MCR-positive strains after step-wise induction (Luo et al., 2019). Thus, the impact of mcr-1 on the development of high level colistin resistance in K. pneumoniae and E. coli, and whether similar probability and frequency of mutations will be observed in E. coli and K. pneumoniae under selection with increasing concentrations of colistin remain unclear.

In this study, we investigated and compared the development of HLCR and chromosomal mutations among strains of E. coli and K. pneumoniae, with or without mcr-1, via multiple passages in the presence of increasing colistin concentrations.



MATERIALS AND METHODS


Bacterial Strains and Plasmids

Klebsiella pneumoniae P11, HZ7H152, and YX6P94K and E. coli ATCC 25922, C600, and ZYTF186 were used as mcr-1-negative parental strains for this study. The sources and resistance phenotypes of these strains are listed in Supplementary Table 1. To construct an mcr-1-harboring plasmid, mcr-1 was cloned from pHNSHP45 (GenBank accession number KP347127.1) to pHSG575 using the primer pair listed in Supplementary Table 2, which yielded pHSG575-mcr-1 (Takeshita et al., 1987). The recombinant plasmid was transformed into E. coli ATCC 25922 by electroporation, whereas the original plasmid pHNSHP45 was transformed into K. pneumoniae P11, HZ7H152, and YX6P94K and E. coli C600 and ZYTF186. Transformants were selected on Luria–Bertani (LB) medium containing 2 mg/L colistin. The presence of mcr-1 in the transformants was confirmed as per previously described methods (Liu et al., 2016).



Whole-Genome Sequencing and Analysis

The whole genomic DNA of four strains, K. pneumoniae P11, HZ7H152, and YX6P94K and E. coli ZYTF186, was sequenced using Illumina HiSeq 2000 (Illumina, San Diego, CA, United States). Sequence reads were assembled into contigs using SOAPdenovo version 2.04. Resistance genes were explored using ResFinder1. The whole-genome sequences of two laboratory strains, E. coli C600 and ATCC 25922 (GenBank accession numbers NZ_CP031214.1 and NZ_CP009072.1, respectively), were obtained from NCBI and used as reference genomes.



Antimicrobial Susceptibility Testing

Minimum inhibitory concentrations of colistin were determined using Mueller–Hinton (MH) broth microdilution following the recommendations of the Clinical and Laboratory Standards Institute (Matuschek et al., 2018). E. coli ATCC 25922 was used as a reference strain.



Induction of Colistin Resistance by Conducting Serial Passages

Serial passaging was performed as per previously described methods (San Millan et al., 2016), with minor modifications. As shown in Supplementary Figure 1, strains were incubated on MH agar plates at 37°C to obtain single colonies. For each strain, 48 colonies were randomly selected and inoculated in separate wells of 96-well plates containing colistin-free LB broth to obtain overnight cultures. The overnight cultures were inoculated in 0.2 mL of LB broth with colistin (0.5 × MIC) in a new 96-well plate. Following a 24-h incubation at 37°C, the cultures were diluted 1:100 and transferred to a new plate containing a double concentration of colistin relative to that used on the previous day. The serial passages were performed until no surviving populations were observed. Surviving populations were defined considering growth indicated by OD600 (optical density at 600 nm) > 0.10 ± 0.02. The number of surviving populations was recorded for all treatments over time. For each strain, 5–10 surviving populations were selected along the concentration gradient of colistin from low to high, with priority selection of populations that survived at the highest concentration. Subsequently, the populations were separately plated on fresh LB agar to obtain single colonies, and three colonies were randomly selected from each population to determine their susceptibility to colistin and resistance mechanisms.



Genetic Alterations in Colistin-Resistant Mutants

Chromosomal genes (mgrB, pmrAB, phoPQ, and crrAB) associated with colistin resistance were amplified by PCR and sequenced using the primers listed in Supplementary Table 2. Genetic alterations that occurred in colistin-resistant mutants were determined by comparing the resulting sequences to their corresponding parental reference genomes.



In vitro Growth Rate Assay

Forty-four HLCR K. pneumoniae mutants with different mutations, including equal numbers of mcr-1-negative and mcr-1-positive derivatives, were selected incubated in fresh MH broth under shaking (180 rpm) conditions at 37°C. The overnight cultures were inoculated in fresh MH broth, and OD600 was measured using the Multiskan Spectrum microplate spectrophotometer (Thermo Labsystems, Franklin, MA, United States). The growth rates were determined by plotting the logarithm of OD600 versus time. Data analysis was performed using a non-parametric Mann–Whitney U-test, followed by Dunn’s multiple comparison test (Zwietering et al., 1990).



Accession Numbers

The whole genome sequencing data of K. pneumoniae P11, HZ7H152, K. variicola YX6P94K (subtype of K. pneumoniae) and E. coli ZYTF186 have been deposited in GenBank with accession numbers JAFKAD010000000, JAFKAE010000000, JAFKAG010000000, and JAFKAF010000000, respectively.




RESULTS


Development of Resistance to Colistin via Serial Passages of Escherichia coli

Colistin-resistant E. coli mutants were obtained under increasing colistin pressure. The final induction concentrations of colistin, which inhibited the growth of all E. coli strains, ranged from 32 to 64 mg/L. As shown in Figures 1A–C, initially, the surviving populations of the mcr-1-negative parental strains (ATCC 25922, C600, and ZYTF186) plummeted in response to a challenge with 2 mg/L colistin, while those of their corresponding mcr-1-positive derivatives did not show a marked decline until the colistin concentration reached 16 mg/L. Furthermore, when exposed to relatively high concentrations of colistin (16 and 32 mg/L), mcr-1-positive derivatives showed higher survival rates than those of their corresponding mcr-1-negative strains, demonstrating that mcr-1 could enhance the survival rate of E. coli at higher colistin concentrations.


[image: image]

FIGURE 1. Survival curves of E. coli (A–C) and K. pneumoniae strains (D–F) and their mcr-1-positive transformants in the presence of increasing concentrations of colistin.


After the serial colistin challenge, the highest MICs of colistin for mcr-1-positive E. coli derivatives reached 32 mg/L, while those for mcr-1-negative derivatives only reached 16 mg/L (Figure 2A). Colistin MIC values for all mutants ranged from 2 to 32 mg/L (n = 9), suggesting that it was difficult for E. coli to generate HLCR mutants. Compared with their basal MICs, those for the mcr-1-negative strains (ATCC 25922/pHSG575, C600, and ZYTF186) increased 4- to 64-fold, while the MIC values for their corresponding mcr-1-positive derivatives merely showed 2- to 16-fold increases, suggesting that the presence of mcr-1 did not facilitate the generation of higher colistin resistance in E. coli.
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FIGURE 2. Distributions of colistin minimum inhibitory concentration (MIC) values among E. coli and K. pneumoniae mutants after induction of colistin resistance in vitro. (A) Data for 90 mcr-1-positive and 60 mcr-1-negative E. coli derivatives. (B) Data for 81 mcr-1-positive and 75 mcr-1-negative K. pneumoniae derivatives. E. coli data are indicated in blue, and K. pneumoniae data are indicated in orange.




Development of Resistance to Colistin via Serial Passages of Klebsiella pneumoniae

Compared with E. coli, K. pneumoniae strains, with or without mcr-1, were more likely to generate HLCR mutations. K. pneumoniae strains could survive up to extremely high concentrations of colistin (256–1,024 mg/L) (Figures 1D–F). Notably, the contribution of mcr-1 in improving the survival odds of K. pneumoniae was initially remarkable, however, it was weakened at higher concentrations of colistin. For example, compared with those of the parent strains of K. pneumoniae (YX6P94K and HZ7H152), more populations of their mcr-1-harboringtransformants survived when the concentrations of colistin were lower than 32 mg/L (Figures 1E,F). However, the contribution of mcr-1 gradually diminished in the presence of >64 mg/L colistin. Furthermore, the number of P11/pHNSHP45 subsets was initially higher but decreased to fewer than that of the parent strain P11 upon exposure to more than 4 mg/L colistin (Figure 1D).

After serial passages, the colistin MIC values for K. pneumoniae mutants ranged from 64 to >1,024 mg/L (Figure 2B). Particularly, the colistin MICs increased 256- to 4,096-fold for mcr-1-negative mutants but only 16- to 256-fold for their respective mcr-1-harboring transformants.



Genetic Alterations in pmrAB and phoPQ in Escherichia coli

Although most E. coli strains failed to generate HLCR, 36 derivatives that survived at relatively high concentrations of colistin (16–32 mg/L), including 18 mcr-1-negative and 18 mcr-1-positive derivatives, were selected to determine the presence of mutations in key genes related to colistin resistance (mgrB, pmrAB, and phoPQ). As shown in Supplementary Table 3, alterations mainly occurred in pmrB (21/36, 58.3%), followed by phoQ (15/36, 41.7%), and pmrA (9/36, 25.0%), most of which were associated with different amino acid substitutions, except frameshift mutations found in the pmrB gene (n = 6). No mutations were observed in phoP or mgrB.



Genetic Alterations in mgrB, pmrAB, phoPQ, and crrAB in Klebsiella pneumoniae

A total of 156 HLCR K. pneumoniae mutants, including 75 mcr-1-negative and 81 mcr-1-positive derivatives, were examined for the presence of mutations in the mgrB, pmrAB, phoPQ, and crrAB genes. The HLCR mutants showed a remarkable multiplicity of mutations in these genes (Figure 3, Table 1, and Supplementary Table 4). Among these mutants, genetic changes predominately occurred in crrB (62/156, 39.7%), followed by phoQ (41/156, 26.3%), crrA (35/156, 22.4%), pmrB (28/156, 17.9%), mgrB (27/156, 17.3%), and phoP (23/156, 14.7%). In 55 mutants, mutations were occurred in two or three genes (Table 1). No mutations were observed in pmrA.
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FIGURE 3. Occurrence of genetic alterations in mgrB, pmrAB, phoPQ, and crrAB in K. pneumoniae. (A) Distribution of mutations in different genes in 81 mcr-1-positive and 75 mcr-1-negative K. pneumoniae derivatives. (B) Profiles of genetic alterations in key genes related to colistin resistance, with 53 unique combinations in the 156 colistin-resistant K. pneumoniae derivatives. Each unique mutation in each colistin resistance gene is represented by a different color. Specific information on the mutations can be found in Supplementary Table 4.



TABLE 1. Number of K. pneumoniae derivatives with genomic mutation(s) in colistin resistance genes after stepwise induction.

[image: Table 1]
There were evident differences in mutations between the mcr-1-negative and mcr-1-positive isolates (Figure 3A, Table 1, and Supplementary Table 4). phoQ and mgrB alterations were more frequent in the mcr-1-negative derivatives (41.3 and 32.0%, respectively) than in the mcr-1-positive derivatives (12.3 and 3.7%, respectively). By contrast, the mcr-1-positive derivatives predominantly harbored mutations in crrA (26/81, 32.1%) and pmrB (19/81, 23.5%), both of which only occurred in 12.0% (9/75) of the mcr-1-negative derivatives. Moreover, of the 55 mutants with genetic change(s) in two or three genes, 34 (34/75, 45.3%) were mcr-1-negative derivatives and 21 (21/81, 25.9%) were mcr-1-positive derivatives (Table 1).

Regarding mutational patterns, alterations were mainly associated with amino acid substitutions or frameshift mutations (Table 1 and Supplementary Table 4), except for insertion sequences (ISs), which were almost exclusively associated with mgrB (Table 1 and Supplementary Table 4). Among 27 derivatives with alterations in mgrB, 18 (66.7%) were characterized by insertional inactivation of mgrB, which was truncated by one of the ISs, namely ISKpn26 (n = 3), IS903B (n = 6), ISKpn14 (n = 3), ISEcp1 (n = 3), or IS1R (n = 3) (Supplementary Figure 2). Additionally, crrB was first observed to be truncated by IS1R in three derivatives (Supplementary Figure 2).



Impacts of Mutations on the Growth of HLCR Klebsiella pneumoniae Strains

To determine whether the genetic changes in mgrB, pmrAB, phoPQ, and crrAB could impose a fitness cost on K. pneumoniae strains, we determined the growth rates of HLCR mutants harboring different mutations. In the mcr-1-negative groups, most of the HLCR mutants showed subtle advantages in the growth rates compared with those of their wild-type parent strains (Figure 4A), except for one mutant (phoQ V38G), which exhibited a substantial reduction in the growth rate (p < 0.01), and three isolates (13.6%) with different mutations, which showed significant advantages in the growth rates (p < 0.05). Conversely, among the mcr-1-positive HLCR mutants, none exhibited remarkable growth advantages, and most mutants showed slow growth rates compared to their corresponding parent strains (Figure 4B). Additionally, 13 individual mutants (59.1%) exhibited significant biological costs for growth (n = 1, p < 0.05; n = 9, p < 0.01; n = 3, p < 0.001). Overall, most chromosomal mutations alone resulted in no burden on growth of HLCR mutants; however, the fitness cost was observed in most mcr-1-harboring HLCR mutants.


[image: image]

FIGURE 4. Relative growth rates of mcr-1-negative (A) and mcr-1-positive (B) K. pneumoniae mutants and their parental strains. The maximal growth rates are presented as relative values compared with the wild-type growth rate (set to 1.0). The relevant mutated genes of each strain are indicated below the chart. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001. Error bars represent standard deviation values. WT, wild-type; FM, frameshift mutation.





DISCUSSION

Although the presence of mcr-1 confers low-level resistance to colistin, there is a concern regarding whether the presence of mcr-1 can accelerate the development of HLCR. In this study, we found that mcr-1 did not potentiate the development of HLCR in E. coli and K. pneumoniae, as the colistin MICs for mcr-1-negative derivatives obtained via serial colistin challenges were similar to those of their corresponding mcr-1-harboring transformants. Moreover, the fold increases in the colistin MICs were higher for mcr-1-negative strains than those for their mcr-1-harboring transformants. Although the presence of mcr-1 could not facilitate the evolution of colistin resistance in these two species of bacteria, mcr-1 could improve their survival rates upon exposure to relatively high concentrations of colistin (16–32 mg/L), which indicated that the presence of mcr-1 might enhance the survival ability of bacteria under clinical colistin pressure, thereby potentially leading to treatment failure.

Previous reports have shown that the mechanisms of resistance to colistin significantly vary between clinical K. pneumoniae and E. coli isolates. In K. pneumoniae, colistin resistance, including HLCR, is usually caused by chromosomal mutations (Cannatelli et al., 2014; Jayol et al., 2017), whereas in E. coli, colistin resistance is mainly associated with the presence of mcr-1 (Huang et al., 2017). Herein, we demonstrated that compared with E. coli, K. pneumoniae strains were more likely to develop HLCR by genetic alterations of the two-component systems (TCSs, e.g., PmrAB and PhoPQ) and their regulators (MgrB and CrrAB) when exposed to increasing concentrations of colistin in vitro. Previous studies have demonstrated that the TCSs play crucial roles in regulating the expression of genes for lipid A modifications in both K. pneumoniae and E. coli strains (Poirel et al., 2017; Srinivas and Rivard, 2017). This result partly explains the clinical phenomenon of HLCR being more common in K. pneumoniae compared to E. coli isolates. However, the mechanism underlying why TCSs and their regulators in K. pneumoniae are more likely to occur genetic alteration under the selective pressure of colistin than those in E. coli is unclear and needs further study.

After colistin exposure, alterations were detected in genes (mgrB, pmrAB, phoPQ, and crrAB) associated with colistin resistance. In E. coli, alterations mainly occurred in pmrB, followed by phoQ, and no mutations were observed in the mgrB or phoP gene. However, in HLCR K. pneumoniae variants, mutations were more complex and diverse and occurred in all the indicated genes, except pmrA. Genetic changes mainly occurred in crrB and phoQ (Figure 3A), in contrast to a previous report which stated that alterations in mgrB played a primary role in colistin resistance in K. pneumoniae (Cannatelli et al., 2014). However, consistent with previous reports (Kim et al., 2019; Yang et al., 2020), in both E. coli and K. pneumoniae, the histidine kinase genes crrB, pmrB, and phoQ seemed to be more common sites for mutations compared to the response regulatory genes crrA, pmrA, and phoP. It is possible that the sensor kinases can directly sense environmental stimuli and are therefore more likely to undergo mutations to confer protection against adverse stimuli, such as colistin pressure (Huang et al., 2020). The detected mgrB-disrupting ISs, ISKpn26, IS903B, ISKpn14, ISEcp1, and IS1R, were similar to those found in other studies (Shamina et al., 2020; Yang et al., 2020). Although recent studies have shown that amino acid substitution mutations in crrB or IS disruptions are responsible for HLCR (Wright et al., 2015; Jayol et al., 2017; McConville et al., 2020), mutations in crrAB in clinical isolates have rarely been reported, possibly due to few tests performed for this newly identified two-component system and the deletion of crrAB in some K. pneumoniae strains (Wright et al., 2015). Moreover, most of the mutations observed in this study have not been previously reported; thus, further studies are warranted to elucidate the potential contributions of these novel mutations to colistin resistance.

Remarkably, there were differences in the occurrence of chromosomal mutations in mcr-1-positive and mcr-1-negative K. pneumoniae isolates. In most (74.1%) mcr-1-positive derivatives, genetic alteration(s) only occurred in single gene involved in colistin resistance, while half of the mcr-1-negative derivatives harbored multiple mutations, thereby implying that the coexistence of chromosomal mutations and mcr-1 might impose a severe fitness burden on K. pneumoniae. To test this hypothesis, we compared the growth rates of mcr-1-positive and mcr-1-negative strains with those of their relevant HLCR mutants and found that HLCR mutants derived from mcr-1-negative strains exhibited almost no fitness cost, while HLCR mutants of mcr-1-positive strains showed an evident fitness cost. Previous studies have shown that the fitness cost attributed to chromosomal mutations or the acquisition of wild-type mcr-1-harboring plasmids seemed to be insignificant (Cannatelli et al., 2015; Wu et al., 2018); however, increased expression of mcr-1 could impose a significant fitness burden on host bacteria (Yang et al., 2017; Liu et al., 2020). Our results demonstrated that the coexistence of chromosomal mutations and mcr-1 was disadvantageous for K. pneumoniae, which might partly explain the lack of clinical strains with both chromosomal mutations and mcr-1 (Nang et al., 2018).

In conclusion, we demonstrated that compared with E. coli, K. pneumoniae was more likely to develop HLCR by acquiring chromosomal mutations. Although mcr-1 could not facilitate the selection of HLCR mutants, it could improve the survival rates of bacteria at relatively high concentrations of colistin, which might result in treatment failure.
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Acquisition of Tigecycline Resistance by Carbapenem-Resistant Klebsiella pneumoniae Confers Collateral Hypersensitivity to Aminoglycosides
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Tigecycline is a last-resort antibiotic for infections caused by carbapenem-resistant Klebsiella pneumoniae (CRKP). This study aimed to broaden our understanding of the acquisition of collateral hypersensitivity by CRKP, as an evolutionary trade-off of developing resistance to tigecycline. Experimental induction of tigecycline resistance was conducted with tigecycline-sensitive CRKP clinical isolates. Antimicrobial susceptibility testing, microbial fitness assessment, genotypic analysis and full-genome sequencing were carried out for these clinical isolates and their resistance-induced descendants. We found that tigecycline resistance was successfully induced after exposing CRKP clinical isolates to tigecycline at gradually increased concentrations, at a minor fitness cost of bacterial cells. Quantitative reverse transcription-polymerase chain reaction (RT-PCR) found higher expression of the efflux pump gene acrB (5.3–64.5-fold) and its regulatory gene ramA (7.4–65.8-fold) in resistance-induced strains compared to that in the tigecycline-sensitive clinical isolates. Stable hypersensitivities to aminoglycosides and other antibiotics were noticed in resistance-induced strains, showing significantly lowered MICs (X 4 – >500 times). Full genome sequencing and plasmid analysis suggested the induced collateral hypersensitivity might be multifaceted, with the loss of an antimicrobial resistance (AMR) plasmid being a possible major player. This study rationalized the sequential combination of tigecycline with aminoglycosides for the treatment of CRKP infections.
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INTRODUCTION

Carbapenem-resistant Klebsiella pneumoniae (CRKP) has emerged as one of the deadliest causes of hospital-acquired infections and poses a serious therapeutic concern (Petrosillo et al., 2013). Overproduction of various carbapenemases in CRKP, such as Klebsiella pneumoniae carbapenemase (KPC) and metallo-β-lactamases (MBLs), renders the bacteria resistant to nearly all β-lactam antibiotics including carbapenems (Petrosillo et al., 2013).

Tigecycline and colistin are the very few options in the antibiotic arsenal for infections caused by carbapenem-resistant Enterobacteriaceae (Stein and Babinchak, 2013; Sun et al., 2013). Resistance to tigecycline of Klebsiella or other Enterobacteriaceae has emerged after its wide use in clinical settings, either as a monotherapy or in combination with other antibiotics (Woodford et al., 2007; Poulakou et al., 2009; Hirsch and Tam, 2010; Sekowska and Gospodarek, 2010; Stein and Babinchak, 2013; Sun et al., 2013; Gonzalez-Padilla et al., 2015). Underlying molecular mechanisms of tigecycline resistance are complex, with the upregulation of resistance-nodulation-division (RND) efflux pumps being a major contributor. Efflux pump systems related to tigecycline resistance include AcrAB-TolC and its positive regulators, ramA, SoxS, MarA or its negative regulator ramR (Hentschke et al., 2010; Roy et al., 2013; Villa et al., 2014; He et al., 2015; Juan et al., 2016; Xu et al., 2016), OqxAB and its positive regulator rarA and negative regulator oqxR (Zhong et al., 2014; Juan et al., 2016), and KpgABC (Nielsen et al., 2014; Juan et al., 2016). Structural alteration of the 30S ribosomal subunit protein S10 is another important resistance mechanism, mediated by mutations in the rpsJ gene and consequential target site modifications (Villa et al., 2014). A unique enzymatic inactivation mechanism mediated by Tet(X3) and Tet(X4), has also been associated with tigecycline resistance of numerous carbapenems-resistant Enterobacteriaceae (He et al., 2019; Sun et al., 2019).

Development of collateral sensitivity is a widespread evolutionary trade-off that occurs in many Gram-negative and Gram-positive bacteria (Barbosa et al., 2017; Lozano-Huntelman et al., 2020). Only a limited number of studies have examined collateral sensitivity in Klebsiella pneumoniae. Du et al. (2018) found that K. pneumoniae synchronously regained susceptibility to imipenem and meropenem when the patient developed resistance to tigecycline after long-term antibiotic treatment (Du et al., 2018). Villa et al. (2013) reported a reversion to susceptibility to carbapenems of a CRKP clinical isolate under the pressure of tigecycline (Villa et al., 2013). Proposed mechanisms mediating collateral sensitivity include plasticity of mobile elements in the host bacterium (Stohr et al., 2020), change of global gene expression associated with mutations in resistance genes (Maltas and Wood, 2019), amino acid deletions/substitutions that might result in reduced antibiotic hydrolase activity (Frohlich et al., 2019), and resistance mutations in regulatory genes for efflux pumps (Villa et al., 2013; Barbosa et al., 2017). Membrane-potential-altering mutations may also contribute to reversion of bacterial susceptibility to several unrelated classes of antibiotics, by changing the proton-motive force (PMF) and diminishing the activity of PMF-dependent major efflux pumps (Pal et al., 2015; Furusawa et al., 2018).

Recent emergence of CRKP clinical isolates that are resistant to both tigecycline and colistin, and discovery of a plasmid-mediated colistin resistance gene mcr-1 highlight the pressing need of developing more effective antimicrobial strategies for CRKP infections (Zhang et al., 2018). This study aimed to establish a comprehensive understanding of collateral sensitivity that accompany the development of tigecycline resistance in CRKP, and to rationalize the combination antibiotic therapy using tigecycline and aminoglycosides for CRKP infections.



MATERIALS AND METHODS


Bacterial Isolates

Fifty CRKP isolates were from patients visiting the First Affiliated Hospital of Wenzhou Medical University and clinically diagnosed with CRKP infections between December 2013 and 2014. These clinical isolates were identified to a species level using the following tests: the Vitek II Identification System (bioMérieux Vitec Inc., Hazelwood, MO, United States) and MALDI Biotyper Identification System (MALDI-TOF MS, BioMérieux, Craponne, France).



Pulsed-Field Gel Electrophoresis Analysis

Genomic DNA of K. pneumoniae clinical isolates was digested with restriction endonuclease XbaI (Takara Bio, Dalian, China). DNA fragments were separated in a Pulsed-field gel electrophoresis (PFGE) CHEF-Mapper XA system (Bio-Rad, Hercules, CA, United States) in 0.5 × Tris-borate-EDTA buffer at 14°C and 120 V for 19 h, with pulse times ranging from 5 s to 35 s. PFGE results were analyzed using Quantity One 1-D Analysis 4.6.9 (Bio-Rad, Hercules, CA, United States) Software.



Antimicrobial Susceptibility Test

Antimicrobial susceptibility of 50 CRKP isolates to 15 first-line antibiotics were initially tested with the Vitek II Identification System (bioMérieux Vitec Inc., Hazelwood, MO, United States) and then confirmed by the CLSI recommended broth microdilution or agar dilution methods. The MICs of tigecycline for K. pneumoniae clinical isolates and resistance-induced strains were interpreted using breakpoints recommended by the European Committee on Antimicrobial Susceptibility Testing (EUCAST) criteria (susceptible, ≤1.0 μg/ml; medium, 1.0–2.0 μg/ml; resistant, >2.0 μg/ml) (European Committee on Antimicrobial Susceptibility Testing Steering, 2006). Susceptibility of other antimicrobial agents for K. pneumoniae was determined by the agar dilution method according to the Clinical and Laboratory Standards Institute (M100-S24, 2014). Escherichia coli ATCC 25922 was used as a quality control.



In vitro Induction of Tigecycline Resistance

Four clinical isolates susceptible to tigecycline (K467, K43, K521, and K428) and one tigecycline-resistant clinical isolate (K537) were used to study tigecycline resistance induction and collateral sensitivity of CRKP. These five clinical isolates were assigned to sequence types by Multilocus sequence typing (MLST), according to the K. pneumoniae MLST website.1 Tigecycline resistance was induced for the tigecycline-susceptible clinical isolates, by gradually exposing them to tigecycline at serially increasing concentrations at a 24 h interval (1/4 MIC to a higher concentration at which there was no bacterial growth) (Liu et al., 2011).



Examining General Antimicrobial-Resistance Determinants for Tigecycline Resistance

Polymerase chain reaction (PCR) and sequencing were carried out to examine the presence of common antimicrobial-resistant genes in these 5 CRKP clinical isolates and four resistance-induced strains, including ESBLs genes (blaCTX–M–1blaCTX–M–9, blaTEM, blaSHV, blaVEB and blaPER), AmpC genes (blaCMY, blaFOX, blaMOX, blaDHA), carbapenemase genes (blaKPC, blaSPM, blaIMP, blaVIM, blaGES, blaNDM, blaOXA–23, blaOXA–48), PMQR genes (qnrA, qnrB, qnrC, qnrD, qnrS, qepA, aac(6′)-Ib-cr, oqxA, oqxB), and 16S-RMTase genes (armA, rmtA, rmtB, rmtC, rmtD, rmtE). The mutation of chromosomal genes gyrA and parC was also examined. Primer sequences for PCR assays were adapted from other published studies (Doi and Arakawa, 2007; Dallenne et al., 2010; Park et al., 2012) and are available on request. Nucleotide sequences were compared by BLAST to align drug-resistance gene nucleotide sequences2.



Outer Membrane Proteins Analysis

A crude outer membrane fraction of CRKP clinical isolates and resistance-induced strains was obtained by growing the bacteria to a mid-log phase, followed by sonication. Outer membrane proteins (OMPs) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). K. pneumoniae ATCC 13883 was used as a control for OMP profiling (Shi et al., 2013). The outer membrane protein encoding genes were further amplified using multiple primer pairs among the 4 paired strains (Zhang et al., 2014).



Inhibition of Efflux Pumps With CCCP

Efflux pump inhibitor carbonyl cyanide m-chlorophenylhydrazone (CCCP, 10 mg/l) was used to examine the impact of efflux pumps on tigecycline resistance (Zhong et al., 2014). Minimum inhibitory concentrations of tigecycline for CRKP clinical isolates and resistance-induced strains were determined by the broth microdilution method in the presence or absence of CCCP. Four times or greater reduction of tigecycline MICs in the presence of CCCP was adopted as a significant inhibition effect for efflux pumps (He et al., 2015).



Analysis of acrR, ramR and oqxR Mutations

Efflux pump regulator encoding genes including acrR, ramR and oqxR were amplified by PCR with specific primers (Bialek-Davenet et al., 2011; Lin et al., 2016). The nucleotide sequences of acrR, ramR and oqxR were analyzed using a basic local alignment search tool (BLAST)3 with K. pneumoniae subsp. pneumoniae MGH 78578 as the reference strain (GenBank accession no. CP000647) (Hentschke et al., 2010).



Quantitative Real-Time PCR

The relative expression levels of genes encoding efflux pumps AcrB and OqxB and their regulators ramA and rarA were evaluated using a 7500 Real-Time PCR (RT-PCR) system and rpoB as the housekeeping gene (Stein and Babinchak, 2013; He et al., 2015). All experiments were performed in triplicate. The relative expression of the target genes was analyzed using the comparative Ct method (2–Δ Δ Ct) with the Agilent MxPro software.



Genome Sequencing and Annotation

Whole-genome shotgun sequencing was carried out for 5 CRKP clinical isolates and 4 resistance-induced strains, using a standard run of Illumina HiSeq2000 sequencing using a generating 2 × 100 paired-end libraries (500-bp insert size) sequencing strategy according to the manufacturer’s instructions. Clean reads were assembled into scaffolds using Velvet version 1.2.07. Post-Assembly Genome Improvement Toolkit (PAGIT) was then used to extend the initial contiguous sequences (contigs) and correct sequencing errors. Open reading frames (ORFs) were identified using Glimmer version 3.0. Protein-coding sequences were further BLAST-searched against the Antimicrobial Resistance Database (ARDB).



Plasmid Analysis

Plasmids of 5 CRKP clinical isolates and 4 resistance-induced strains were analyzed by S1-nuclease pulsed-field gel electrophoresis (S1-PFGE). Plasmid DNA was extracted using a QIAGEN Plasmid Midi Kit (Qiagen, shanghai, China) according to the manufacturer’s instructions, and was separated by electrophoresis in 0.8% agarose at 120 V for 1 h. The plasmids of E. coli V517 served as a size marker.



Data Analysis and Statistical Methods

One-way ANOVA or a non-parametric test (Mann-Whitney U test) was carried out to compare two means, depending on the data distribution. Statistical significance was assumed at p value of less than 0.05. Data analysis was performed using Minitab 16 software (Minitab, State College, PA, United States).



RESULTS


Microbiological Characteristics of CRKP Clinical Isolates

Pulsed-field gel electrophoresis analysis of 50 CRKP clinical isolates showed five clusters, suggesting clonally distinct nature of these isolates (Figure 1A). Antimicrobial susceptibility tests showed that all CRKP isolates were resistant to first-line antibiotics except tigecycline and colistin; one isolate was found to be resistant to tigecycline (K537, MIC 8 mg/L, see Table 1). One representative strain from each cluster (designated as K537, K521, K467, K428, and K43) was chosen for further studies. MLST found that the tigecycline-resistant clinical isolate K537 and tigecycline-sensitive isolates K521, K467, K428, and K43 belonged to sequence types ST39, ST11, ST11, ST37, and ST3623, respectively.
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FIGURE 1. (A) Pulsed-field gel electrophoresis (PFGE) analysis of five representative carbapenem-resistant Klebsiella pneumoniae (CRKP) clinical isolates and their resistance-induced descendants; (B) Growth dynamics of four resistance-induced strains and their parental clinical isolates.



TABLE 1. Antimicrobial susceptibility of five CRKP clinical isolates and four resistance-induced descendant strains.
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Experimental Induction of Tigecycline Resistance in CRKP

Four tigecycline-sensitive clinical isolates (K467, K521, K428, and K43) were treated with tigecycline at gradually increased concentrations to induce tigecycline resistance. Significant increases in the MICs of tigecycline (32- – 64- fold) were achieved for the descendant strains in comparison with their parental clinical isolates (Table 1). PFGE analysis further confirmed the origin of the resistance-induced CRKP strains (Figure 1A). The induced tigecycline-resistance remained stable after sixteen passages of CRKP in an antibiotic-free growth medium. Comparing the growth dynamics of tigecycline-sensitive clinical isolates and their resistance-induced descendant strains showed a minor but universal fitness loss (Figure 1B).



Molecular Mechanisms Underpinning Experimental Induction of Tigecycline Resistance

We examined the role of adenosine triphosphate (ATP)-driven efflux pumps in the resistance of CRKP to many antibiotics including tigecycline. Using the efflux pump inhibitor CCCP partially restored the susceptibility of all five tigecycline-resistant strains (Table 1). Gene expression of pump- and regulator- encoding genes including acrB, ramA, oqxB, and rarA was evaluated (Figure 2). All tigecycline-resistant strains showed higher expression of acrB (6. 9-, 19. 3-, 15. 6-, 5. 3-, 64.5-fold for K537, K467-R, K521-R, K428-R, and K43-R, respectively) and its regulator gene ramA (7. 4-, 12. 2-, 13. 5-, 34. 5-, 65.8-fold, respectively). Over-expression of oqxB and rarA was seen in K43-R (12.5-fold and 2.5-fold) and K521-R (2.7-fold and 5.9-fold).
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FIGURE 2. Expression of pump and regulator encoding genes including acrB, ramA, oqxB, and rarA in five tigecycline-resistant CRKP strains. The values were expressed as mean ± standard deviation (SD).


We also sequenced genes encoding other important regulators of efflux pumps, including acrR, ramR, and oqxR. No mutation was identified in acrR and ramR. Mutations in oqxR were found; no difference between tigecycline-sensitive clinical isolates and their resistance-induced counterparts indicated no direct link between oqxR mutation and experimentally induced tigecycline resistance (Table 2). SDS-PAGE was carried out to study the role of three major OMPs (ompK34, ompK35, and ompK36) on tigecycline resistance, that may affect the diffusion of tigecycline to its target sites. Using the porin profile of K. pneumoniae ATCC 13883 as a control, OmpK36 was missing on SDS-PAGE and amplification of its encoding gene with PCR was unsuccessful (Figure 3), suggesting that a deletion and/or rearrangement of its encoding gene might have occurred in strains with clinical background. Same SDS-PAGE results for tigecycline-sensitive clinical isolates and resistance-induced descendant strains, again suggested no direct association between these OMPs and induced tigecycline resistance.


TABLE 2. Mutations of acrR, ramR and oqxR in five clinical isolates and four resistance-induced descendant strains.
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FIGURE 3. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of outer membrane proteins (OMPs) in five CRKP clinical isolates and four resistance-induced descendants.




Emergence of Collateral Sensitivity in Tigecycline-Resistant CRPK

Interestingly, prolonged exposure of CRKP to tigecycline reversed their resistance to all tested antibiotics except chloramphenicol and tigecycline; significantly lowered MICs of different antibiotics were found for all resistance-induced descendant strains (Table 1). The level of acquired hypersensitivity seemed to be antibiotic and strain dependent. Up to 2048-fold decreases in the MIC of cephalosporins and carbapenems were observed when tigecycline-sensitive clinical isolates were converted into tigecycline-resistant descendant strains; up to 64-fold and 512-fold decreases in the MIC were found when fluoroquinolones and fosfomycin were tested, respectively. At least 2 out of 4 tigecycline-sensitive and tigecycline-resistant pairs showed relatively small changes in the MIC of these non-aminoglycoside antibiotics (≤4-fold for cephalosporins and carbapenems, ≤2-fold for fluoroquinolones, and ≤16-fold for fosfomycin). More significant decreases in the MIC were noticed for aminoglycosides when compared with other antibiotics (Table 1). Most resistance-induced strains had MICs of amikacin, tobramycin and gentamicin 250-fold lower than that of their parental clinical isolates. The induced hypersensitivity of CRKP to aminoglycosides and other antibiotics remained stable after regrowth in an antibiotic-free medium for 16 passages.



Evaluating Common Antibiotic Resistance Determinants for Collateral Hypersensitivity of CRKP

Some common antibiotic resistance determinants were examined for 5 CRKP clinical isolates and 4 resistance-induced descendent strains. All isolates harbored the KPC-2 carbapenemase-encoding gene (blaKPC–2) and genes encoding other β-lactamases including SHV (sulf-hydryl variable) and TEM (Temoniera in). Genes encoding CTX-M-type ESBLs were only found in the K467 pairs and K521 pairs. Some other common AMR genes conferring antibiotic resistance in CRKP were sequenced, including gyrA encoding the DNA gyrase and parC encoding DNA topoisomerase that are responsible for fluoroquinolone resistance. An amino acid substitution of S83I was detected in gyrA in all 9 strains and S80I was detected in parC in the K428, K467, and K521 pairs. gyrA mutation D87G was found in the K467 and K521 pairs. The plasmid-carrying quinolone resistance gene qnrS was also detected in K537 and K467 pairs. Interestingly, the 16S-rRNA methylase encoding gene rmtB, a gene that confers resistance to most clinically relevant aminoglycosides, was found in K467 and K521 but missing in their resistance-induced counterparts.



Whole Genome Sequencing Broadened Our Understanding of Collateral Sensitivity in CRKP

Common genetic determinants seemed to be inadequate to explain the induced hypersensitivity to aminoglycosides of CRKP. We thus performed a next-generation full genome sequencing for all nine strains selected for this study, intending to identify molecular determinants that differ between the tigecycline-sensitive and tigecycline-resistant groups. Despite the significant difference in the bacterial resistance to multiple antibiotics including aminoglycosides, no obvious chromosome-related genetic difference was found (Supplementary Figure 1 and Supplementary Table 1, for reviewers’ information only). Full genome sequencing of CRKP revealed several antibiotic-resistance related mutations that were not unique to the tigecycline-sensitive parental strains or their tigecycline-resistant descendants, including: 1) a 4bp mutation in non-coding region between ybhN and ybhL in the K428 pairs, 2) a 11bp insertion in the non-coding region between garK-1 and tRNA_anti-like, a 10bp insertion in the non-coding region between kp467_02292 and kp467_02293 and a 4bp mutation in the gene encoding DNA polymerase IV (dinB_4) in the K467 pairs, 3) and a 12bp insertion in the non-coding region between kp521_05022 and kp521_05023 in the K521 pairs (Table 3). Several key AMR mobile elements were found in the parental clinical isolates but not the descendants, including rmtB (K467 and K521 pairs), blaTEM–1E (K521 pair), fosA3 (K467 and K521 pairs) (Supplementary Figure 1). As rmtB and fosA3 are often co-carried on a large AMR plasmid, we hypothesized that loss of an AMR plasmid might have occurred to compensate the fitness cost. S1-PFGE revealed that all clinical isolates contained multiple plasmids ranging from 2.1 kb to 54.2 kb in size (Figure 4). One plasmid of 54.2–5.6 kb was absent in K43-R but present in K43, and one plasmid of approximately 2.1 kb was missing in K467-R but not the parental clinical isolate.


TABLE 3. Mutations observed in the four clinical isolates and their resistance-induced descendant strains.
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FIGURE 4. Plasmid analysis of five CRKP clinical isolates and four resistance-induced strains. Escherichia coli V517 was used as a control.




DISCUSSION

Extended spectrum beta lactamase-producing CRKP are now among the most critical pathogens advised by the recent WHO global priority list of antibiotic-resistant bacteria (WHO, 2020). The overuse of tigecycline and colistin in clinical settings has promoted CRKP to develop resistance to both last-resort antibiotics (Zhang et al., 2018), highlighting a pressing clinical need for alternative strategies such as antibiotic combination therapy. This study intended to increase our understanding of collateral sensitivity in CRKP that tolerates tigecycline treatment, and such knowledge might serve as the foundation of a promising combination therapy for otherwise “untreatable” CRKP infections.

Carbapenem-resistant Klebsiella pneumoniae isolates used in this study have distinct PFGE patterns and belong to different sequence types, supporting the non-dominant clonal nature of CRKP encountered in a hospital environment (Chiu et al., 2017). Development of resistance or non-susceptibility to tigecycline has been linked to prolonged use of tigecycline or other antibiotics (Lin et al., 2016). Our mechanistic study of tigecycline resistance only found an association between the reduced tigecycline susceptibility and the overexpression of acrB/ramA in CRKP. No significant difference in the expression of oqxB and rarA, or missense/silent mutations in oqxR, acrR or ramR was found when comparing tigecycline-sensitive clinical isolates and their resistance-induced descendants.

Enterobacteriaceae is known to be able to regain collateral sensitivity to many first-line antibiotics when developing resistance to tigecycline, in particular aminoglycosides (Fang et al., 2016; Barbosa et al., 2017). The underlying mechanisms of collateral sensitivity have been proposed but not been fully disclosed (Barbosa et al., 2017). Barbosa et al. (2017) reported that resistance mutation in the regulatory genes of efflux pumps such as nalC or mexZ might resensitize β-lactam-adapted bacterial populations to aminoglycosides (Barbosa et al., 2017). Previously reported collateral sensitivity in K. pneumoniae was supported by mild decreases in MICs of several first-line antibiotics, by 2–10 times (Fang et al., 2016). We, however, found dramatic changes in MICs of aminoglycosides (>100 times) for all 4 experimentally induced tigecycline-resistant strains. Current mechanisms of aminoglycoside resistance do not seem to sufficiently explain the much greater level of collateral sensitivity of CRKP found in this study (Wachino et al., 2020). We hypothesized that accumulative mechanisms drove the development of collateral hypersensitivity of tigecycline-resistant CRKP. We assessed such trade-offs through whole-genome sequencing of clinical isolates and experimentally induced resistant strains. Genomes of our clinical isolates and resistance-induced descendent strains have high similarity to CRKP clinical isolates of different ST (ST15, ST512, ST11 and ST17) sequenced by others (Hua et al., 2014; Villa et al., 2014; Xu et al., 2017; Du et al., 2018); no major chromosome-related genetic difference were found (Fang et al., 2016). We did find loss of a major AMR plasmid in at least two laboratory evolved strains (K43-R and K467-R). It has been proposed that the co-carriage of various important AMR determinants such as blaKPC–2, blaTEM–1, blaCTX–M–14, and rmtB on one plasmid could provide evolutionary benefits to bacteria in an antibiotic-rich environment (Sheng et al., 2012). K. pneumoniae is an opportunistic pathogen that is well-known for its diversity of antibiotic resistance genes, with significantly more varied DNA composition, and higher plasmid burden than other Gram-negative pathogens (Wyres and Holt, 2018). The high burden of plasmid carriage in K. pneumoniae, however, may result in a comparatively lower fitness of the bacterium (Wyres and Holt, 2018). The complex bacterium-plasmid interaction results in not only the adaption of the host to plasmid, but also specific adaption of plasmid to the host. We thus reasoned the voluntary loss of an AMR plasmid under the long-term pressure of tigecycline might also offer survival advantages to the bacterium (Sheng et al., 2012).

Limitations of this study include that only a small number of isolates were used and the structure of the AMR plasmids involved in collateral sensitivity was not further investigated, due to the limited time frame of this study. Another evident limitation is that tigecycline-resistant clinical isolate failed to show any sensitivity to aminoglycoside or other antibiotics and did not provide direct support to the proposed theory. However, theory raised from this experimental study was supported by findings of several recent clinical studies. Stohr et al. (2020) reported loss of the KPC-gene carrying plasmid and plasmid recombination in KPC-producing K. pneumoniae clinical isolates from two patients in a hospital outbreak (Stohr et al., 2020). Fang et al. (2016) also isolated tigecycline non-susceptible clinical isolates that had a 2–4-fold decreases in the MICs to aminoglycosides relative to its tigecycline-sensitive ancestral isolates (Fang et al., 2016).



CONCLUSION

Carbapenem-resistant Klebsiella pneumoniae may develop collateral hypersensitivity to aminoglycosides and other antibiotics, accompanying the development of bacterial resistance to tigecycline. This experimental study provides a proof of concept to support the sequentially combinational use of tigecycline and aminoglycosides for the treatment of CRKP infections. Antimicrobial susceptibility tests of CRKP should be frequently repeated to provide more specific and accurate guidance for its treatment (Stohr et al., 2020).
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Many strains of the opportunistic pathogen Pseudomonas aeruginosa have acquired resistance to multiple antibiotics. Carbapenem-resistant P. aeruginosa poses a global healthcare problem due to limited therapeutic options for the treatment of infections. Plasmids and integrative and conjugative elements (ICEs) are the major vectors of antibiotic-resistance gene transfer. In our study, four carbapenem-resistant strains of P. aeruginosa were isolated from the same patient in a tertiary referral hospital in China, one of these was resistant to gentamicin and tobramycin. In this strain P33, we observed a non-transferable plasmid, pP33-2, carrying a novel blaKPC−2 gene segment (ISKpn27-blaKPC−2-ISKpn6-korC-ORF-klcA-IS26), which we concluded to have been formed by IS26-mediated gene cluster translocation. In addition, by comparing the chromosomes of the P. aeruginosa strains that belong to the same sequence type, we identified an ICE, ICEP33, adjacent to a prophage. The attL site of ICEP33 is identical to the terminal part of the attR site of the prophage. The ICEP33 element contains the transposon Tn6203, which encodes antibiotic and metal resistance genes. The insertion of ICEP33 in the chromosome mediates resistance to multiple antibiotics. Our study contributes to the understanding of the acquisition of antibiotic resistance in P. aeruginosa facilitated by mobile genetic elements.
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INTRODUCTION

Multidrug-resistant (MDR) Pseudomonas aeruginosa poses a threat to human health, causing severe acute and chronic infections in hospitalized and immunocompromised patients (Horcajada et al., 2019). Due to the increasing resistance levels globally, the World Health Organization has listed this bacteria as a “critical” pathogen of which research and development for new antibiotics are urgently required (Tacconelli et al., 2018). While carbapenems are currently one of the most important classes of antibiotics for the treatment of MDR P. aeruginosa strains, they are ineffective in nearly 30% of clinical cases in China (Hu et al., 2019a).

The acquisition of carbapenemase genes is one of the main mechanisms of resistance to carbapenems (van Duin and Doi, 2017). Klebsiella pneumoniae carbapenemases (KPCs), belonging to Ambler’s class A beta-lactamases, have spread extensively and are often horizontally transferred via plasmids (Munoz-Price et al., 2013; Chen et al., 2014b). The previous reports have documented KPC-2-producing P. aeruginosa ST463 in Hangzhou, China, and typically, the blaKPC−2 genes were plasmid located (Hu et al., 2015b, 2019b). In addition to intrinsic resistances and chromosomal mutations, mobile genetic elements, such as plasmids and integrative and conjugative elements (ICEs), are responsible for spreading resistance genes to P. aeruginosa strains (Botelho et al., 2019).

Integrative and conjugative elements are key players in transmitting antibiotic resistance by conjugation like plasmids and then integrating into the chromosome and being replicated as part of the host genome like bacteriophage (Carraro and Burrus, 2015). They carry certain genes that are required for excision, maintenance, conjugative transfer, and integration into the host genome. ICEs may also carry cargo genes that confer diverse phenotypes on the organisms including pathogenicity islands containing virulence-associated genes (Wurdemann and Tummler, 2007; Kung et al., 2010; Roy Chowdhury et al., 2017).

In this study, we found a clinical P. aeruginosa isolate carrying a novel blaKPC−2 plasmid, pP33-2, markedly different from the blaKPC−2 carrying plasmids reported previously. This strain also harbored an ICE, ICEP33 containing a Tn6203 transposon with several resistance genes.



MATERIALS AND METHODS


Clinical Isolates and Identification

Four isolates, P20, P22, P23, and P33, were cultured from a patient’s rectal and throat swabs and tracheotomy tube using Pseudomonas Isolation Agar (Peptone 20 g/l, MgCl2 1.4 g/l, K2SO4 10 g/l, Triclosan 25 mg/l, Agar 13.6 g/l, and Glycerol 20 ml/l.). Bacterial species were identified by the matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS; Bruker Daltonik GmbH, Bremen, Germany) and 16S rRNA gene sequencing.



Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing was performed by broth microdilution. Antibiotics included: piperacillin; piperacillin-tazobactam; ceftazidime; ceftazidime-avibactam; cefepime; aztreonam; imipenem; meropenem; gentamicin; tobramycin; amikacin; ciprofloxacin; levofloxacin; and colistin. The results were interpreted according to Clinical and Laboratory Standards Institute guidelines (CLSI; M100, 30th Edn.; CLSI, 2020). P. aeruginosa strain ATCC 27853 was used as the quality control.



Genome Sequencing and Analysis

Genomic DNA was extracted by the QIAamp DNA Mini Kit (Qiagen, Germany) and sequenced by HiSeq (Illumina, San Diego, CA, United States). The paired-end reads were assembled by CLC genomics workbench (version 12). Multilocus sequence typing was identified by the PubMLST1 (Jolley et al., 2018). Antibiotic resistance genes were identified by the ResFinder 4.12 (Zankari et al., 2012) and were further confirmed by PCR. The genomic DNA of P23 and P33 was additionally prepared by the Gentra Puregene Yeast/Bact. Kit (Qiagen) and Nanopore sequencing was performed by a MinION sequencer (Oxford Nanopore Technologies, Oxford, United Kingdom). De novo assembly of the Illumina and Nanopore reads was performed using the Unicycler v0.4.8 (Wick et al., 2017). The genome sequence was annotated by Prokka3 (Seemann, 2014) and manually refined by NCBI Blast (Camacho et al., 2009). The nucleotide polymorphism (SNP) tree was built by snippy-multi and FastTree,4 visualized by ggtree v2.0.4 (Yu, 2020). Conjugative apparatus was predicted by oriTfinder5 and MOBscan (Li et al., 2018; Garcillan-Barcia et al., 2020). ICEs were predicted by ICEfinder6 (Liu et al., 2019).



Conjugation

Conjugation assays were conducted using rifampicin-resistant Escherichia coli EC600 and a spontaneous rifampicin-resistant mutant of P. aeruginosa PAO1 as the recipient strain. Strain P33 was used as the donor. The selective Mueller-Hinton agar plates contained rifampicin (300 μg/ml) combined with meropenem (0.5 μg/ml) or meropenem (4 μg/ml). Each conjugation experiment was repeated at least three times.



Accession Numbers

The complete sequences of the chromosomes and plasmids from P. aeruginosa strain P23 and P33 have been deposited in the GenBank nucleotide database under accession numbers CP065417-CP065418 and CP065412-CP065416, respectively. The genome sequences of P. aeruginosa strains P20 and P22 have been deposited in the GenBank database under accession numbers JAEMVM000000000 and JAEMVL000000000, respectively.




RESULTS AND DISCUSSION


Case Report

In August 2019, a 69-year-old man was hospitalized in Sir Run Run Shaw Hospital (Mayo Clinic Care Network) in Hangzhou, China. The patient had been suffering from a severe cough with expectoration for 5 months, in addition to fever and hypotension that began approximately 1 month before hospitalization. The patient’s medical history included hypertension, cerebral infarction, and multiple pulmonary infections. Several months before hospitalization, the patient suffered from a bloodstream infection by P. aeruginosa. After this renewed hospitalization, the patient’s symptoms were controlled by antibiotics and other supportive treatment, such as mechanical ventilation and fluid therapy. The course of antibiotics used is listed in chronological order as follows: cefoperazone-sulbactam, cefuroxime, piperacillin-tazobactam, and cefuroxime. After 1 month, his condition improved and he was discharged. Four P. aeruginosa strains P20, P22, P23, and P33 were isolated from different anatomical locations or at different time points during hospitalization (Table 1). Specifically, P20 was isolated from the rectal swab on the day of admission; P22 and P23 were isolated from the rectal swab and throat swab on the fifth day after admission, respectively; and P33 was isolated from the tracheotomy tube on the twelfth day.



TABLE 1. Summary of antimicrobial susceptibility testing for four strains.
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Results of Antimicrobial Susceptibility Testing

The four P. aeruginosa isolates were all resistant to penicillins, β-lactam/β-lactamase inhibitor combination agents, cephems, monobactams, carbapenems, and fluoroquinolones and intermediate to colistin. P20, P22, and P23 were susceptible to aminoglycosides while P33 was susceptible to amikacin but resistant to gentamicin and tobramycin (Table 1).



Genetic Relationship and Antibiotic Resistance Genes of the Strains

P20, P22, P23, and P33 were all identified as ST463. An analysis based on SNP showed that P33 was more genetically distant from the other three strains (Figure 1). P33 differed from P20 in 315 SNPs, from P22 in 314 SNPs, and from P23 in 306 SNPs. Taking the large number of varied SNPs into consideration, it seems that P33 unlikely evolved from the other three strains recently, i.e., during the hospitalization.

[image: Figure 1]

FIGURE 1. SNP difference matrix and heat map of predicted antibiotic resistance genes of four Pseudomonas aeruginosa strains. The numbers in the matrix are the number of variant SNPs between the strains. The indicator denotes the cope number of genes by different color.


The antimicrobial resistance genes of P33 were different from the other isolates. The genome of P33 contained genes that conferred resistance to β-lactams (blaCARB-2), aminoglycosides (aac(6')−IIa, ant(2")−Ia), and sulfonamide (sul1), which were absent in P20, P22, and P23. While P33 lacked blaOXA-468, the other three strains contained the gene. All of four strains had aph(3')−IIb, blaKPC−2, blaPDC−374, catB7, crpP, and fosA (Figure 1). The genes aac(6')−IIa and ant(2")−Ia are likely to confer the resistance in P33 to gentamicin and tobramycin. Nanopore sequencing and subsequent analysis showed that the carbapenem-resistant gene blaKPC–2 is located in a plasmid found in P23 and P33, respectively. Sequence analysis indicated that P20, P22, and P23 carry a closely related blaKPC−2 plasmid, while the one in the P33 is different. The nucleotide sequence of the blaKPC−2 plasmid in P33 is about in 30% identical to those in others.

The observations of our study reveal differences in SNP and antimicrobial susceptibility among the strains of the same sequence type (ST463). We speculate that the P33 strain could have acquired the mobile elements carrying the relevant antibiotic resistance genes by exchanging genes with other bacteria in the host microbiome during the long-term repeated infection.



Characterization of Plasmids in P33

Employing Nanopore sequencing, we were able to identify four plasmids in P33, named pP33-1, pP33-2, pP33-3, and pP33-4. Plasmid pP33-1 is 49,654 bp long with an average GC content of 59% and 58 predicted open reading frames (ORFs). Plasmid pP33-2 has a length of 48,306 bp, with an average GC content of 59%. Sequence annotation predicted 64 ORFs. Plasmid pP33-3 is smaller with 3,014 bp, an average GC content of 61% and only three predicted ORFs. Finally, pP33-4 was predicted to contain three ORFs on a similarly sized plasmid (2,953 bp) with an average GC content of 65%.

The genetic structure of pP33-2 can be divided into the general maintenance and the blaKPC−2 segment. The general maintenance includes the replication initiation (repA), partitioning (parAB), and genes for plasmid maintenance. The plasmid pP33-2 is classified as an unidentified incompatibility (Inc.) type. BLAST analysis showed that pP33-2 is similar to plasmid ID40_1 (LR700249.1), pPA7790 (CP015000.1), pPB353_1 (CP025052.1), pPB354_1 (CP025054.1), pMS14403A (CP049162.1), pJUPA4295 (LC586269.1), and an unnamed plasmid in strain AR_0230 (CP027175.1), with query coverage ranging from 59 to 78% and an identity of 95.24–98.51%. After removing the blaKPC−2 cluster, pP33-2 shares 97–100% coverage with the plasmid sequences mentioned above. Thus, while these plasmids share similar backbones, only pP33-2 carries the blaKPC−2 gene, indicating that pP33-2 is a novel blaKPC−2 plasmid in P. aeruginosa.

Plasmid pP33-1 encodes four components of a conjugative apparatus: an origin of transfer (oriT), a relaxase (R), a type IV coupling protein (T4CP), and a type IV secretion system (T4SS; Smillie et al., 2010), while pP33-2 was predicted to harbor only a MOBC family relaxase and part of T4SS. Although pP33-1 was included as a conjugative helper, conjugation experiments with pP33-2 failed several times, suggesting that pP33-2 might be not transferable.



Evolution of the blaKPC–2 Gene Cluster Within the Strains

Strain P23 harbors the blaKPC−2 gene-containing plasmid pP23, which is very similar to plasmid YLH6_p3 (MK882885.1) and pPA1101 (MH734334.1; Hu et al., 2019b). The accessory modules of blaKPC−2 were different in pPA1101, pP23, and pP33-2 (Figure 2). In pPA1101, there was a core module Tn3-ISKpn27-blaKPC−2-ISKpn6-korC-ORF-klcA-ORF-ORF with two inverted IS26 elements at both ends. The core module Tn3-ISKpn27-blaKPC–2-ISKpn6 was frequently identified as the blaKPC–2 gene cluster in China (Shen et al., 2009; Cai et al., 2014; Chen et al., 2014a; Li et al., 2015). Occasionally, the core module was observed to be interrupted by the IS26-based composite transposons (Chen et al., 2014c). When comparing pP23 to pPA1101, a part of the core module appeared to be reversed (Figure 2). Due to the intramolecular replicative transposition in inverse orientation, the segment between the original IS26 and the targeted site on tnpA was reversed. An indication that supports our interpretation is that we observed 8-bp sequences (5'-CGATATTT-3') reverse complements of each other that flank the two IS26 copies (Harmer et al., 2014; He et al., 2015; Partridge et al., 2018).

[image: Figure 2]

FIGURE 2. Detailed structure and comparison of the blaKPC–2 gene cluster within the strains. Yellow, orange, and green arrows represent transposase, resistance, and conjugal genes, respectively. Arrows indicate the translation orientation of the coding genes. Red flags highlight the positions of inverted repeats.


Unlike sequences reported previously, ISKpn27-blaKPC−2-ISKpn6-korC-ORF-klcA-IS26 was found in the KPC module of pP33-2. The gene cluster korC-ORF-klcA is commonly connected with the core module ISKpn27-blaKPC−2-ISKpn6 as mentioned above (Shen et al., 2009; Dai et al., 2016; Shi et al., 2018). However, unilateral IS26 element insertion is rarely observed. A possible explanation for this is if IS26 and the adjacent region that included ISKpn27-blaKPC−2-ISKpn6-korC-ORF-klcA, formed a transferable unit (TU). This TU might then have inserted into another plasmid. Normally, the integration results in two copies IS26 in direct orientation, one at each boundary between the two participating molecules (Harmer et al., 2014; Harmer and Hall, 2015; Varani et al., 2021). However, we observe only one IS26 in pP33-2; the other might possibly have been lost through a deletion event.

Blast search results identified plasmid pPA7790 (Nascimento et al., 2016), which was isolated from a patient in Brazil, as being most similar to pP33-2 with 78% query coverage and 98.51% identity. Comparing pP33-2 to pPA7790, the backbone is similar, yet the blaKPC–2 segment in pP33-2 substituted a part of T4SS module in pPA7790 (Figure 2).

The mechanism of how the blaKPC−2-carrying plasmid originated has not been completely established. However, it is very plausible that the IS26 facilitated the spread of KPC among different plasmids in P. aeruginosa. The P. aeruginosa strain with novel blaKPC−2 plasmid described here might become an important regional epidemic clone.



Integration of ICEP33 Brings Resistance Genes

Among the four clinical isolates, P23 and P33 have the closest genetic relationship (Figure 1). A comparison of the chromosomes of P23 and P33 showed there is an 110,131-bp-long insertion downstream of the gene encoding the integrase family protein on the P33 chromosome (Figure 3). ICEfinder predicted it to be a putative ICE, hereafter named ICEP33. Within this element, we found the aminoglycosides-resistant genes aac(6')-IIa and ant(2")-Ia together with blaCARB-2 and sul1, which were only found in P33.
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FIGURE 3. Comparison of partial chromosomes. A prophage integrated into the chromosome first, and then an ICE integrated next to the prophage. The attL and attR of prophage and ICE are, respectively, labeled. The overlapping att site is marked red. Red arrows represent the genes which ICE and prophage integrate adjacent to. The ICE is divided into four parts.


The antimicrobial resistance genes are organized within a single class I integron integrated in transposon Tn6203. In addition, there is a Tn4378-like transposon carrying a mercury resistance operon (mer) in Tn6203. With the exception of the resistance segment, ICEP33 could roughly be divided into four parts: backbone, structure 1, type I restriction and modification (RM) system, and structure 2 (Figure 3). The backbone contains genes encoding a bacteriophage P4-like integrase, conjugative apparatuses, and genes for DNA processing and replication. The type I RM is possibly required for ICE self-maintenance (Hu et al., 2015a). Structure 1 and structure 2 contain genes encoding proteins, such as cold shock domain-containing protein, S8 family peptidase and LysR family transcriptional regulator. These structures might be acquired through multiple recombination events during the ICE evolution.

The insertion of ICE is flanked by two attachment (att) sites at both ends of the sequence (attL and attR; Bellanger et al., 2011; Johnson and Grossman, 2015). In P33, the attL is 5'-GATTCCCTTCGCCCGCTCCA-3' and the attR is 5'-GATTCCCTTCACCCGCTCCA-3'. These site-specific integrations mediated by the bacteriophage P4-like integrase are typically found within the tRNA gene (Ravatn et al., 1998a,b; Wozniak and Waldor, 2010; Johnson and Grossman, 2015). However, ICEP33 is integrated approximately 37-kb downstream of tRNAGly. We found an intact prophage sequence inserted next to the tRNAGly causing 46 bp direct repeats, which contain the att site of ICEP33 (Figure 3). This prophage is 36.7 kb in length with an average GC content of 63.8% and 48 predicted ORFs. The prophage encodes 42 phage proteins and 33 of them are similar to P2-like phage ΦCTX (AB008550.1). Compared to ΦCTX, the prophage in P33 lacks the cytotoxin gene (ctx) and contains a different integrase gene. We propose that the evolution of this genetic section of the bacterial chromosome happened in succession, with integration of the prophage into the chromosome similar to JT86 (CP062219.1) occurring first, forming the genomic organization that is also observed in P23. In a second step, an ICE integrated next to the prophage and eventually leading to the structure observed in P33 (Figure 3). ICEs with bacteriophage P4-like integrase are often found adjacent to phages that target the same att site (Botelho et al., 2018). Our study provides a possible order of their insertion. However, whether there is an interaction in integration between ICE and prophage is unclear.



ICEP33 Belongs to clc-Like Family

Two large families of ICEs exist in P. aeruginosa, the pKLC102 family and the clc-like family, which includes clc (AJ617740), PAGI-2 (AF440523), and PAGI-3 (AF440524; Kung et al., 2010). ICEP33 is similar to PAGI-15 (KX196168.1) and PAGI-16 (KX196169.1), which were defined as clc-like ICEs (Hong et al., 2016), indicating that ICEP33 belongs to the same family. These ICEs all share a similar bipartite structure: the conserved part adjacent to the integration site as backbone and the variable part that consisted of unique cargo ORFs (Kung et al., 2010). ICEP33-like ICEs were also found in other bacteria, such as Achromobacter xylosoxidans strain X02736 (GCA_000517225.1; Hu et al., 2015a), Bordetella trematum strain E202 (CP049957.1), P. aeruginosa strain SE5443 (CP046405.1), and C79 (CP040684.1; Figures 3, 4). The antibiotic resistance genetic load is the main difference between them. Compared to the most similar sequence ICEAx02736-1, they both carry the same resistance genes embedded in Tn6203 modules. In P33, the right end of Tn6203 was truncated by IS6100 and four predicted ORFs, which led to the loss of an inverted or direct repeat. In addition, it appears that a gene encoding group II intron reverse transcriptase/maturase had inserted into the middle of the gene encoding a DEAD/DEAH box helicase. Interestingly, these ICEs in Figures 3, 4 are found in different bacterial species in China, indicating that this type of ICE is present in a variety of hosts and may be an important molecular mechanism for the dissemination of resistance genes in the country.
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FIGURE 4. Detailed structure and comparison of similar ICEs. Yellow, orange, and green arrows represent transposase genes, resistance genes, and integrating conjugative elements, respectively. Arrows indicate the translation orientation of the coding genes. Two green shades denote Tn6203 and Tn4378.





CONCLUSION

In this study, four P. aeruginosa strains were isolated from a single patient in an intensive care unit. The horizontal transmission of the antibiotic resistance genes in those strains was hypothesized to be mediated by mobile elements IS26 and ICEs. In this work, a novel plasmid pP33-2 encoding blaKPC–2 is described, which likely originates from an IS26-mediated insertion into the position of T4SS; subsequently, a deletion of the IS26 and a partial removal of the T4SS occurred during evolution. In addition, the resistance genes embedded in the transposon Tn6203 became part of ICEP33 that was found in the same strain. ICEP33, which belongs to clc-like family is integrated adjacent to a prophage sequence. The appearance of the novel blaKPC−2 plasmid and the integration of the ICE has created a new type of MDR P. aeruginosa strain, which creates a high risk of a regional epidemic carbapenem-resistant clone, bringing more challenges to the clinical treatment of infections caused by P. aeruginosa.
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The rapidly increasing prevalence of Klebsiella pneumoniae carbapenemase 2 (KPC-2)-producing bacteria has become a serious challenge to public health. Currently, the blaKPC–2 gene is mainly disseminated through plasmids of different sizes and replicon types. However, the plasmids carrying the blaKPC–2 gene have not been fully characterized. In this study, we report the complete genome sequences of two novel blaKPC–2-harboring incompatibility group U (IncU) plasmids, pEC2341-KPC and pEC2547-KPC, from international high-risk clones of Escherichia coli isolated from Zhejiang, China. Two KPC-2-producing E. coli isolates (EC2341 and EC2547) were collected from clinical samples. Whole-genome sequencing (WGS) analysis indicated that EC2341 and EC2547 belonged to the ST410 and ST131 clones, respectively. S1-nuclease pulsed-field gel electrophoresis (S1-PFGE), Southern blot and conjugation experiments confirmed the presence of the blaKPC–2 gene on the pEC2341-KPC plasmid and that this was a conjugative plasmid, while the blaKPC–2 gene on the pEC2547-KPC plasmid was a non-conjugative plasmid. In addition, plasmid analysis further revealed that the two blaKPC–2-harboring plasmids have a close evolutionary relationship. To the best of our knowledge, this is the first report of E. coli strains carrying the blaKPC–2 gene on IncU plasmids. The emergence of the IncU-type blaKPC–2-positive plasmid highlights further dissemination of blaKPC–2 in Enterobacteriaceae. Therefore, effective measures should be taken immediately to prevent the spread of these blaKPC–2–positive plasmids.

Keywords: E. coli, KPC-2, IncU plasmid, high-risk clones, whole genome sequencing


INTRODUCTION

The rapidly increasing prevalence of KPC-producing bacteria has become a serious challenge to public health (Suay-García and Pérez-Gracia, 2019). At the time of writing (April 2021), 82 variants of KPC enzymes (KPC-1 to KPC-82) have been identified among gram-negative bacteria worldwide1. Among these carbapenemases, KPC-2 was first identified from a Klebsiella pneumoniae strain in the United States in 2003 (Smith Moland et al., 2003) and attracted extensive attention because of its rapid worldwide dissemination. Currently, the blaKPC–2 gene is prevalent in K. pneumoniae strains, and the sequence type 258 (ST258) clone has successfully spread worldwide (Munoz-Price et al., 2013).

Although not as common as in K. pneumoniae, the blaKPC–2 gene has also been identified in Escherichia coli strains. Some reports, including two from our group, have recently found that the blaKPC–2 gene was present in the ST131-type E. coli strains, which are international multidrug-resistant high-risk clones (Du et al., 2020; Wang et al., 2020). KPC-2-producing E. coli strains were isolated not only from humans but also from animals, such as cattle (Vikram and Schmidt, 2018), swine (Liu et al., 2018) and cats (Sellera et al., 2018). Unfortunately, blaKPC–2 has also been identified in environmental samples [urban rivers (Xu et al., 2015), drinking water (Mahmoud et al., 2020), and vegetables (Wang et al., 2018)], indicating its presence in the environment. In addition, blaKPC–2 was further disseminated through plasmids of different sizes and replicon types (Mathers et al., 2017), such as the pKpQIL-like plasmid (Chen et al., 2014b), the IncFIA plasmid (Chen et al., 2014a), the IncI2 plasmid (Chen et al., 2013), the IncX3 plasmid (Fuga et al., 2020), the IncP-6 plasmid (Hu et al., 2019) and the IncN plasmid (Schweizer et al., 2019). The movement of blaKPC plasmids into E. coli strains that are known pathogens of urinary tract and intra-abdominal infections raises clinical concerns (Bratu et al., 2007). Plasmid transfer will further lead to continued spread of resistance and limit clinical treatment options (Chen et al., 2014). However, plasmids carrying the blaKPC–2 gene have not been fully characterized.

In the present study, we reported the complete sequences of two novel blaKPC–2-harboring IncU plasmids from international high-risk clones of E. coli ST131 and ST410 isolates from China. In addition, the whole genome sequence revealed that the two blaKPC–2-positive plasmids have a close evolutionary relationship.



MATERIALS AND METHODS


Bacterial Strains

In a retrospective study, 109 carbapenem-resistant Enterobacteriaceae strains were isolated from June 2018 to September 2019. Common carbapenemase genes (blaKPC, blaNDM, blaVIM, and blaIMP) were amplified, and the positive products were sequenced. Two KPC-2-producing E. coli strains were included in this study and further identified by the VITEK MS system (bioMérieux, Marcy-l’Etoile, France).



Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing was carried out using the broth microdilution method according to the protocol of CLSI guidelines (CLSI, 2020). Minimum inhibitory concentrations (MICs) were interpreted according to the guideline document established by Clinical and Laboratory Standards Institute (CLSI, 2020). For tigecycline and polymyxin E, the MIC results were categorized in accordance with the breakpoints defined by the European Committee on Antimicrobial Susceptibility Testing criteria2. E. coli ATCC 25922 was used as a quality control strain.



S1-PFGE and Southern Blot Hybridization

The plasmid location of the blaKPC–2 gene was determined by Southern blot experiments according to the previous study (Wang et al., 2020). Briefly, whole chromosomal DNA was digested with S1-nuclease (TaKaRa, Japan). The digested fragments were electrophoresed on a CHEF-mapper XA pulsed-field gel electrophoresis (PFGE) system (Bio-Rad, United States) for 18 h at 14°C. The DNA fragments were transferred to a positively charged nylon membrane (Millipore, United States) and then hybridized with a digoxigenin-labeled blaKPC–2-specific probe. The fragments was detected by an NBT/BCIP color detection kit (Roche, Germany). The Salmonella enterica serotype Braenderup H9812 was used as the size marker.



Conjugation Experiments

A filter-mating experiment was performed with E. coli J53 as the recipient strain and blaKPC–2–positive isolates as the donor strains. Transconjugants were selected on Mueller-Hinton agar plates supplemented with 300 mg/L sodium azide and 100 mg/L ampicillin. The transconjugants were confirmed by PCR sequencing and antimicrobial susceptibility testing.



Whole Genome Sequencing and Plasmid Analysis

Total genomic DNA extraction and analysis were carried out according to previously described methods (Wang et al., 2020). Briefly, the QIAamp DNA MiniKit (Qiagen, Valencia, CA, United States) was used to extract the genomic DNA of two strains for genome sequencing. A NextEra XT DNA library preparation kit (Illumina, Inc., Cambridge, United Kingdom) was used to prepare the DNA library. Genomic DNA was sequenced on an Illumina HiSeqTM 4000 instrument with a 150-bp paired-end approach at a depth of approximately 200×. The CLC Genomics Workbench 10.0 was used to assemble the raw reads of the strains into draft genomes using. In addition, a Pacific Biosciences RSII DNA sequencing system (PacBio, Menlo Park, CA, United States) was used to obtain the complete genomes of strains EC2341 and EC2547. The resulting sequences were de novo assembled using the Hierarchical Genome Assembly Process (HGAP_Assembly.2) with the default settings of the SMRT Analysis v2.3.0 software package.

The Rapid Annotation using Subsystems Technology (RAST) annotation website server3 was used to annotate the genomes. A schematic map of the linear comparison of the two blaKPC–2-positive plasmids and their related plasmids was generated with EasyFig 2.2.2 (Sullivan et al., 2011). Multi-locus sequence typing (MLST) of the strain and incompatibility typing of the blaKPC–2–positive plasmid were performed with the assistance of the PlasmidFinder-1.3 server and the MLST 2.0 server, which are available at the Center for Genomic Epidemiology4.

In addition, plasmid stability was determined according to a previous study (Li et al., 2018).



Nucleotide Sequence Accession Number

The complete sequences of the plasmids pEC2341-KPC (accession number CP072979) and pEC2547-KPC (accession number CP072981) were deposited in DDBJ/EMBL/GenBank.



RESULTS AND DISCUSSION


Isolate Characteristics

In the present study, two KPC-2-producing isolates were collected from a teaching hospital in Zhejiang, China. E. coli strains EC2341 and EC2547 were isolated from urine and sputum, respectively. The antimicrobial susceptibility testing results showed that the blaKPC–2-positive isolates were resistant to carbapenems, cephalosporins, amoxicillin/clavulanate, ciprofloxacin, and amikacin but were susceptible to colistin, tigecycline and ceftazidime-avibactam (Table 1).


TABLE 1. Antibiotic susceptibility used in this study (mg/L).

[image: Table 1]The MLST results showed that E. coli strains EC2547 and EC2341 belonged to ST131 and ST410, respectively. The ST131 clone-type E. coli strain emerged in the mid-2000s and has spread worldwide (Can et al., 2015). Similar to clone lineage of ST131, the E. coli ST410 strain has been confirmed as another successful clone in E. coli (Schaufler et al., 2016). Furthermore, these two clone-type E. coli strains have gained a further selective advantage due to acquisition of carbapenem resistance (Du et al., 2020; Lee and Choi, 2020). In addition, other resistance genes, such as blaCTX–M–3, blaCTX–M–27, fosA3, and qnrS1, were also detected in the E. coli strains by analysis of the genome sequences. Multiple resistance genes were identified in the ST410 and ST131 strains, indicating that these two clone-type strains might be more capable of acquiring resistance genes.

Notably, these two international high-risk clones have caused a wide variety of clinical infections (Roer et al., 2018; Wang et al., 2020) and are associated with treatment failure because of their high virulence potential (Can et al., 2015). In the present study, multiple potential virulence factors were identified by VirulenceFinder analysis of E. coli EC2341 and EC2547 strains, such as ompA (outer membrane protein A), fdeC (adhesin), and fepC (iron-enterobactin transporter). blaKPC–2 was present in the ST131 and ST410 strains, further supporting the results that these two clone types may become a successful lineage of KPC-2-producing E. coli strains.



IncU-Type Plasmid Carrying the blaKPC–2 Gene

To ascertain the plasmid location of the blaKPC–2 gene, S1-PFGE was performed followed by Southern blot experiments. The blaKPC–2 gene was located on two plasmids of different sizes, ca. 80 Kb and ca. 100 Kb (data not shown). The transferability of the two blaKPC–2-positive plasmids was further determined by filter mating experiments. The EC2341 isolate tested could successfully transfer its carbapenem-resistance to E. coli strain J53 (Table 1), while the EC2547 isolate could not transfer its carbapenem resistance. Additionally, the blaKPC–2-positive plasmids were both stable in the two isolates by plasmid stability experiments. In the absence of antibiotics, the randomly selected strains all carried the blaKPC–2-positive plasmid that was identical to the parental isolate after 12 rounds of subculture on MH agar.

Incompatibility plasmid classification showed that the two blaKPC–2-positive plasmids were both grouped into IncU replicon types. The IncU plasmid incompatibility group was assigned in 1981 (Sirgel et al., 1981) and is a unique group of mobile elements with highly conserved backbone functions and variable antibiotic resistance gene cassettes (Tschäpe et al., 1981; Rhodes et al., 2000). The IncU incompatibility group has been isolated from a number of Aeromonas spp. and E. coli strains from natural and clinical environments (Tschäpe et al., 1981; Sandaa and Enger, 1994; Adams et al., 1998; Rhodes et al., 2000). Various resistance genes have also been described for IncU plasmids, such as qnrS2, aac(6′)-Ib-cr, aadA1 and aadA2, sulI and sulII, dfrA16 dfrIIc (dfrB3) and catAII (Sørum et al., 2003). However, carbapenem-resistant IncU plasmids have not been found previously. In this study, the blaKPC–2 gene was confirmed to be carried on the IncU plasmids. To the best of our knowledge, this is the first report of E. coli strains carrying the blaKPC–2 gene on IncU plasmids. Our study further demonstrated that plasmids harboring the blaKPC–2 gene were diverse.



Sequence Analysis of blaKPC–2 IncU Plasmids

Two entire sequences were obtained to further characterize the IncU plasmids carrying blaKPC–2. Sequence analysis showed that plasmid pEC2341_KPC was 76,952 bp in size, had 51.9% G + C content, and harbored 133 predicted ORFs (Figure 1A). The core region of pEC2341_KPC includes a replication module (repE), one transfer (tra) system, and a stability operon (stbAB and umuCD). Four antimicrobial resistance genes, qnrS1, blaCTX–M–13, blaTEM–1, and drfA14, were detected in this plasmid except for the blaKPC–2 gene. In addition, a class 1 integron-like element was also detected in this plasmid. The element is a dfrA14 gene with its 3′-conserved sequence truncated by the insertion of an IS6100 element. Sequence alignments revealed that the plasmid sequences were almost identical to those previously reported plasmids pECN-580 (KF914891) of E. coli ECN580 (97% coverage, 99.97% identity) in China (Chen et al., 2014c) and pCRKP-1-KPC (KX928750) of K. pneumoniae CRKP-1-KPC (96% coverage, 99.90% identity) in China (unpublished data) (Figure 2).


[image: image]

FIGURE 1. (A) Schematic map of plasmid pEC2341_KPC. Sequence alignment between pECN580 (accession number KF914891) and pCRKP-1-KPC (accession number KX928750) is the outer circle in orange and teal. (B) Schematic map of plasmid pEC2547_KPC. Sequence alignment between pEC2341-KPC (accession number CP072979) and pCRKP-1-KPC (accession number KX928750) is the outer circle in teal and blue.
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FIGURE 2. Linear characterization of the plasmids pEC2341-KPC and pEC2547-KPC with closely related plasmid. The gray regions between plasmids indicate nucleotide identity (85–100%) by BLASTn. Arrows indicate predicted ORFs. Primary structural characteristics of plasmids pEC2341-KPC (CP072979), pEC2547-KPC (CP072981), and pLHM10-1 (CP037908). Colored arrows represent open reading frames, with red, yellow, blue, and orange representing antibiotic resistance gene, plasmid transfer related genes, mobile elements and common function genes, respectively.


Plasmid pEC2547 contained blaKPC–2 and was 94,462 bp in size, with an average G + C content of 49.3% (Figure 1B). Compared with plasmid pEC2341_KPC, two other antimicrobial resistance genes, aar-3 and acc(6′)Ib, were identified in this plasmid. Two class 1 integron-like elements were identified in pEC2547_KPC. The first element is same as that in pEC2341_KPC. The second element is an IntI1-aac(6′)-Ib-cr-aar-3-Tn3 gene cassette located downstream of the blaKPC–2 gene.

Notably, sequencing analysis further indicated that pEC2547 might evolve from plasmid pEC2341_KPC of E. coli EC2341 (67% coverage, 100% identity) (Figure 2). Compared with plasmid pEC2341_KPC, an approximately 24-kb sequence flanked by two IS26 elements was carried on plasmid pEC2547, which resulted in disruption of the transfer systems of this plasmid. Consistent with our conjugate transfer results, the EC2547 isolate could not transfer its carbapenem resistance to E. coli strain J53. The 24-kb sequence was further aligned to an unnamed plasmid of E. coli strain LHM10-1 (GenBank accession number CP037908) with 89% coverage and 96.52% identity. This 24-kb composite transposon-like element flanking with two IS26 elements undergoes replicative transposition by the 8-bp target site duplication (TSD) (ATAGTGAT). IS26 elements have been demonstrated to undergo frequent intramolecular transposition and facilitate recombination between the plasmid or the chromosome (He et al., 2015). These findings suggest that the plasmid pEC2547 was composed of the pEC2341_KPC plasmid and an unnamed plasmid of E. coli strain LHM10-1, which was a composite transposon formed by IS26 (Figure 2).

In addition, the blaKPC–2 gene carried on the two plasmids was preceded by IS26, ISKpn27, and ISKpn6, and followed by IS26. In China, blaKPC–2 genetic environments can be classified into three main types: Tn4401 with the ISKpn7-blaKPC–2-ISKpn6 core structure, Tn1722-based unit transposons with the ISKpn27-blaKPC–2-ISKpn6 core structure and IS26-based composite transposons with the ISKpn27-blaKPC–2-ISKpn6 core structure (Wang et al., 2015). In this study, blaKPC–2 genes were both located in an approximately 5-kb composite transposon-like element with the ISKpn27 insertion sequence upstream and the ISKpn6 insertion sequence downstream of the element and flanked by two IS26 elements bracketed by IS26, which belonged to the IS26-based composite transposon. IS26-based composite transposons are mainly carried by IncN-type plasmids. Our plasmids belonged to the IncU type, which led to speculation that the IS26 elements may promote recombination between the plasmids and explain the movement of the new IncU regions.



CONCLUSION

Overall, we describe here the complete sequences of two novel blaKPC–2-positive IncU plasmids from E. coli isolates. The two blaKPC–2-harboring plasmids have a close evolutionary relationship, which highlighted the diversity of these highly promiscuous plasmids. The spread of blaKPC–2 harboring multidrug-resistant plasmids, e.g., pEC2341-KPC and pEC2547-KPC, into the international high-risk clones E. coli ST131 and ST410, presents tremendous challenges for clinicians. It is important for the IncU-type plasmid to further disseminate blaKPC–2 in Enterobacteriaceae in order for it to be maintained. Therefore, effective measures should be taken immediately to prevent the spread of these blaKPC–2–positive plasmids.
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Carbapenem-resistant Klebsiella pneumoniae (CRKP) is an urgent public health problem worldwide, and its rapid evolution in the clinical environment has been a major concern. A total of 99 CRKP isolates spreading in the intensive care unit (ICU) setting were included and subjected to whole-genome sequencing, and their sequence types (STs), serotype loci, and virulence determinants were screened based on genome data. The phylogenetic structure was reconstructed based on the core genome multilocus sequence typing method. Regions of recombination were assessed. Biofilm formation, serum resistance assays, and a Galleria mellonella infection model were used to evaluate strain virulence. A novel ST, designated ST4496, emerged in the ICU and spread for 6 months before its disappearance. ST4496 was closely related to ST11, with only a single-allele variant, and ST11 is the most dominant clinical clone in China. Recombination events occurred at capsule biosynthesis loci and divided the strains of ST11 and its derivative ST4496 into three clusters, including ST11-KL47, ST11-KL64, and ST4496-KL47. The phylogenetic structure indicated that ST11-KL47 was probably the origin of ST11-related strain evolution and presented more diversity in terms of both sequence similarity and phenotypes. ST4496-KL47 cluster strains presented less virulence than ST11-KL64, which was probably one of the factors preventing the former from spreading widely. In conclusion, ST4496-KL47 was probably derived from ST11-KL47 via intraspecies shifting but was less competitive than ST11-KL64, which also evolved from ST11-KL47 and developed increased virulence via capsule biosynthesis locus recombination. ST11-KL64 has the potential to be the predominant CRKP clone in China.

Keywords: virulence, capsule biosynthesis locus, intraspecies shifting, recombination, carbapenem-resistant


INTRODUCTION

Klebsiella pneumoniae is a common cause of community- and hospital-acquired infections (Paczosa and Mecsas, 2016; Bengoechea and Sa Pessoa, 2019). In recent decades, carbapenem-resistant K. pneumoniae (CRKP) has emerged as a major clinical concern worldwide with few treatment options (Munoz-Price et al., 2013; Grundmann et al., 2017). More worrisome is the emergence of hypervirulence-associated genetic determinants in CRKP, which may lead to even higher mortality and morbidity (Gu et al., 2018).

The capsule of K. pneumoniae confers resistance to antimicrobial peptides, phagocytosis, and complement-mediated killing and contributes to its ability to thrive in the environment or in a host. More than 77 capsular types (K-types) have been reported in clinical isolates of K. pneumoniae, and recombination events involving the capsule biosynthesis (cps) region are frequently observed within several dominant sequence type (ST) clones, such as CG258 (ST258, ST512, ST11, etc.) isolates (Wyres et al., 2015; Chiarelli et al., 2020). In China, ST11 is believed to be the most dominant CRKP clone, with a prevalence greater than 60% (Zhang et al., 2017; Wang et al., 2018). The diversity of K-type capsule polysaccharides is one of the important forces driving the extensive evolution of these bacteria and has been proven to be associated with virulence (Zhao et al., 2020; Zhou et al., 2020). Enhanced virulence may lead to subclonal replacement and thus to great challenges in clinical management and infection control (Zhou et al., 2020).

In this study, we observed an intraspecies shift in CRKP at our center, and we attempted to decipher the underlying mechanisms by determining the genetic and phenotypic diversity of related groups.



MATERIALS AND METHODS


CRKP Isolates

A common CRKP surveillance was conducted from January 1, 2017, at Sir Run Run Shaw Hospital, Zhejiang, China, which is a 1,200-bed tertiary medical center. A novel ST closely related to ST11 with a single-locus variant in mdh (allele: 1, C59T) was identified. Sixteen isolates with the novel ST (designated ST4496) were collected between January 2017 and May 2017. A rough mdh allele polymerase chain reaction analysis and subsequent sequencing screening were then applied to the isolates that were collected 2 months before January 2017 and after May 2017. Only two isolates from late December 2016 were found to harbor the novel mdh variant and were later identified as ST4496 by sequencing all seven alleles.

Altogether, 18 non-duplicated ST4496 CRKP isolates were detected, and the clinical data of the corresponding patients were collected from electronic medical records. All of the contemporaneous (from January to May 2017) CRKP isolates from the same intensive care unit (ICU) ward were collected and sequenced, resulting in a total of 99 CRKP isolates.

Species identification was performed by using matrix-assisted laser desorption ionization time-of-flight mass spectrometry (Bruker Daltonics, Bremen, Germany) and verified by genome sequencing. Isolates were considered carbapenem-resistant if the minimal inhibitory concentrations (MICs) of meropenem or imipenem were ≥ 4 mg/L or the MIC of ertapenem was ≥ 2, in accordance with the Clinical and Laboratory Standards Institute guidelines (2017).

The project was approved by the Ethical Review Committee of Sir Run Run Shaw Hospital (no. 20191231-20).



Whole-Genome Sequencing

Genomic DNA was extracted using the QIAamp DNA Minikit (Qiagen, Hilden, Germany) according to the manufacturer’s recommendations and subsequently sequenced on the Illumina HiSeq X Ten platform (Illumina, San Diego, CA, United States) via a 150-bp paired-end approach. The generated short reads were de novo assembled using CLC Genomics Workbench 9.5.1 software, and the draft genome contigs were used for further analysis. One strain was also subjected to long-read sequencing using a MinION Sequencer (Nanopore, Oxford, United Kingdom). The de novo hybrid assembly of both short (Illumina) and long (Nanopore) reads was performed using Unicycler v0.4.8 in conservative mode (Wick et al., 2017).



ST, K-Type, and Virulence Gene Analysis

Multilocus sequence typing (MLST) was performed by using the CGE database,1 and the novel ST was submitted to Institut Pasteur to obtain the specific ST number. The K-types were identified with Kaptive, and virulence genes were identified using the Institut Pasteur database2 (Wyres et al., 2016). Virulence genes [i.e., siderophore system yersiniabactin (ybtAEPQSTUX), salmochelin (iroBCDN), aerobactin (iucABCDiutA), and polysaccharide regulator rmpA/rmpA2 genes] were chosen as genotypic biomarkers for virulence evaluation (Russo et al., 2018; Turton et al., 2019; Lan et al., 2020).



Core Genome MLST and Recombination Analysis

All 99 assembled genomes were imported into Ridom Seqsphere + 4.1.9 (Ridom GmbH, Germany) for core genome MLST (cgMLST) analysis according to the default parameters. K. pneumoniae NTUH-K2044 (GenBank accession no. NC_012731.1) was used as a reference with a standard set of 2,358 genes for gene-by-gene comparisons, and the minimum spanning tree was constructed.

ST11-KL64, ST11-KL47, and ST4496 were subjected to further phylogenetic and recombination analyses. Genome alignment was established by using Snippy3 with the default parameters. Recombination analysis was performed by using Gubbins (Croucher et al., 2015), and the complete genome acquired by long-read sequencing was used as a reference. The region of recombination was extracted and annotated with Prokka (rapid prokaryotic genome annotation) (Seemann, 2014) and PHAST (PHAge Search Tool). Figures illustrating the phylogenetic and recombination results were produced with Phandango (Hadfield et al., 2018).



Biofilm Formation

Microtiter dish biofilm formation assays were used to determine the capacity of biofilm formation, with minor modifications (Naparstek et al., 2014). Briefly, bacteria [107 colony-forming units (CFU)/mL] were inoculated into Mueller Hinton (MH) medium in polystyrene microtiter 96-well plates (Grenier Bio-One, Frickenhausen, Germany) and incubated at 37°C for 20 h. The biofilm that formed in each well was quantified via crystal violet (Sigma, St. Louis, MO, United States) staining followed by elution with 95% ethanol and optical density (OD) measurements (OD595). Three independent cultures for each strain and quantification in four wells for each culture were performed.



Serum Resistance Assay

Serum resistance was determined by comparing the lag phase of the growth curve in MH broth or MH broth with 10% pooled normal human serum (1 mL serum mixed with 9 mL MH broth), which was collected from healthy volunteers. Three independent cultures for each strain were grown overnight until saturation and diluted 1:1,000 in MH broth or MH broth with 10% pooled normal human serum. Three replicates of each culture were aliquoted into a flat-bottom 100-well plate (0.2 mL/well). Growth curves were determined by measuring the OD at 600 nm every 5 min for 20 h using a Bioscreen C MBR machine (Oy Growth Curves Ab Ltd., Finland). The lag phase was estimated based on the OD600 curves using an R script defined as previously described (Hua et al., 2017).



Galleria mellonella Infection Model

A Galleria mellonella infection model was used to evaluate the virulence level among different CRKP clone groups. For strain assessment, bacteria from a freshly streaked plate were grown overnight and underwent 10-fold serial dilutions in 1 × phosphate-buffered saline (PBS). Prior to inoculation into G. mellonella larvae, bacterial cells were washed with PBS and then diluted to an appropriate cell density, as determined by measuring the OD at 600 nm. Groups of 30 larvae (∼200 mg; Yuejiayin, Tianjin, China) were stored in the dark at 4°C prior to use. For virulence evaluation, every larva was infected with 10-μL aliquots of 1 × 106 CFU bacteria (n = 10) via the last left proleg by using a 10-μL Hamilton syringe. Survival was monitored every 3 h up to 24 h postinfection at 37°C. Experiments were performed in triplicate.



Statistical Analysis

A two-tailed Mann–Whitney U-test was used to calculate the differences between all pairs of the ST11-KL47, ST11-KL64, and ST4496-KL47 groups regarding the median number of different core genes, biofilm formation, and the lag phase of the growth curve in MH broth or MH broth with 10% human serum. The survival rates of G. mellonella were evaluated using Kaplan–Meier survival curves and analyzed with the log-rank (Mantel–Cox) test. The mean numbers of bases involved in recombination were compared among these three clone groups by using one-way analysis of variance. All p-values ≤ 0.05 were considered statistically significant.



RESULTS


Clinical Characteristics of Patients Infected With ST4496 Strains

The novel allele and ST were submitted to the administrator of the Pasteur database and assigned as ST4496 with an mdh335 allele (allelic profile of 3-3-335-1-1-1-79 for gapA, infB, mdh, pgi, phoE, rpoB, and tonB, respectively).

The clinical characteristics of the patients infected with ST4496 strains are presented in Table 1. All 18 isolates were collected from the ICU. Notably, none of the isolates originated from blood or primary abscesses, and the patients tended to show a good prognosis, even though five of them were discharged against medical advice because of uncontrolled underlying conditions. Moreover, the relatively good outcomes of the majority of the patients receiving no effective antimicrobials for CRKP indicated a colonized status of the strains rather than an infectious status. The non-invasive clinical manifestations indicated a hypovirulent character of the ST4496 CRKP.


TABLE 1. Clinical characteristics of the patients infected with ST4496 CRKP.
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cgMLST for Contemporaneous CRKP

Altogether, 99 contemporaneous isolates were included in the cgMLST analysis and the subsequent phylogenetic analysis. K-type was also considered as capsule synthesis loci are recombination hotspots in multidrug-resistant K. pneumoniae and are associated with virulence.

The minimum spanning tree based on the cgMLST profiles is presented in Figure 1. The results showed that ST11 (70/99) accounted for the majority of CRKP isolates, among which KL64 and KL47 were the overwhelmingly dominant serotypes. ST4496 (18/99) was the second most common ST, and all of the isolates with this ST belonged to the KL47 serotype. There were five ST15 isolates, and the remaining six isolates included five distinct STs. ST4496 and ST11 were closely related to each other but displayed relatively long distances from other STs. ST4496 showed a shorter phylogenetic distance from ST11-KL47 strains than from ST11-KL64 based on the core gene difference. As ST4496 strains have never previously been detected at this center or reported in any other studies, it is logical to believe that they may have originated from ST11-KL47.


[image: image]

FIGURE 1. Minimum spanning tree based on the cgMLST profiles of contemporaneous CRKP strains. cgMLST profiles are represented by circles, and the size of the circle is proportional to the number of isolates with an identical cgMLST profile. The color of each circle is encoded by the K-type, and the length of lines connecting the cgMLST profiles is proportional to the number of core gene differences between circles. A gray zone surrounds a group of circles that share the same sequence type.


ST4496-KL47 (n = 18), ST11-KL64 (n = 58), and ST11-KL47 (n = 8) were selected for further analysis, as these three groups were very closely related to each other according to cgMLST and were the predominant CRKP groups. Notably, ST11-KL47 exhibited greater genetic diversity than the other two clusters; among the clusters, the median number of different core genes between each pair of strains within the group was 25 in ST11-KL47 vs. 5 in ST11-KL64 and 2 in ST4496-KL47, and these differences were significant (both p < 0.0001; Figure 2A).
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FIGURE 2. Genetic evidence and phenotypic manifestations among the ST11-KL47, ST11-KL64, and ST4496-KL47 groups: (A) The distribution of different core gene numbers between each pair of strains within the group; (B) biofilm formation (OD595); (C) lag phase in MH broth; (D) lag phase in MH broth with 10% human serum. The middle lines represent the median value for each group. Error bars indicate the region from the lowest to highest values in each group.




Phylogenetic and Recombination Analysis

Further phylogenetic analysis was performed on 84 isolates and revealed three distinct clusters, corresponding to ST11-KL47, ST4496-KL47, and ST11-KL64 (Figure 3). The strains in cluster ST11-KL47 had longer branches, continuing to show more genetic diversity than the other two clusters. The mean number of bases involved in recombination in ST11-KL64 was 270,666.7, whereas 56,866.6 and 10,879.2 bases were found in ST11-KL47 and ST4496-KL47, respectively (p < 0.0001). The three major regions of recombination were annotated, and the largest region corresponded to the K locus and O locus (149,594 bases), deciphering the K-type and LPS shifts. The other two regions were fimA/oqxAB (27,879 bases) and the prophage sequence (45,116 bases).
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FIGURE 3. Phylogenetic structure combined with the molecular characteristics and the regions of recombination in the ST11-KL47, ST4496-KL47, and ST11-KL64 strains. The SNP-based phylogenetic tree is shown to the left; green zone, ST11-KL47; pink zone, ST4496-KL47; blue zone, ST11-KL64. The distributions of bases in recombinations, KL type, ST type, and some virulence-related genes are shown in the middle. The three major regions of recombination are shown to the right, and the largest region corresponds to the K locus and O locus.




Virulence Genes

Several key virulence genes were screened, including the capsular polysaccharide regulator rmpA or rmpA2, and siderophore systems (yersiniabactin, salmochelin, and aerobactin). Yersiniabactin was the most common of these genes and was found in all strains, whereas salmochelin was not found in three lineages, ST11-KL47, ST11-KL64, and ST4496-KL47. However, great differences in other virulence genes were observed among the three lineages. Among ST11-KL64 isolates, not only did the majority (56/58, 96.6%) possess aerobactin/rmpA2∗ genes [rmpA2∗ indicates a frameshift mutation compared to empirical rmpA2 gene (Zhou et al., 2020)], but a relatively high proportion (15/58, 25.9%) also carried the rmpA gene. Only one isolate of ST11-KL47 contained aerobactin and the empirical rmpA2 gene. The ST4496 isolates carried no targeted virulence genes beyond the yersiniabactin gene cluster ybtAEPQSTUX.



Phenotypic Assessment

All eight ST11-KL47 isolates were included in the following phenotypic analysis. For biofilm formation and serum resistance assays, eight isolates were randomly chosen as representatives for the phenotypic assessment of ST4496-KL47 and ST11-KL64, respectively. In the biofilm formation assay, the OD measurements indicated that ST4496-KL47 isolates produced the least biofilm, whereas ST11-KL64 isolates produced the most biofilm. The differences between the three groups were significant (median OD595 values in ST11-KL47, ST11-KL64, and ST4496-KL47 of 0.4264, 0.8531, and 0.2340, respectively, Figure 2B). Greater diversity in biofilm formation was observed for ST11-KL47 than for ST11-KL64 and ST4496-KL47. In the serum resistance assay, similar lag phases were detected for the three groups in the MH broth (Figure 2C). However, a significantly prolonged lag phase was observed for ST4496-KL47 and some of the ST11-KL47 isolates in MH broth with 10% human serum relative to ST11-KL64. The differences between ST11-KL47 and ST4496-KL47 or between ST11-KL64 and ST4496-KL47 were significant (p < 0.0001). Similarly, greater variation in the lag phase in MH broth with 10% pooled normal human serum was observed in ST11-KL47 (Figure 2D). Furthermore, we generated a G. mellonella infection model to evaluate the virulence among these three groups. The survival percentage of G. mellonella larvae in the ST11-KL64 group was significantly lower than that in the ST11-KL47 or ST4496-KL47 group, indicating that the ST11-KL64 isolates had the highest virulence compared to other KL47 serotype isolates (Figure 4).
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FIGURE 4. Percent survival curve of G. mellonella infected with ST11-KL64 isolates (red line), ST11-KL47 isolates (green line), and ST4496-KL47 (blue line). ns, no significant difference; ****p < 0.0001.




DISCUSSION

In this study, a novel ST with one single-locus variant in mdh emerged in the ST11 CRKP and was assigned ST4496. Unlike other successful descendants (e.g., ST258) of ST11, ST4496 did not show successful persistence or dissemination in the hospital setting. The characteristics of patients infected with ST4496 indicated a hypovirulent nature, as ST4496 strains mostly presented colonization rather than infection, and no bloodstream infection involving ST4496 was detected. We presumed that hypovirulence was mainly responsible for the restriction of the spread of ST4496 after it caused occasional outbreaks in the hospital setting for a couple of months.

There are growing reports of convergent evolution of resistance and virulence in K. pneumoniae. Although convergence can result from hypervirulent strains gaining multidrug resistance (MDR) elements or MDR strains gaining virulence elements, MDR clones are more likely to acquire virulence genes than hypervirulent clones are to acquire resistance genes (Wyres et al., 2019). Following sporadic reports of isolates showing the phenomenon of convergence in clinical isolates, there has recently been growing evidence of increasing virulence in the CRKP population, especially in the dominant ST11 clone in China (Shen et al., 2020; Zhao et al., 2020; Zhou et al., 2020). To reveal the genotypic and phenotypic basis of this convergence, novel ST4496 isolates and contemporary CRKP isolates were included in the present study. The K-type was also investigated because it has been proven to be associated with virulence, and recent evidence showed that the previously prevalent ST11-KL47 has been gradually replaced by ST11-KL64, which was derived from an ST11-KL47–like ancestor through recombination (Zhao et al., 2020; Zhou et al., 2020).

From the cgMLST analysis and the derived minimum spanning tree, we can see that ST4496-KL47, ST11-KL64, and ST11-KL47 were closely related to each other and were the predominant CRKP groups. The relationships of the three groups were further confirmed by single-nucleotide polymorphism (SNP)–based phylogenetic and recombination analysis. ST11-KL47 is much more diverse genetically. Since it has been reported that enhanced virulence promotes the replacement of ST11-KL47 by ST11-KL64 (Zhou et al., 2020), it is logical to presume that different levels of virulence may be one of the factors leading to the different fates of the three CRKP groups, that is, the disappearance of ST4496-KL47, the decrease in ST11-KL47, and the proliferation of ST11-KL64, although both ST4496-KL47 and ST11-KL64 may have evolved from ST11-KL47.

This assumption was supported by the fact that enhanced virulence of ST11-KL64 and weakened virulence of ST4496-KL47 were observed both genetically and phenotypically. Genetically, ST11-KL64 has the most virulence genes, and ST4496-KL47 has the fewest virulence genes. As previously reported, iuc (the aerobactin locus) is important for the production of siderophores to promote iron acquisition, and some researchers have even considered aerobactin as an indicator of hypervirulent K. pneumoniae (Zhang et al., 2016). The presence of rmpA/A2, which encodes regulators of mucoid phenotype genes, is strongly associated with the phenotype of hypermucoviscosity. Positivity for iuc, rmpA, and rmpA2 (or rmpA2∗) may indicate the presence of a virulence plasmid (Wyres et al., 2020).

Virulence levels were further determined by phenotypic tests. First, the observation of biofilm formation supported bacterial adhesion to indwell medical devices and potentially better survival in adverse environmental conditions, which may lead to drug ineffectiveness and failure to eradicate infection (O’Toole et al., 2000; Zheng et al., 2018). Previous studies have shown that biofilm formation ability is associated with genetic factors such as iucA and rmpA/rmpA2 in K. pneumoniae (Zheng et al., 2018). Second, a significantly prolonged lag phase was observed for ST4496-KL47 and some of the ST11-KL47 isolates in MH broth with 10% human serum. In fact, some ST4496-KL47 and ST11-KL47 isolates failed to grow in MH broth with a higher concentration of human serum (20%) over a 20-h period (data not shown). A shorter lag phase may indicate a relatively high serum resistance ability of ST11-KL64. Finally, the highest virulence level in ST11-KL64 isolates was also observed based on the G. mellonella infection model, implying that this clone was more likely to cause pandemic outbreaks than other KL47 serotype isolates.

Relative to ST4496-KL47 and ST11-KL64, diversity is much higher in ST11-KL47 based on both genetic evidence and phenotypic findings. This is consistent with the fact that this group is much more ancient and has therefore had a higher chance to evolve and develop greater diversity.

Our findings are relevant for understanding the risk of carbapenem-resistant hypervirulent K. pneumoniae strains as highly virulent MDR strains may be able to persist and be disseminated in hospital settings and may even spread to community settings, leading to public health disasters (Chen and Kreiswirth, 2018). The early detection and containment of spreading through comprehensive infection control measures could be the most feasible solution to this problem.

This work provides a glimpse of intraspecies shifts from one hospital, and a preliminary investigation has been conducted. Certainly, more studies are needed to verify this assumption. To better understand the mechanisms of evolution, we should pay attention to “unsuccessful” evolution as well as successful evolution. Thus, unsuccessful ST4496 could be an excellent reference when studying the evolution of K. pneumoniae.



CONCLUSION

The present study provided further evidence that virulence enhancement in ST11-KL64 was the reason for intraspecies replacement, as further demonstrated by the disappearance of ST4496-KL47, with weakened virulence. The results indicate that ST11-KL64 has the potential to be the predominant CRKP strain in China, and it seems that the convergent evolution of virulence and resistance in K. pneumoniae is inevitable under current antimicrobial strategies and infection control policies.
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Coagulase-negative staphylococci (CoNS) for a long time were considered avirulent constituents of the human and warm-blooded animal microbiota. However, at present, S. epidermidis, S. haemolyticus, and S. hominis are recognized as opportunistic pathogens. Although linezolid is not registered for the treatment of CoNS infections, it is widely used off-label, promoting emergence of resistance. Bioinformatic analysis based on maximum-likelihood phylogeny and Bayesian clustering of the CoNS genomes obtained in the current study and downloaded from public databases revealed the existence of international linezolid-resistant lineages, each of which probably had a common predecessor. Linezolid-resistant S. epidermidis sequence-type (ST) 2 from Russia, France, and Germany formed a compact group of closely related genomes with a median pairwise single nucleotide polymorphism (SNP) difference of fewer than 53 SNPs, and a common ancestor of this lineage appeared in 1998 (1986–2006) before introduction of linezolid in practice. Another compact group of linezolid-resistant S. epidermidis was represented by ST22 isolates from France and Russia with a median pairwise SNP difference of 40; a common ancestor of this lineage appeared in 2011 (2008–2013). Linezolid-resistant S. hominis ST2 from Russia, Germany, and Brazil also formed a group with a high-level genome identity with median 25.5 core-SNP differences; the appearance of the common progenitor dates to 2003 (1996–2012). Linezolid-resistant S. hominis isolates from Russia demonstrated associated resistance to teicoplanin. Analysis of a midpoint-rooted phylogenetic tree of the group confirmed the genetic proximity of Russian and German isolates; Brazilian isolates were phylogenetically distant. repUS5-like plasmids harboring cfr were detected in S. hominis and S. haemolyticus.

Keywords: coagulase-negative staphylococci, linezolid, resistance, genome epidemiology, tedizolid


INTRODUCTION

Coagulase production was introduced as a criterion for the differentiation of members of genus Staphylococcus members in 1940 (Fairbrother, 1940). In contrast to the main representative of coagulase-positive staphylococci (Staphylococcus aureus), coagulase-negative staphylococci (CoNS) initially were considered avirulent constituents of the human and warm-blooded animal microbiota. However, at present, many CoNS species are recognized as opportunistic pathogens (Coates et al., 2014; Heilmann et al., 2019). The most frequent colonizers of human skin S. epidermidis, S. haemolyticus, and S. hominis are the main cause of local and bloodstream foreign body–related infections; prosthetic valve endocarditis (Otto, 2012; Becker et al., 2014); and neonatal infections, including bacteremia (Dong and Speer, 2014).

Treatment of CoNS is becoming increasingly complex due to the emergence and rapid spread of methicillin resistance (MR)—a marker of resistance to most beta-lactams (except for ceftaroline and ceftobiprol), mediated by an additional penicillin-binding protein (PBP), designated PBP2a, that has reduced affinity to beta-lactams. After its first description (Kjellander et al., 1963), prevalence of MR among CoNS causing hospital-acquired infections has continuously increased. Publications from the late 2010s confirm high percentages of MR isolates among CoNS causing bacteremia worldwide: 64.2% in the United Kingdom (Henriksen et al., 2018), 64.7% in the United States (Pfaller et al., 2019), and 91% in Iran (Pourakbari et al., 2018).

Methicillin resistance in CoNS is frequently associated with resistance to other antibiotics except for glycopeptides, which for many years were the drugs of choice in the treatment of staphylococcal infections. Over the past decades, treatment options for Gram-positive infections have expanded significantly with new glycopeptides, beta-lactams, lipopetides, glycylcyclins, and oxazolidinones (linezolid and tedizolid). Although linezolid is not registered for the treatment of CoNS infections, it was used off-label for the treatment of meningitis (Krueger et al., 2004; Kruse et al., 2006; Watanabe et al., 2013), ventriculitis (Boak et al., 2006), osteomyelitis (Nam et al., 2008) and prosthetic-joint infections (Ferry et al., 2018) caused by CoNS. However, high rates of oxazolidinone consumption or the use of long courses of therapy promotes resistance (Dortet et al., 2018; Bai et al., 2019). There are four mechanisms of oxazolidinone resistance in CoNS: methylation of 23S rRNA [plasmid-born chloramphenicol–florfenicol resistance (cfr) gene], mutations in 23S rRNA and ribosomal proteins (rpl genes), and efflux (plasmid-born optrA gene) (Long and Vester, 2012; Wang et al., 2015). Resistance due to ribosomal protection (plasmid-born poxtA gene) was recently described in enterococci (Antonelli et al., 2018). Isolates harboring the cfr gene are resistant to linezolid but susceptible to tedizolid; all other resistance mechanisms confer cross-resistance between both oxazolidinones. Oxazolidinone-resistant CoNS infections and particularly bloodstream infections are associated with poor clinical outcome: high mortality and prolonged hospital stay (Russo et al., 2015).

Recently, several outbreaks of hospital-acquired infections due to oxazolidinone-resistant CoNS were reported from the United States (Tewhey et al., 2014), Brazil (de Almeida et al., 2013), Greece (Karavasilis et al., 2015), Italy (Mendes et al., 2010), France (Dortet et al., 2018), Germany (Layer et al., 2018), China (Cai et al., 2012), and Spain (Seral et al., 2011; Rodríguez-Lucas et al., 2020).

Revealing the genetic structure of bacterial populations is necessary for the identification of their evolution and distribution. Clustering in large databases is most often done using both non-spatial and spatial Bayesian analysis of population structure (BAPS) algorithms developed by Corander et al. (2008). Bayesian evolutionary analysis by sampling trees (BEAST) is used for the estimation of the time of clade formation (or divergence times). It is used to build rooted, time-measured phylogenies inferred using strict or relaxed molecular clock models. Using the combination of BEAST and BAPS (Castillo-Ramirez et al., 2012) several genetically isolated lineages within the MRSA sequence type (ST) 239 clone and chronology of the introduction of these lineages into the specific geographical regions were identified.

In the present study, we describe linezolid-resistant S. epidermidis (LRSE), S. haemolyticus, and S. hominis recovered in several tertiary hospitals in Moscow. Methods of comparative genomics were initially used for the investigation of recovered isolates and followed by comparison with publicly available genomes of oxazolidinone-resistant CoNS. BAPS and chronogram reconstruction using BEAST were implemented to determine clusters and the time of linezolid-resistant CoNS lineage emergence. The possibilities of two scenarios of oxazolidinone resistance dissemination were evaluated: either clonal spread of resistant genetic lineages or emergence of resistance de novo.



MATERIALS AND METHODS


Bacterial Strains and Antibiotic Susceptibility

Staphylococcus epidermidis, S. hominis, and S. haemolyticus isolates (n = 47) demonstrating reduced susceptibility to linezolid were collected in 2014–2018 in six Moscow hospital laboratories and transferred to the central laboratory Pediatric Research and Clinical Centre for Infectious Diseases (PRCCID) together with record forms. Personal data of patients were not included in record forms; ethical approval for the study was not required. Control of CoNS identification was performed in the central laboratory by MALDI-TOF mass spectrometry (Microflex LT, Bruker Daltonics, Germany) following the manufacturer’s instructions. Antimicrobial susceptibilities to 22 antibiotics (Molekula, United Kingdom), including linezolid (Sigma-Aldrich, United States), tedizolid (Bayer, Germany), teicoplanin, oritavancin, telavancin, and dalbavancin (Biosynth Carbosynth, United Kingdom) were tested by broth microdilution in cation-adjusted Mueller–Hinton broth (Bio-Rad, Marnes-la-Coquette, France) and interpreted according to The European Committee on Antimicrobial Susceptibility Testing (EUCAST) (2020) recommendations (Breakpoint tables for interpretation of MICs and zone diameters, Version 10.0, 2020.1).



Population Analysis Profile

A population analysis profile (PAP) was performed according to the microdilution modification proposed in a previous study (Pfeltz et al., 2001). Four dilutions (10–1, 10–3, 10–5, and 10–7) of the initial suspension (108 CFU/mL) of each strain were prepared. Three 10-μL droplets of each dilution were plated on vancomycin-containing brain–heart infusion agar plates (0.5, 1, 1.5, 2.0, 3.0, 4.0, 6.0, 4.0, 8.0, 12.0, and 16.0 mg/mL). The inoculated plates were incubated for 48 h at 37°C. Plated droplets containing 5–50 CFU were selected for counting, and the average number of colonies per vancomycin concentration was determined. Plots showing the log10 CFU in the presence of each concentration of vancomycin were constructed. Area under curve (AUC) was calculated using the R 3.6.3 base package with trapezoidal rule. The ratio of AUC for CoNS to AUC of control hetero-resistant strain Staphylococcus aureus Mu50 under the study was calculated (AUCCoNS/AUCMu50). Isolates demonstrating AUCCoNS/AUCMu50 ≥ 0.9 were considered to be hetero-resistant.



Whole Genome Sequencing

Genomic DNA was extracted using a PureLinkTM Genomic DNA Mini Kit (InvitrogenTM, CA, United States) with preliminary lysis of the cells being done with 1 mg/mL lysostaphin (Sigma-Aldrich, United States). The Nextera XT Kit (Illumina, San Diego, CA, United States) was used for DNA library preparation followed by sample indexing and amplification according to the manufacturer’s protocol. DNA libraries were sequenced on a MiSeq instrument (Illumina, San Diego, CA, United States). Quality check data on sequencing reads is presented in Supplementary Table 1.



Genome Assembling and Annotation

Sequence reads were filtered and trimmed using the trimmomatic 0.32 (Bolger et al., 2014) under default settings for Illumina raw data. Read quality and length distribution were analyzed with FastQC 0.11.9 (Brown et al., 2017). De novo contigs were assembled with SPAdes 3.14.0 (Bankevich et al., 2012). Bowtie 2 2.3.5 (Langmead and Salzberg, 2012) and SAMtools 1.10 (Li et al., 2009) software were used for detection of SNP‘s conferred antibiotic resistance, including oxazolidinones resistance. Prediction of single nucleotide polymorphism (SNP) effects was done with SNPeff 4.3t (Cingolani et al., 2012) using filtered (minimum SNP coverage 10 and quality Phred per base > 20) and deduplicated reads after SAMtools processing. The following genomes were used as reference: S. epidermidis ATCC 12228 (NC_004461.1), S. hominis FDAARGOS_746 (NZ_CP046306.1), and S. haemolyticus ATCC 29970 (NZ_CP035291.1). Genomes were annotated with PROKKA 1.14.5 (Seemann, 2014), MLST typing, resistance, and virulence gene typing were done using MLST 2.18.02 and abricate 0.9.83 scripts, respectively.



Inclusion of Genome Data From Previous Studies

For phylogenetic reconstruction in addition to Moscow genomes, data from previous studies—outbreaks in France (Dortet et al., 2018) and the United States (Tewhey et al., 2014)—were included in the study. These data were downloaded from the NCBI Sequence Read Archive (SRA) (BioProjects PRJEB22222 and PRJNA239883, respectively), assembled, and annotated using methods listed in the previous section. Additionally, 460 genomes of S. epidermidis, 60 genomes of S. hominis, and 205 genomes of S. haemolyticus were downloaded from the NCBI GenBank using the list of genomes from the PATRIC database (update July 2019) (Wattam et al., 2017). The genomes included for phylogenetic analysis are listed in the data set (Supplementary Table 2).



Phylogenetic and Pan-Genome Analysis

Pan-genomic analysis was done with Roary 3.13.0 (Page et al., 2015), and gene content comparison was done with scoary 1.6.16 (Brynildsrud et al., 2016). Genomes of the CoNS were in silico genotyped against the PubMLST database update July 2020 (Jolley and Maiden, 2010) using MLST script 2.18.0 (see text footnote 2).

To produce a core genome alignment for phylogenetic tree reconstruction, we developed a nucmer aligner wrapper named panmap (available on4). Panmap uses nucmer 3.9.4 (Kurtz et al., 2004) to create a pairwise alignment for every genome against a reference contigs [in our case, we used the complete chromosome of S. epidermidis BPH0662 (NZ_LT571449.1), of S. hominis FDAARGOS_136 (NZ_CP014107.1), and S. haemolyticus JCSC1435 (NC_007168.1)]. Then, it uses reference contig annotations for every region—gene or intergenic—to produce counts of gapped positions. A gapped position is defined as a position in which the proportion of gaps is above some threshold. If the proportions of gapped positions in a region are higher than a second threshold, then the whole region is dropped. Otherwise, the whole region is kept. Both thresholds were set to 1%. We implemented this annotation-based region-to-region approach to keep as much information about distance between SNPs as possible as Gubbins 2.4.1 (Croucher et al., 2015)—the program that identifies potential recombination regions—uses SNP density information. Using Gubbins 2.4.1, we removed potential regions of recombination from the core genome alignment. The resulting alignment was used for phylogenetic tree reconstruction by IQ-tree 1.6.12 software with ModelFinder and ultrafast bootstraps (Nguyen et al., 2015; Kalyaanamoorthy et al., 2017; Hoang et al., 2018). The substitution model chosen by ModelFinder was TVMe + ASC + R4. The substitution model was chosen based on the ModelFinder results under default parameters. Long branches that did not contain genomes of interest were removed from the trees. The core genome alignment was clustered using BAPS with the rhierBAPS R package 1.0.1 (Cheng et al., 2013; Tonkin-Hill et al., 2018) with the expected number of populations set as 20 and maximum depth of clustering set as two. Intra- and inter-group pairwise comparison of the number of SNPs was carried out using R script pairwise_snp_differences5 (Supplementary Table 3).



Timed Phylogeny Analysis

Timed phylogeny calculation was used for the genetically closest groups of CoNS. Several genome groups were chosen: LRSE belonging to ST2 (n = 76), all (susceptible and resistance to linezolid) ST22 isolates (n = 27), and S. hominis ST2 (n = 20). BEAST 2.6.4 was used to generate a timed phylogeny (chronogram) assuming a relaxed lognormal clock and, with coalescent constant tree prior, 10 million iterations of a gamma site model with an HKY substitution model. Tree convergence was confirmed using BEAST’s Tracer 1.7.1 program (Suchard et al., 2018) using the recommended criterion (ESS > 200). TreeAnnotator was then used to identify the maximum clade credibility (MCC) tree using a 10% burn-in. The resulting tree was visualized using FigTree 1.4.4.



Annotation and Mapping of Resistance Data

Analysis of resistance-related SNPs was done for SNPs known to cause linezolid resistance: 23S rRNA (G2576T, C2534T, T2504A Escherichia coli numbering), ribosomal proteins L3 (Ala157Arg, Asp159Tyr, Met156Thr, Gly152Asp, His146Arg, Gly137Val, Leu101Val), L4 (Asn158Ser), and L2 (Val112Ile, Ile75Thr) with a potential role of oxazolidinone-resistant. mecA, cfr genes, and mutations in rpoB that conferred multidrug resistance were also mapped. The sequence of 23S rRNA was extracted using barrnap tool 0.96. Other genes were extracted with designed in the study Riddikulus script7. Genes were aligned by MAFFT 7.407 (Katoh and Standley, 2013). SNPs were extracted using Unipro UGENE software 37.0 (Okonechnikov et al., 2012). Calculation of the total number of acquired resistance genes for each genome was done with abricate 0.9.8 (see text footnote 3).

Seventeen proteins associated with decreased glycopeptide susceptibility in S. aureus (MprF, Pbp123, WalKR, GraSR, VraSRT, RpoBC, YycIH, Cmk, and MsrR) were selected for analysis, and homology proteins were extracted from S. epidermidis and S. hominis genomes. Frequency of amino acids substitution (AAS) was compared across the all-genome data set in linezolid-resistant genomes and linezolid-susceptible genomes. AAS with frequency below the threshold of 5 and 1% for S. epidermidis and S. hominis, respectively, were excluded. For possible associations between mutations and linezolid-resistance phenotype multiple correspondence analysis (MCA) was applied using factoextra R package 1.0.7.

Visualization and annotations of phylogenetic trees were done using ITOL 6.1.1 (Letunic and Bork, 2016). Plasmid structural comparison was done with Mauve 2.4.0 (Darling et al., 2004).



Accession Numbers

Genomic data have been deposited in NCBI Sequence Read Archive (SRA) and all reads are available from BioProject PRJNA384130 (SRA id: SRR5482186—SRR5482205 and SRR8427123—SRR8427149).



RESULTS


Linezolid-Resistant CoNS in Moscow Hospitals

The first two LRSE isolates were recovered at site A in 2014 and 2015 from patients with catheter-associated bloodstream infections in the intensive care unit. These isolates belonged to genetic lineage ST23. Emergence and dissemination of LRSE (ST2, ST22), linezolid-resistant S. hominis (ST2), and S. haemolyticus (ST1) were observed in several Moscow hospitals (A to F), in 2016–2018.

Different combinations of mutations in 23S rRNA and rlp3 genes and acquisition of the cfr gene mediated resistance to oxazolidinones (Table 1). To estimate the number of modified copies of 23S rRNA, we aligned sequence reads on the target fragment of the reference sequence, and in all isolates, the specific SNPs were detected in 99% of the reads without mixed alleles. These data suggest that mutations are present in all copies of 23S rRNA.


TABLE 1. Characterization of Oxazolidinone-resistant CoNS isolated in Moscow hospitals.
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All CoNS isolates demonstrated a high level of linezolid resistance (MIC ≥ 32 mg/L). The majority of isolates demonstrated tedizolid MIC ≤ 16.0 mg/L. A high level of tedizolid resistance (MIC ≥ 32 mg/L) was detected in ST22 isolates carrying double substitution in 23S rRNA. Only one S. haemolyticus isolate carrying the cfr gene as a single mechanism of resistance demonstrated susceptibility to tedizolid (MIC = 0.25 mg/L).

LRSE, belonging to ST2 and ST22, harbored mec–cassette of SCCmec III–like type with intact recombinase genes ccrA3, ccrB3, mec-complex class A, and psm-mecA regions. ST23 isolates carried SCCmec V–like type without the psm-mecA region. All S. hominis harbored intact SCCmec III with psm-mecA region. The S. haemolyticus isolate lacked SCCmec elements with only the mecA gene.

CoNS isolates under the study demonstrated high levels of associated resistance to aminoglycosides, fluoroquinolones, macrolides/lincosamides, tetracycline, co-trimoxazole, fusidic acid, rifampicin, and mupirocin but retained susceptibility to ceftaroline, tigecycline, and daptomycin. Resistance phenotypes were confirmed by the detection of corresponding genotypes (Supplementary Table 4). Isolates belonging to ST22 demonstrated susceptibility to erythromycin (despite the presence of intact macrolide resistance genes msrA and mphC) and resistance to clindamycin (L-phenotype). The phenotype is associated with T2504A point mutation (Liakopoulos et al., 2009).



Molecular Epidemiology of LRSE

Analysis of the S. epidermidis population identified a pan-genome consisting of 31,036 genes and 731 core ortholog gene clusters. Phylogenetic analysis of genomes was based on extraction of a 74,628 nt long core genome after alignment.

Bayesian analysis of population structure divided the S. epidermidis population into eight clusters (Figure 1 and Supplementary Figure 1), but LRSE genomes were found only in two of them: BAPS clusters 2 and 3 consisting mainly of mecA-positive isolates of human origin (from infected persons and carriers). S. epidermidis belonging to other clusters (1 and 4–8) were isolated from different sources: environmental samples, animals, and humans and were characterized by maximum diversity and represented by different STs.
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FIGURE 1. Maximum-likelihood phylogeny of S. epidermidis population (n = 554) with mapped data of linezolid resistance and multidrug resistance data. Background color fill is matched to BAPS clustering. LRSE isolate is marked triangles: from Russia (current study), the United States (Tewhey et al., 2014), France (Dortet et al., 2018), Germany (unpublished data, only metadata is available BioProject PRJNA314440), and Brazil (unpublished data, only metadata is available from BioProjects PRJNA419710, PRJNA419705, PRJNA419706, and PRJNA419711). Annotation from inner to outer circle: presence mecA, mutations in rpoB (rifampin resistance), linezolid resistance (mutations in 23S rRNA, rpl3, rpl4 genes and presence of cfr). Full zoom scalable view of phylogenetic tree with additional data and names of strains and description of calculated acquired resistance genes are available in Supplementary Figure 1.




BAPS Cluster 2

Bayesian analysis of population structure cluster 2 consisted mostly of ST2 (n = 260) and a minor number of other STs. Part of LRSE in the cluster forms a compact group of closely related ST2 genomes from Russia, France, and Germany, all of them harbored a mutation in the 23S rRNA gene (G2576T) and rpoB gene (Asp471Glu and Ile527Met). LRSE from France carried an additional mutation in rpl3 (Met156Thr). Part of LRSE from France and Germany harbored the cfr gene. Other LRSE were represented by distantly related ST2 and ST23 genomes from the United States, Brazil, and Germany. A pairwise SNP difference between LRSE and linezolid-susceptible ST2 isolates revealed a low level of identity with a median of 191 SNPs with lower and upper interquartile range (IQR): 181–545. LRSE of ST2 demonstrated high genomic identity with a median pairwise SNP difference of 43 SNPs with lower and upper IQR: 16–53 SNPs. A subgroup of isolates from France, Germany, and Russia demonstrated an even higher level of similarity (Supplementary Table 3). Intragroup SNP differences between genomes from the same country varied from 2 to 27 and intergroup from 44 to 52. BAPS cluster 2 also includes a group of seven highly similar ST23 isolates from the United States with a median pairwise SNP difference of 35 SNPs (IQR: 29–39).

The timed phylogeny analysis of all LRSE ST2 isolates showed that they could have emerged in the 1960s with a large confidence interval: 1915–1994 (Figure 2). A common ancestor of LRSE isolates from Russia, France, and Germany appeared in 1998 (1986–2006) before introduction of linezolid in practice. We can assume two scenarios for the appearance of LRSE in Russia: independent formation (site E) and importation (site F) from Germany. At the same time, the progenitor of the Russian isolates appeared in 2002 (1996–2008). In Brazil and the United States, LRSE isolates emerged independently in 1960–1970.
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FIGURE 2. Chronogram of LRSE ST2 (n = 76) based on core-SNP alignment and BEAST. Color of branches is matched to country of origin of LRSE: black, Germany; blue, France; green, Brazil, violet, United States; and red, Russia (sites E and F). The time of divergence is given near nodes.




BAPS Cluster 3

Bayesian analysis of population structure cluster 3 included ST5, ST2, ST22, ST23, ST186, ST7, ST16, and ST35. Two groups of LRSE were detected within this cluster. The first group included LRSE of ST22 and its single-locus variant ST186 from Russia, France, and the United States. ST22 from Russia and France carried two mutations in 23S rRNA (C2534T and T2504A), and two mutations in rpl3 (Asp159Tyr and Gly152Asp). Part of the Russian isolates carried a mutation of the rpoB gene (His481Asn). ST186 from the United States carried C2534T mutations and harbored the cfr gene. The pairwise SNP difference between LRSE and linezolid-susceptible ST22 isolates demonstrated a low level of identity with a median pairwise SNP difference of 214.5 (IQR: 204–233). LRSE from Russia and France were highly similar with a median pairwise SNP difference of 40 (IQR: 35.75–48.25). LRSE of ST186 from the United States were genetically distant from Russian and French isolates with a median pairwise SNP difference of more than 1,000 (Supplementary Table 3).

All ST22 isolates were included in BEAST analysis (Figure 3), a majority of them were LRSE, and a few were susceptible to linezolid. ST22 has a common time of origin in 1992 (1975–2000), but the LRSE sublineage widespread in France and Russia emerged in 2011 (2008–2013), and further divergence continued. Russian isolates from center A, B, and D are descended from a common ancestor with isolates from France, whose time of origin was 2011 (2009–2013). All isolates are compactly localized and have a short spreading period (which is also reflected in short branches on the chronogram), which indicates a clonal spread. Russian isolates from site E formed a separate cluster and were susceptible to rifampicin due to a wild type of rpoB.
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FIGURE 3. Chronogram of S. epidermidis ST22 (n = 25) based on core-SNP alignment and BEAST. Three linezolid-susceptible S. epidermidis from different countries were included in the analysis. LRSE ST22 from Russia (red branches) and France were included in the analysis. Title of Russian isolates is matched of site isolation. 95% CI of time appearance (blue bars) shown near the nodes.


The second group of LRSE within BAPS cluster 3 consisted of ST5 isolates from France (n = 23), and the United States (n = 2), and ST23 isolates from the United States (n = 2) and Russia (n = 2). LRSE of ST23 harbored mutations in 23S RNA (G2576T or C2534T) and rpoB (Asp471Glu and Ile527Met), and one isolate carried the cfr gene. LRSE of ST5 carried a C2534T mutation and harbored the cfr gene. LRSE of ST23 were characterized by significant heterogeneity between BAPS clusters and between all LRSE of ST23 with median pairwise SNP difference of 4,204 (IQR: 4,167–4,252) SNPs and 4,196 (IQR: 37–4,245), respectively. LRSE of ST5 from France were highly similar with a median pairwise SNP difference of 5 (IQR: 2–7) SNP. Two isolates from Russia were also similar, but four isolates from the United States of ST23 and ST5, belonging to BAPS 3 and located close to the Russian isolates, revealed a high level of heterogeneity with a median pairwise SNP difference of 7,165 (IQR: 1,955.5–7,167.5).

In two genomes from Russia (CNS243, CNS244 from site F) and one from the United States (strain DAR4891, BioProject PRJNA308322) belonging to the ST2 rare mutation in rpl3, Gly137Val was detected together with a G2576T mutation in 23S rRNA. The role of this SNP in linezolid resistance development is unknown. Mutations in rpl2 (Val112Ile and Ile75Thr) and rpl4 (Asn158Ser) were detected in LRSE and linezolid-susceptible isolates from epidemic sequence types from BAPS cluster 3.

Analysis of distribution of acquired resistance genes in the population shows that the highest mean count of determinants per genome was in genomes of BAPS clusters 2 (6.1) and 3 (5.9). The mean count of resistance genes in the LRSE subpopulation was 6.9.



Phylogenetic Analysis of S. hominis

The pan-genome of S. hominis consisted of 7,798 genes, and the core genome included 1,185 genes. Phylogenetic analysis of genomes was based on extraction of 50,332 nt long core genome after alignment. The S. hominis population formed six BAPS clusters (Figure 4). The 1–3 BAPS clusters were localized closely to the root; they included mecA-negative isolates from healthy humans, animals, insects, and environmental specimens with different new unregistered MLST allelic profiles. Comparative analysis of genomes of these clusters showed a high number of core SNPs: for the BAPS 1 cluster, the pairwise median SNP difference was 4,197 (IQR: 3,538.5–4,915), and for BAPS 3, 2,860 SNPs (IQR: 348–7,694). The pairwise median SNP difference of all BAPS clusters is presented in Supplementary Table 3.
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FIGURE 4. Maximum-likelihood phylogeny of S. hominis population (76 genomes) based on core-SNP alignment. Background color fill is matched to BAPS clustering (BAPS 1 to BAPS 6). Linezolid-resistant S. hominis isolates (LRSh reports) marked as triangles on the tree. Annotation included source of genomes, MLST, linezolid resistance markers (LR): 23S rRNA mutation G2576T, rpl3 (Phe147Ile, Val154Leu, and Met156Thr), cfr; and multidrug-resistance markers (MDR): mecA and mutations in rpoB (Asn481His, Asp354Gly); bar chart is matched to the number of acquired resistance genes from 0 to 10 genes per genome (1R gene to 10R genes). The following genes were screened (mutations were not included): aac(6′)-aph(2″), aadD, ant(6)-Ia, ant(9)-Ia, aph(3′)-III, blaZ, cat, ermC, fexA, cfr, fosB, fosD, fusB, fusC, lnu(A), lsa(B), mecA, mph(C), msr(A), str, tetK, tetL, vgaA, and vgaB.


BAPS clusters 4–6 consisted of ST1, ST2, ST18, ST29, and ST47. Isolates of BAPS cluster 6 belonged to ST2, and they demonstrated high level genome identity with median 25.5 core SNP differences (IQR: 15–92); the cluster included linezolid-resistant isolates: 16 from Russia (current study), one from Lübeck, Germany (LRKNS031 unpublished, data from BioProject PRJNA314440), and two from Brazil (unpublished, data from BioProjects PRJNA419707 and PRJNA419709). One isolate from Sweden in BAPS cluster 6 was linezolid susceptible. All isolates carried a mutation in rpoB (Asn481His). Phylogenetic analysis of a midpoint rooted tree of BAPS cluster 6 (Figure 5) revealed the genetic proximity of the Russian and German isolates; they carried identical mutations in 23S rRNA (G2603T) and rpl3 (Met156Thr, Val154Leu). Six Russian isolates carried cfr also; most of them were isolated from site F. Isolates with double mechanism resistance and isolates with only mutation in 23S rRNA shared the same core genetic background with a minimum SNP difference. Brazilian isolates were phylogenetically distant; they carried identical mutations in 23S rRNA but different mutations in rpl3 (Met156Thr, Phe147Leu). The timed phylogeny analysis (Figure 5) showed that the BAPS 6 cluster of the S. hominis ST2 appeared in 1993 (95% CI: 1982–1998). The appearance of the common progenitor of linezolid-resistant S. hominis dates to 2003 (1996–2012) soon after introduction of linezolid into clinical practice in 2001, emergence of resistance de novo looks more probable.
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FIGURE 5. Chronogram of S. hominis ST2 (BAPS cluster 6, n = 20) based on core-SNP alignment and BEAST. The violet star marks first time isolated oxazolidinone-resistant S. hominis in Russia, red star—first isolated cfr-positive S. hominis. Sites of appearance oxazolidinone-resistant S. hominis is shown on the figure (A, C–F). In addition to Russian isolates, this cluster included (blue names of strains): isolate LRKNS031 (linezolid-resistant S. hominis from Germany, BioProject PRJNA314440), two isolates from Brazil (BioProject PRJNA419707 and BioProject PRJNA419709) and linezolid-susceptible isolate CCUG 42399 from Sweden. 95% CI of time appearance (blue bars) shown near the nodes.




Phylogenetic Analysis of S. haemolyticus

The pan-genome of S. haemolyticus consists of 13,524 genes. The population of S. haemolyticus was divided into four BAPS clusters based on the extraction of 45,692 core SNPs after alignment of 1,032 core genes (Figure 6). BAPS cluster 1 included 82.6% of available S. haemolyticus isolates that were recovered at different times from different sources and belonged to 15 different STs, the cluster demonstrated a relatively low-level genome identity with median core-SNP differences of 651 SNPs (IQR: 481–806). A majority (77%) of isolates were mecA-positive and carried an average of 6.7 resistant genes per genome. Oxazolidinone-resistant S. haemolyticus isolates from Moscow (ST1) and the United States (ST4) (Tewhey et al., 2014) belonged to BAPS cluster 1 and were genetically distant.
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FIGURE 6. Maximum-likelihood phylogeny of S. haemolyticus population (n = 207) based on core-SNP alignment. Background color fill is matched to BAPS clustering (BAPS 1 to BAPS 4). Linezolid-restant isolates (LRS reports) isolates is marked triangles: from Russia (one isolate in current study) and the United States (Tewhey et al., 2014). Annotation from inner to outer circle: presence mecA; MLST data; outer bar chart is matched to the number of acquired resistance genes (from 0 to 13 genes, specific chromosomal mutations were not included). The following genes were screened: aac(6′)-aph(2″), aadD, ant(6)-Ia, ant(9)-Ia, aph(3′)-III, blaZ, cat, dfrG, ermA, ermC, cfr, fexA, fosB, fosD, fusB, fusC, lnu(A), lsa(B), mecA, mph(C), msr(A), str, tetC, tetK, tetL, tetM, vgaA, and vgaB.




Staphylococcus haemolyticus and S. hominis Plasmids Carrying cfr Genes

One S. haemolyticus and six S. hominis isolates carried cfr-harboring plasmids of approximately 38,000 bp size (only de novo assembled contigs were studied). BLAST analysis of the plasmid sequence revealed in GenBank several similar plasmids, which formed two clusters (Supplementary Figure 2). The first cluster included plasmids from S. haemolyticus (current study, Moscow), MRSA from the United States (Mendes et al., 2008) and Ireland (Shore et al., 2016), S. cohnii from China (Chen et al., 2013), and S. epidermidis from France (Dortet et al., 2018). The analysis of core genes of these plasmids revealed differences in no more than five SNPs. The second cluster included similar plasmids from S. hominis. They differed from the first cluster in no more than 408 SNPs. Plasmids from both clusters share 90% nucleotide identity and harbored replication gene repUS5, which was included in incompatibility group 18 (Inc18). The Cfr-gene in all considered plasmids was colocated together with the fexA gene coding phenicol resistance.



Decreased Susceptibility to Glycopeptide in Linezolid-Resistant CoNS

Eight S. hominis ST2 and one S. epidermidis ST23 isolates demonstrated teicoplanin resistance with MIC = 16 mg/L. At the same time, the MIC of vancomycin was in range 1–4 mg/L (Table 2). However, the median parameter of AUCMU50/AUCCoNS with vancomycin across all isolates was 0.74 (0.38–0.98). Nine isolates demonstrated a hetero-resistant phenotype with AUCMU50/AUCCoNS range from 0.90 to 0.99 (Supplementary Table 4). Correlation between susceptibility to rifampicin (including mutations in rpoB) and PAP/AUC as well as correlation between teicoplanin and vancomycin levels of susceptibility were not found (Supplementary Figure 3C). However, a moderate positive correlation (R = 0.27, p < 0.05) was found between two parameters: AUCMU50/AUCCoNS and teicoplanin susceptibility (Figure 7). The new lipoglycopeptides (oritavancin, dalbavancin, and telavancin) demonstrated high potency with an MIC range from 0.03 to 0.125 mg/L (Table 2 and Supplementary Table 4). For S. hominis isolates, possible genetic markers associated with teicoplanin resistance were identified. These include the plasmid homolog of teicoplanin resistance–related proteins (tcaA), localized together with the cfr and fexA. However, in the cfr-positive isolate of S. haemolyticus (CNS200), this gene is also present on the plasmid, but the teicoplanin MIC level was 2 mg/L. Other mutations were also identified only in teicoplanin-resistant isolates. In particular, the Tyr75Asn mutation in the protein with unknown function with the Duf420 domain; mutation of Gly95Glu in the protein containing the DedA family protein domain; mutation (G → T) in the upstream region of DNA polymerase III subunit beta.


TABLE 2. Glycopeptide and lipoglycopeptides susceptibility and PAP analysis in linezolid-resistant coagulase-negative staphylococci.
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FIGURE 7. Linear model and confidence interval plot with PAP/AUC data and teicoplanin MICs. Each point represented by AAS in RpoB (WT—wild type).


Using genomic data of all isolates included in the study, we analyzed the possible association of linezolid-resistance in S. epidermidis and S. hominis isolates with a decrease susceptibility to glycopeptides. For this purpose, 17 amino acid sequences of homologous proteins involved in the decreased susceptibility to glycopeptides in S. aureus were analyzed. A total of 45 mutation variants were identified, including missense and frameshift mutations. Using MCA analysis, the distribution of these mutations in the proteins was not associated with the LRSE genomes (Supplementary Figure 3B). However, it was found that the following mutations: YycH (Ser379Ala), RpoB (Ser486Tyr), GraS (Asn2Asp), and GraR (Glu224Gly) are most common in LRSE (p < 0.01), then in the other groups (heat map of frequency of occurrence mutations is presented in the Supplementary Figure 3A). There were no significant differences in the prevalence of these mutations between linezolid-resistant and linezolid-susceptible S. hominis.



DISCUSSION

In 2018, the main representative of CoNS group S. epidermidis was recognized by the European Centre for Disease Prevention and Control (2018) as a public health threat. The decision was based on the results of a study (Lee et al., 2018). The authors described the international spread of three hospital-adapted, multidrug-resistant lineages of S. epidermidis. Among the multidrug-resistant S. epidermidis isolates included in the study, the 18 isolates from Germany, France, and Ireland demonstrated resistance to linezolid, 14 of them belonged to ST2, three to ST5, and one to ST23. In the current study, we examined the international spread of LRSE in more detail. We also analyzed the dissemination of linezolid-resistant lineages of other common human skin colonizers: S. hominis and S. haemolyticus.

Evaluation of pairwise core-SNP differences between isolates of the same group (intragroup comparison) or between isolates of different groups (intergroup comparison) is a powerful tool for the assessment of the level of similarity between bacteria. However, criteria for different levels of similarity or identity are not established, making it difficult to interpret the results and differentiate lineages that have independently acquired resistance to oxazolidinones from lineages originating from a common resistant precursor. In this case, additional approaches could be used, such as BAPS and BEAST, for more detailed analysis of Staphylococcus phylogenomic.

In the current study using several approaches, we uncovered the existence of three international LRSE lineages, which largely coincides with the clustering of the S. epidermidis obtained in the study (Lee et al., 2018). The first lineage was represented by ST2 BAPS cluster 2 with highly similar isolates from France, Germany, and Russia harboring identical mutations in 23S rRNA and rpoB. The SNP difference between genomes from the same country (intragroup) was less than between genomes from different countries (intergroup). The time-scaled tree analysis showed that a common ancestor for LRSE ST2 from European countries and Russia appeared in 1998 (1986–2006) before introduction of linezolid in clinical practice, which indicates a greater likelihood of independent formation of LRSE in various countries. However, possible import of isolates can be observed for isolates from site F, which are in the same clade with LRSE from Germany. After dissemination to different regions, the lineage probably continues to evolve, thus the sublineage in France acquired additional a mutation in rpl3-Met156Thr, and some isolates in Germany and France acquired cfr genes.

The second LRSE lineage included ST22 isolates from France and Russia and its single-locus variant ST186 from the United States. Two ST22 isolates from France (Dortet et al., 2018) and 20 from Russia demonstrated high levels of intra- and intergroup similarity; they have identical mutations in 23S rRNA and rpl3, which suggests the existence of a common resistant precursor that appeared in 2011 (2008–2013). Isolates of this lineage harbored a maximal number of acquired resistance genes between all studied genomes. This genetic lineage may be common not only in Russia and France. ST22 LRSE carrying the same mutations in 23S and rpl3 were reported from Greece and Turkey (Karavasilis et al., 2015; Freitas et al., 2018; Papadimitriou-Olivgeris et al., 2020). The whole genome sequencing (WGS) data in the mentioned publication are lacking, and it is impossible to evaluate the level of similarity between ST22 isolates from different sources. Seven ST186 isolates from the United States were genetically distant from the ST22 subgroup.

The third LRSE lineage included highly similar ST5 isolates from France (n = 23) and the United States (n = 2), cfr genes, and the 23S rRNA SNP at position 2,534 mediated oxazolidinone resistance in this subgroup. In this case, neither the international spread of LRSE nor the independent acquisition of the plasmid by representatives of closely related genetic lineages can be ruled out.

S. hominis is a poorly studied species among CoNS, and it is an uncommon causative agent of different opportunistic infections, including life-threatening nosocomial (d’Azevedo et al., 2008) and neonatal bacteremia’s (Chaves et al., 2005). ST16, ST23, and ST2 are major lineages associated with human infections (Zhang et al., 2013). In this study, we found emergence and spread of linezolid-resistant ST2 lineage in Russia, Germany, and Brazil. BEAST analysis revealed that time of divergence of linezolid-resistant S. hominis was 2003 (1996–2012). The greatest genetic relationship with isolates from Russia demonstrated a single isolate from Germany. Linezolid-resistant S. hominis were previously reported from Europe (Musumeci et al., 2016; Drăgulescu et al., 2018) and Brazil (de Almeida et al., 2013; Chamon et al., 2014); however, data on MLST typing and/or WGS of these isolates are lacking. Six isolates from Russia carried simultaneous mutations in genes 23S rRNA and plasmid-born cfr. This combination of resistance mechanisms was previously described only in Romania (Drăgulescu et al., 2018). It cannot be ruled out that the spread of linezolid-resistant S. hominis ST2 is underestimated.

Several linezolid-resistant S. hominis from Russia demonstrated resistance to teicoplanin while maintaining susceptibility to vancomycin. To our knowledge, only a few reports dealing with teicoplanin-resistant S. hominis are published (Cercenado et al., 1996; d’Azevedo et al., 2008). We propose that resistance is caused by mutations in hypothetical proteins with Duf420 and DedA domains. The DedA family membrane proteins are widely represented in Gram-negative and Gram-positive bacteria; however, their biological functions are unknown. In one study, it was shown that DedA protein is associated with colistin resistance in Burkholderia (Panta et al., 2019). Further studies are needed for understanding of glycopeptide-resistance mechanisms in CoNS.

Staphylococcus haemolyticus is also an opportunistic pathogen and the second most frequent CoNS isolated from human blood cultures. In the study of Cavanagh et al. (2014), the population structure based on analysis of the core-genomes of a large collection of clinical European S. haemolyticus isolates showed predominance of one single cluster of genomes. All genomes from Cavanagh’s study were included in the current work, and a majority of them were in BAPS cluster 1. This cluster included highly similar linezolid-resistant isolates from the United States (Tewhey et al., 2014) and genetically distant isolate from Russia. Linezolid-resistant S. haemolyticus were previously reported from Europe (Rodriguez-Aranda et al., 2009), China (Jian et al., 2018), and India (Brijwal et al., 2016; Mittal et al., 2019); however, data on MLST typing and\or WGS of these isolates are lacking.

A limitation of the study is the impossibility to characterize mobilomes from the short reads of the studied genomes. We were able to demonstrate that cfr harboring plasmids from S. hominis and S. haemolyticus belonged to different clusters of repUS5-like plasmids widely disseminated in the S. aureus population (Mendes et al., 2008; Chen et al., 2013; Dortet et al., 2018). Lack of epidemiological data supporting this assumption is another limitation of the study. We also have no information about the level of consumption of antibiotics, including linezolid in participating hospitals, which may indicate in favor of the local formation of resistance.

Noteworthy is the small number of available complete genomes of linezolid-resistant strains of CoNS that are not associated with the main genetic lineages. Many linezolid-resistant clones may be quickly eliminated from circulation, and only evolutionarily successful ones remain. However, likely, isolates obtained from local outbreaks were mainly included in the studies with genome-wide sequencing. Larger studies using whole genome sequencing are needed to better understand the molecular epidemiology of linezolid-resistant CoNS.



CONCLUSION

CoNS are part of the human microbiome and are frequent contaminants of implants and medical devices. The importance of CoNS in the future is likely to increase as the use of invasive technologies in medicine increases, which will require new approaches to antibiotic therapy and, possibly, wider use of oxazolidinones. At present, the global population of linezolid-resistant CoNS is represented by a limited number of homogeneous genetic lineages and a small number of unrelated isolates. The leading mechanisms of resistance are mutations in the 23S rRNA and ribosomal protein genes; resistance due to cfr production is relatively rare. The geographic dissemination of resistance to linezolid is mediated by both the spread of resistant clones (LRSE ST22) and the formation of resistance de novo in closely related lineages of (LRSE ST2 and S. hominis ST2). The rate of further dissemination of resistance in the future is likely to depend on the consumption of oxazolidinones; however, it is almost impossible to predict which of the resistance mechanisms will dominate. Whole genome sequencing should become the main tool in the surveillance of the spread of linezolid-resistant CoNS.
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Combining CRISPR-Cas12a-Based Technology and Metagenomics Next Generation Sequencing: A New Paradigm for Rapid and Full-Scale Detection of Microbes in Infectious Diabetic Foot Samples

Yixin Chen1†, Ya Shi2†, Weifen Zhu1†, Jiaxing You3, Jie Yang3, Yaping Xie4, Hanxin Zhao1, Hongye Li3, Shunwu Fan3, Lin Li1* and Chao Liu3*

1Department of Endocrinology, Zhejiang University School of Medicine Sir Run Run Shaw Hospital, Hangzhou, China

2Hangzhou Digital Micro Biotech Co., Ltd., Hangzhou, China

3Department of Orthopedics, Zhejiang University School of Medicine Sir Run Run Shaw Hospital, Hangzhou, China

4Department of Hematology, Affiliated Hangzhou First People’s Hospital, Zhejiang University School of Medicine, Hangzhou, China

Edited by:
Shaolin Wang, China Agricultural University, China

Reviewed by:
Polly H. M. Leung, Hong Kong Polytechnic University, Hong Kong, SAR China
Artur J. Sabat, University Medical Center Groningen, Netherlands

*Correspondence: Lin Li, 3312012@zju.edu.cn; Chao Liu, liuchaozju@zju.edu.cn

†These authors have contributed equally to this work and share first authorship

Specialty section: This article was submitted to Antimicrobials, Resistance and Chemotherapy, a section of the journal Frontiers in Microbiology

Received: 15 July 2021
Accepted: 14 September 2021
Published: 07 October 2021

Citation: Chen Y, Shi Y, Zhu W, You J, Yang J, Xie Y, Zhao H, Li H, Fan S, Li L and Liu C (2021) Combining CRISPR-Cas12a-Based Technology and Metagenomics Next Generation Sequencing: A New Paradigm for Rapid and Full-Scale Detection of Microbes in Infectious Diabetic Foot Samples. Front. Microbiol. 12:742040. doi: 10.3389/fmicb.2021.742040

Introduction: Diabetic foot infections (DFIs) pose a huge challenge for clinicians. Staphylococcus aureus, including methicillin-resistant S. aureus (MRSA), is one of the most significant pathogens of DFI. Early pathogen identification will greatly benefit the diagnosis and treatment of the disease. However, existing diagnostic methods are not effective in early detection.

Methods: We developed an assay that coupled loop-mediated isothermal amplification (LAMP) and clustered regularly interspaced short palindromic repeats (CRISPR) techniques to enable quick and specific detection of Staphylococcus aureus and differentiate MRSA in samples from patients with DFI. Furthermore, the results were compared using a reference culture, quantitative real-time polymerase chain reaction (qRT-PCR), and metagenomics next generation sequencing (mNGS).

Results: The CRISPR-LAMP assay targeting nuc and mecA successfully detected S. aureus strains and differentiated MRSA. The limit of detection (LoD) of the real-time LAMP for nuc and mecA was 20 copies per microliter reaction in comparison to two copies per μL reaction for the qRT-PCR assay. The specificity of the LAMP-CRISPR assay for nuc was 100%, without cross-reactions with non-S. aureus strains. Evaluating assay performance with 18 samples from DFI patients showed that the assay had 94.4% agreement (17/18 samples) with clinical culture results. The results of mNGS for 8/18 samples were consistent with those of the reference culture and LAMP-CRISPR assay.

Conclusion: The findings suggest that the LAMP-CRISPR assay could be promising for the point-of-care detection of S. aureus and the differentiation of MRSA in clinical samples. Furthermore, combining the LAMP-CRISPR assay and mNGS provides an advanced platform for molecular pathogen diagnosis of DFI.

Keywords: diabetic foot infections, Staphylococcus aureus, loop-mediated isothermal amplification, clustered regularly interspaced short palindromic repeats, metagenomics next generation sequencing


INTRODUCTION

Diabetic foot ulcers, one of the most critical complications of diabetes mellitus, has become a significant public health problem. When patients with diabetic foot ulcers first consult physicians, over half of them have complications with diabetic foot infections (DFIs) (Prompers et al., 2006; Jia et al., 2017). Treatment of DFI requires precise evaluation of infection conditions, pathogen confirmation of infectious ulcers, appropriate selection of antibiotics, and surgical intervention, if necessary (Lipsky et al., 2012). DFI patients are often challenged by the complexity of intricate ulceration and moderate to severe infections, even sepsis. Broad-spectrum empirical antimicrobials would be the primary option for clinicians to hinder the further deterioration of infectious conditions and lower medical risks, which increases antibiotic exposure and selective pressure that contribute to the development of multi-drug resistant microorganisms. Nevertheless, a rapid, accessible, and accurate diagnostic test for pathogenic identification is valuable for clinical procedures.

Staphylococcus aureus is the dominant pathogen of DFI. The resistance rate of S. aureus to methicillin fluctuated between 15–30% (Eleftheriadou et al., 2010). It has been shown that infections caused by methicillin-resistant S. aureus (MRSA) are linked to higher mortality rates and greater consumption of medical resources than infections caused by methicillin-sensitive S. aureus (MSSA) (Cosgrove et al., 2003; Filice et al., 2010). Bacterial culture, quantitative real-time polymerase chain reaction (qRT-PCR) (Buchan et al., 2015; Ellem et al., 2015; Silbert et al., 2017), and metagenomics next generation sequencing (mNGS) (Charalampous et al., 2019; Kalan et al., 2019; Zou et al., 2020) are typically used to identify S. aureus and discriminate between MSSA and MRSA. Although traditional culture is the gold standard for pathogen diagnosis, it is time-consuming, and delayed results cannot provide timely clinical guidance. qRT-PCR has a shortened detection time; however, it has not been widely applied because of its high requirements for equipment and laboratory staff. mNGS, a novel detection method, is still not commonly accessible because of its high cost in terms of time, funding, instrumentation, and technical expertise.

In recent years, the application of isothermal amplification combined with clustered regularly interspaced short palindromic repeats (CRISPR) has been developed for pathogen diagnosis (Li et al., 2019). An innovative discovery reported that RNA-guided DNA binding activated Cas12a for both site-specific double-stranded DNA (dsDNA) cis-cleavage and indiscriminate single-stranded DNA (ssDNA) trans-cleavage. With the guidance of a single CRISPR RNA (crRNA), Cas12a recognizes a TTTN protospacer-adjacent motif (PAM) and binds to crRNA-complementary dsDNA (Li et al., 2018a,b). This indicates that the high specificity of the CRISPR/Cas12a assay is determined by PAM and crRNA. The coupling of isothermal amplification and trans-ssDNA repetitive cutting results in double-magnifying biosensing signals, indicating the high sensitivity of the assay. It has been proven to enable a rapid and accurate detection of the human papillomavirus and a new coronavirus (resulting in the disease referred to as COVID-19) in patient samples (Chen et al., 2018; Broughton et al., 2020).

In this study, we developed an assay coupling loop-mediated isothermal amplification (LAMP) and trans-cleavage of Cas12a for the quick and specific detection of S. aureus and the differentiation of MRSA in samples of patients with DFI. Furthermore, the results were compared with standard methods, including bacterial culture, qRT-PCR, and mNGS.



MATERIALS AND METHODS


Nucleic Acid Preparation

DNA extraction from the tissues of DFI patients was performed using QuickExtractTM DNA Extraction Solution (Lucigen, Beijing, China). Quick DNA extractions were finished after incubation at 65°C for 10 min and 98°C for 2 min. The sequences of nuc (S. aureus-specific gene) and mecA (encoding penicillin-binding protein-2a) were obtained from a public database. LAMP primers were designed against regions of nuc and mecA using PrimerExplorer v.5. with compatible gRNAs (Supplementary Table 1). The gRNA was designed with a TTTN structure (PAM) at the right end. The length of gRNA was 20-25bp, and the GC content was 40–60%. The design was assured to avoid the combination of gRNA and primer dimer (Table 1). The primers and gRNAs were obtained from Shanghai General Biotech Co., Ltd. (Shanghai, China).


TABLE 1. gRNA sequences for nuc and mecA.
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Real-Time Polymerase Chain Reaction Assay

A 20-μL system was used to conduct the real-time PCR assay for the detection of nuc and mecA with the following specifications: Forward primer for nuc gene: 5′-ACTGTAACTTTGGCACTGG-3′; Reverse primer for nuc gene: 5′-GCAGATACCTCATTACCTGC-3′; Probe: 5′-[6FAM]- ATCGCAACGACTGGCGCTA-[BHQ1]-3′ [12]; Forward primer for mecA gene: AAAACTAGGTGTTGGTGAAGATATACC; Reverse primer for mecA gene: GAAAGGATCTGTACTGGGTTAATCAG; Probe: [6FAM]-TTCACCTTGTCCGTAACCTGAATCAGCT-[BHQ1] (Sabet et al., 2007). Real-time PCR assays were performed using the Premix Ex TaqTM (Probe qPCR) Kit (TaKara Biomedical Technology Co., Ltd., Beijing, China). Ten microliters Premix Ex Taq (Probe qPCR) (2×), 0.2 μM forward primer, 0.2 μM reverse primer, 0.1 μM probe, and 2 μL DNA templates of different concentrations were included in the reaction system. The temperature cycling conditions were 95°C for 30 s, followed by 40 cycles of 95°C for 5 s, and 60°C for 30 s. The reaction was performed using the StepOneTMPlus Real-Time PCR System (Applied Biosystems, Inc., Carlsbad, CA, United States).



Real-Time Loop-Mediated Isothermal Amplification Assay

The real-time LAMP assay was conducted in a 25-μL mixture containing 1 × Bst DNA polymerase buffer (New England Biolabs, Beijing, China), 0.4 μM FIP primers, 0.4 μM BIP primers, 0.2 μM LF primers, 0.2 μM LB primers, 0.1 μM F3 primers F3, 0.1 μM B3 primers, 1.4 μM dNTPs (New England Biolabs), 8U Bst DNA polymerase (New England Biolabs), 8 mM MgSO4 (New England Biolabs), 1 × SYBR Green I (Thermo Fisher Scientific, Inc., Waltham, MA, United States), and 2 μL of DNA templates of different concentrations. Real-time LAMP assays of nuc and mecA were conducted in the same reaction system, except for the primers. The LAMP reaction solution was covered with 40 μL mineral oil. The reaction was performed at 65°C for 60 min in a StepOneTM Plus Real-Time PCR System (Applied Biosystems, Inc., Carlsbad, CA, United States) and terminated at 80°C for 5 min. The fluorescence information was collected every 30 s during the reaction.



Loop-Mediated Isothermal Amplification-Clustered Regularly Interspaced Short Palindromic Repeats Assay

The LAMP system contained the same mixture as the real-time LAMP assay. The fluorescent dyes were added into the system and the LAMP reagents covered with 40 μL of mineral oil. The LAMP reaction was followed by the admixture of CRISPR reaction solution (preloaded inside the lid) to the LAMP amplification solution by centrifugation. The 20 μL CRISPR reaction solution contained 1 × NEBuffer 2.1, reaction buffer, 0.2 μM EnGen® Lba Cas12a (Cpf1) (New England Biolabs), 0.6 μM gRNA, 2.5 μM CRISPR probes, and 1 U/μL RNA inhibitor (Thermo Fisher Scientific, Inc., Waltham, MA, United States). Sequence information of gRNA is shown in Table 1. The CRISPR reaction was conducted in a ProFlex PCR System (Applied Biosystems, Inc., Carlsbad, CA, United States) at 37°C for 5 min. After the reaction, the visualized results were observed using a simple fluorescence reader.



Sensitivity and Specificity of Loop-Mediated Isothermal Amplification-Clustered Regularly Interspaced Short Palindromic Repeats Assay

Amplification of S. aureus genomic DNA, including nuc and mecA, was performed using outer primers (F3 and B3, Supplementary Table 1). The lengths of the PCR products of nuc and mecA were 248 bp and 208 bp, respectively. The PCR product was purified using the TAKARA gel DNA fragment recovery kit, and the purified product was ligated to the pMD18-T vector (2692 bp). The recombinant plasmids were transformed into Escherichia coli DH5α competent cells. LB growth medium containing 10 μg/mL ampicillin was used to screen positive colonies. Plasmids of E. coli that comprised the pMD18-T vector and nuc (248 bp)/mecA (208 bp) were extracted using the TaKaRa MiniBEST Plasmid Purification Kit (TaKaRa, 9760). We then measured the concentration of plasmids and calculated the DNA copy number [6.02 × 1023 × concentration (ng/μL) × 109/(DNA sequence length × 660)]. The concentration of plasmids containing nuc was 3.26 ng/μL. The DNA copy number of nuc was 1.0 × 109 copies per μl, calculated according to the above formula. The concentration of plasmids containing mecA was 12 ng/μL, and the copy number was 3.78 × 109 copies per μl. The plasmids were serially diluted to 1:10. Isothermal amplifications of the dilutions were repeatedly performed three times, and the limit of detection (LoD) was determined as the minimum DNA copy number of the diluted plasmids that could amplify the target genomic DNA.

Genomic DNA from 14 strains of staphylococci species was analyzed using the LAMP-CRISPR assay to examine the specificity of the LAMP assay. The strains were S. epidermidis, S. hominis, S. cohnii, S. warneri, S. haemolyticus, S. aureus, S. capitis, S. saprophyticus, S. pasteuri, S. saprophyticus ATCC® 15305, S. haemolyticus ATCC ®29970, S. epidermidis ATCC ®14990, S. caprae, and S. aureus subsp. sureus ATCC ®12600.



Metagenomic Next-Generation Sequencing

After DNA extractions using a DNeasy Blood and Tissue Kit (Qiagen, 69504, Shenzhen, China), DNA was fragmented using a Bioruptor Pico instrument to generate 200–300-bp fragments (Bioruptor Pico protocols). Then, libraries were constructed by MGIEasy (MGIEasy universal DNA library prep kit) as follows: first, the DNA fragments were subjected to end-repair sequencing, and A-tailing was added to one tube. Subsequently, the resulting DNA was ligated with bubble-adaptors that included barcode sequences and then amplified by the PCR method. Quality control was carried out using bioanalyzer (Agilent 2100, Agilent Technologies, Santa Clara, CA, United States) to assess DNA concentrations and fragment size. Qualified libraries were pooled together to make a single strand DNA circle (ssDNA circle), and then, DNA nanoballs (DNB) were generated by rolling circle replication (RCA). The final DNBs were loaded into the sequence chip and sequenced on the BGISEQ platform using 50 bp/single-end sequencing. Finally, optical signals were collected using a high-resolution imaging system, and then, these signals were transformed into digital information, which can be decoded into DNA sequence information.



Reference Culture Method and Antimicrobial Susceptibility Test

The sample culture broths were plated on blood agar and incubated for 18–48 h. Identification of S. aureus and examination of antimicrobial susceptibility were conducted using a fully automatic vitek-2 compact system (Biomerieux, Shanghai, China). The results were interpreted on the basis of the guidelines (M100, 28th edition) established by the Clinical and Laboratory Standards Institute (CLSI, 2018).



Human Clinical Sample Collection

Tissues of infected ulcers were acquired from DFI patients at their first visit to the outpatient clinic or the Department of Emergency at Sir Run Run Shaw Hospital. After the wound was cleaned with saline solution, DFU tissue with the size of a rice grain was taken out with a blade and immediately sent to the laboratory for DNA extraction. The study was approved by the Human Research Ethics Committee of Sir Run Run Shaw Hospital.



Statistical Methods

All reactions were repeated three times, the CT value of the real-time PCR is shown as “mean ± standard deviation” (x ± s).



RESULTS


Real-Time Loop-Mediated Isothermal Amplification Assay for nuc and mecA

We conducted a real-time LAMP assay for amplifying nuc and mecA with seven dilutions. The amplification curves of the dilutions with serial concentrations are shown in Figure 1. The LAMP assay was able to amplify genomic DNA targets. There was no stable fluorescent signal obtained when the genomic DNA template was at two copies per μL reaction.


[image: image]

FIGURE 1. Amplification curves of the real-time LAMP assay for nuc and mecA.




Visual Detection Assay With Clustered Regularly Interspaced Short Palindromic Repeats/Cas12a

Next, we used the CRISPR/Cas12a system to realize the visual readout of the targeted amplicons, based on the collateral DNA cleavage activity of the Cas12a effector. The cleaved ssDNA reporters produced fluorescent signals, which could be seen through a portable fluorescence reader (Figure 2). The entire procedure and explanation of the results are presented in Figure 3. Pre-loading of the CRISPR reagents inside the lid avoided the need to open the cap during the process. We performed this assay for detecting nuc and mecA with serial dilutions. Green fluorescence was observed when the DNA sample was 2 × 105, 2 × 104, 2 × 103, 2 × 102, and 2 × 101 copies, which was referred to as a positive result. No green fluorescence signal was seen for a sample of 2 × 100 copies, one copy, and the no template control (NTC) (Figure 4). The interpretation of the genetic results for bacterial identification are illustrated in Figure 4.
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FIGURE 2. Portable equipment for the LAMP assay and fluorescence visualization.
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FIGURE 3. Schematic of the LAMP-CRISPR assay workflow. Quick DNA extraction was used as an input to the LAMP-CRISPR system (LAMP preamplification and Cas12-based detection for nuc and mecA). The result is visualized by a fluorescence reader.
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FIGURE 4. LAMP-CRISPR assay readout. Fluorescent results of MRSA, MSSA, MR-CoNS, and S. aureus are presented at the bottom right. Nuc detection indicates S. aureus positive. MRSA identification requires positive for both nuc and mecA.




Sensitivity of the Loop-Mediated Isothermal Amplification-Clustered Regularly Interspaced Short Palindromic Repeats Assay

We compared the LoD of the LAMP assay relative to the qRT- PCR assay for the detection of S. aureus and MRSA. A standard scatter plot was plotted using seven serial dilutions with three replicates at each dilution (Figure 5). The LoD of the LAMP assay for nuc was 20 copies per μL reaction in comparison to two copies per μL reaction for the qRT-PCR assay. For mecA, the LoD of the LAMP assay was 20 copies per μL reaction, versus two copies per μL reaction for the qRT-PCR assay.


[image: image]

FIGURE 5. LoD of the qRT-PCR and CRISPR-LAMP assay for nuc and mecA.




Specificity of the Loop-Mediated Isothermal Amplification-Clustered Regularly Interspaced Short Palindromic Repeats Assay

We tested the extracted DNA templates from strains of several staphylococcus species using the LAMP-CRISPR assay with primers for nuc. These strains included ten isolates, including S. epidermidis, S. hominis, S. cohnii, S. warneri, S. haemolyticus, S. aureus, S. capitis, S. saprophyticus, S. pasteuri, and S. caprae, and four purchased strains, including S. saprophyticus ATCC® 15305, S. haemolyticus ATCC ®29970, S. epidermidis ATCC ®14990, and S. aureus subsp. aureus ATCC ®12600. Positive results were generated only for DNA samples from S. aureus (Figure 6). It was confirmed that the LAMP-CRISPR assay for nuc could specifically detect S. aureus, with no cross-reactions to other staphylococcal families.
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FIGURE 6. Results of the LAMP-CRISPR assay for 14 strains of staphylococci species.




Application of the Loop-Mediated Isothermal Amplification-Clustered Regularly Interspaced Short Palindromic Repeats Assay to the Diabetic Foot Infection Patient Samples

Clinical validation of this assay was performed using 18 samples of isolated strains from DFI ulcers. Confirmatory qRT-PCR was used to establish target gene detected by the LAMP-CRISPR assay. The results of the two molecular methods were compared to those of the gold-standard culture method (Table 2). For S. aureus detection, six samples were nuc-positive as per the CRISPR-LAMP assay and S. aureus-positive by culture. For MRSA detection, two samples were positive for both nuc and mecA as per the CRISPR-LAMP assay and MRSA-positive by culture. One discordant sample (No. 8) was positive for both nuc and mecA as per the LAMP-CRISPR assay and MRSA-negative by culture. The results showed that MSSA was mixed with methicillin-resistant Staphylococcus pippi.


TABLE 2. Results of 18 samples from DFI patients using the LAMP-CRISPR assay, real-time PCR, and the reference culture.

[image: Table 2]


Metagenomics Next Generation Sequencing Analysis

After LAMP-CRISPR and qRT-PCR analysis, 8/18 samples were selected for mNGS. The culture growth of these eight samples indicated pathogens commonly seen in clinical practice, such as S. aureus, Enterococcus faecalis, Pseudomonas aeruginosa, and Klebsiella pneumoniae. The results of the mNGS analysis are listed in Supplementary Material (Supplementary Table 2). The mNGS results were consistent with the reference culture (Figure 7).


[image: image]

FIGURE 7. Comparison of mNGS data to the reference culture. In the left 100% stacked columns, the column representing S. aureus is framed by a red line.




DISCUSSION

Here, we combined the CRISPR-Cas12a-based technique with LAMP to develop a rapid diagnostic assay for the detection of S. aureus in samples directly from patients with DFI. The CRISPR-LAMP assay targeting nuc and mecA successfully identified S. aureus strains and differentiated MRSA from MSSA. The entire procedure was brief and contamination-free. Visualization of the results through a simple device also made them easy to interpret. This molecular assay could be promising for the point-of-care detection of S. aureus from clinical samples at some underprovided hospitals and areas.

MRSA can be transmitted by contact between the medical staff and patients. Infection-control precautions, such as the primary isolation of patients with MRSA infection and disinfection of the clinic environment after every diabetic foot patient with MRSA infection, can prevent cross-transmission of MRSA (Lecornet et al., 2007). Early detection of MRSA can alert hospital staff to carry out the necessary precautions to reduce the spread of MRSA among patients. With the worldwide prevalence of MRSA isolates and frequent exposure to vancomycin, the appearance of vancomycin-intermediate S. aureus (Centers for Disease Control and Prevention (CDC), 2002; Chang et al., 2003) as well as vancomycin-resistant S. aureus (Centers for Disease Control and Prevention (CDC), 1997) strains have been identified globally. Early discrimination between MSSA and MRSA could reduce the inappropriate use of broad-spectrum antimicrobials and decrease the selective pressure that initiates the emergence and spread of resistance in bacteria (Gardete and Tomasz, 2014).

A potential weakness of this assay was the partial disagreement between the phenotype and genotype of microorganisms, which was also observed in other molecular strategies such as GeneOhm MRSA or Xpert MRSA assays (Buchan et al., 2015). Microbes that were mecA-negative might contain mecC, which was recently discovered and identified as a novel resistance gene in MRSA (Lakhundi and Zhang, 2018). DFI is often caused by multiple bacteria (Lipsky et al., 2012), which indicates that the culture growth of a clinical sample could be a mixture of S. aureus and coagulase-negative Staphylococcus, both of which can carry the mecA gene. Therefore, apart from being caused MRSA alone, the double positivity of nuc and mecA could be explained by mixed Staphylococcal isolates. This discrepancy was observed in one patient (No. 8). Using long-range PCR may encompass the amplicons, including both nuc and mecA, from a single strain that can uniquely identify MRSA (McClure et al., 2020). This will compensate for the current deficiency of the LAMP or regular PCR assays and improve specificity.

We then compared this novel LAMP-CRISPR assay with the reference culture, using qRT-PCR and mNGS methods (Figure 8). Compared to other diagnostic technologies, the CRISPR-LAMP assay enabled the detection of targeted genes at very low DNA concentrations within 1 h, which is faster than qRT-PCR and no complex infrastructure was required (Table 3). DFI is a rapidly progressing and relatively critical disease that may lead to disability and mortality. CRISPR-LAMP detection could aid clinicians in selecting targeted antibiotics and prevent the spread of multi-drug resistant microbes. Application of the CRISPR-LAMP assay optimizes the early treatment of DFI and complements the current paradigm for clinical diagnostics.
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FIGURE 8. Procedure of four diagnostic methods: LAMP-CRISPR assay, real-time PCR, mNGS, and reference culture.



TABLE 3. Comparison of the LAMP-CRISPR assay to real-time PCR, mNGS, and the reference culture.

[image: Table 3]We also chose several representative samples for mNGS. mNGS can unbiasedly identify multiple microbes and address the limitations in pathogen width. It provides comprehensive information on the microbial profile of DFIs, including some rare pathogens that cannot be detected by conventional methods. mNGS can also provide quantitative data on the microbial concentration in the sample by counting sequenced reads, which is useful for polymicrobial samples (Wei et al., 2019). Study of the microbiome can potentially improve the diagnosis and treatment of DFIs. This revolutionary genetic approach further advances the management procedure of DFIs, which is becoming a rising trend in the clinical detection of infectious diseases. With the rapid determination of pathogens via CRISPR-LAMP and comprehensive supplementation of the bacterial spectrum by mNGS, a combination of these two methods can realize a timely and accurate pathogenic diagnosis of DFIs.



CONCLUSION

Targeting both nuc and mecA, our LAMP-CRISPR assay has proven to be a rapid (within 1 h) and effective method for detecting S. aureus and distinguishing MRSA from MSSA in DFI samples. Due to its convenient visualized readout and portable nature, this method is promising for improving point-of-care detection. mNGS can provide comprehensive information for the microbiome study of DFI samples. Combining the LAMP-CRISPR technique and mNGS expanded and improved the pathogen diagnostic routine of DFI.
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There is a growing global concern regarding the rise of antimicrobial resistance among Ureaplasma spp. isolates. However, studies on the antimicrobial susceptibility profiles, resistance mechanisms, and clonality of Ureaplasma spp. clinical isolates are still limited and cover only some geographic regions. Firstly, Ureaplasma species from the urogenital tracts of patients in Shanghai, China, were isolated by using the culture medium (A8 and 10B broth), and identified the genotype by polymerase chain reaction (PCR). Secondly, the antimicrobial susceptibility tests were determined by using broth microdilution assay. Then, the resistance genetic determinants to fluoroquinolones (FQs), macrolides, and tetracyclines were investigated through PCR/DNA sequencing. Finally, the molecular epidemiology of Ureaplasma species was studied by multilocus sequence typing (MLST). Among 258 isolates, Ureaplasma parvum (UPA) and Ureaplasma urealyticum (UUR) were found in 226 (87.60%) and 32 (12.40%) isolates, respectively. The minimum inhibitory concentrations (MICs) of 258 Ureaplasma spp. strains ranged from 0.015 to 64μg/ml for all 11 kinds of antimicrobials. Regardless of species, the isolates were most sensitive to AZI (1.94%), JOS (3.49%), and CLA (4.23%). Among them, there were 39 (15.12%) multidrug-resistant (MDR) strains, including 32 UPA isolates. The resistance rates of UPA to CIP (91.59%), and ROX (36.28%) were significantly higher than those of UUR. Twenty six FQ-resistant isolates had amino acid substitutions in gyrA and in parC (Ser83Leu). Mutations were detected in genes encoding ribosomal proteins L4 (Thr84Ile) and L22 (Ser81Pro) in macrolide-resistant isolates. Tet(M) was found in four UPA isolates. These mutations were mainly found in UPA isolates. Sequence type 1 (ST1) was the predominant ST, which contained 18 isolates. In conclusion, this study showed a higher resistance rate (especially to ROX and CIP), higher substitution rate, and higher MDR rate among UPA strains. The most active antimicrobial agents were AZI, JOS, and CLA. Identifying UPA or UUR in clinical isolates could help clinicians to choose appropriate drugs for treatment. The main resistance mechanisms may involve gene substitution of Ser83Leu in parC and Ser81Pro in L22. ST1 was the predominant ST of Ureaplasma isolates with MDR to FQs and macrolides in Shanghai, China.

Keywords: Ureaplasma spp., drug resistance, urogenital tract samples, multilocus sequence typing, resistance mechanism, multidrug resistance


INTRODUCTION

Ureaplasma spp. are among the best characterized mycoplasmal bacteria because they are tightly associated with the urogenital tract pathology in humans (Beeton and Spiller, 2017). Owing to their small genome and limited metabolic and biosynthetic capacities, Ureaplasma spp. are dependent on an exogenous supply of amino acids and require a close association with host cells for survival. As a result, Ureaplasma spp. infections have emerged as a clinical issue in a large group of patients with various diseases, such as nonchlamydial and nongonococcal urethritis (Beeton et al., 2019), prostatitis, cervicitis, as well as pelvic inflammatory disease (Hartmann, 2009). To date, reports have indicated that Ureaplasma spp. could be related to adverse neonatal and pregnancy outcomes, including miscarriage and meningitis in newborns (Waites, et al., 2005; Capoccia et al., 2013; Sprong et al., 2020), fatal hyperammonemia in adults (Bharat et al., 2015).

Ureaplasma spp. have no cell wall and belong to the class Mollicutes; they are characterized by small cell size and genome (Hartmann, 2009). Based on molecular analyses, human Ureaplasma spp. are now divided into Ureaplasma parvum (UPA) and Ureaplasma urealyticum (UUR), which contain at least 14 serovars: UPA (serovars 1, 3, 6, and 14) and UUR (serovars 2, 4, 5, and 7–13; Robertson et al., 2002).

Because Ureaplasma spp. lack cell wall and folic acid synthesis capacity, they are naturally insusceptible to β-lactams, sulfonamides, and trimethoprim (Beeton and Spiller, 2017). However, they are generally considered susceptible to tetracyclines, fluoroquinolones (FQs), and macrolides, which interfere with bacterial protein synthesis or DNA replication (Sweeney et al., 2016). In 2011, the Clinical and Laboratory Standards Institute (CLSI) issued the document M43-A: a standard method for performing and validating in vitro susceptibility tests for clinical Ureaplasma spp. (Clinical and Laboratory Standards Institute, 2011). CLSI M43-A highlights the requirement for standardized media (10B broth or A8 agar). The document lists only five kinds of selected antimicrobials with breakpoints. However, most laboratories lack the capability to cultivate, isolate, and purify fastidious bacteria such as Ureaplasma spp. Only a few studies have characterized antimicrobial resistance levels of Ureaplasma spp. in China and other countries (Zhang et al., 2014a; Fernández et al., 2016).

We have recently reported the relationship between Ureaplasma spp. infection, male infertility, and semen quality, and determined the minimum inhibitory concentrations (MICs) of some antimicrobials for Ureaplasma spp. (Zhou et al., 2018b; Wang et al., 2019). Although some studies have evaluated acquired resistance against several of the above-mentioned agents, the detailed mechanisms underlying the resistance and clonality of Ureaplasma spp. are still scarce and are limited to several geographic regions (Pereyre et al., 2007; Beeton et al., 2009; Leli et al., 2012; De Francesco et al., 2013; Schneider et al., 2015; Fernández et al., 2016). Therefore, the aim of this study was to study the genotype, the antimicrobial susceptibility; corresponding molecular resistance mechanisms; multidrug resistance (MDR) and sequence type (ST) distribution and clonality of large-scale clinical Ureaplasma spp. isolated from the urogenital tracts of patients in Shanghai, China.



MATERIALS AND METHODS


Clinical Specimens and Species Identification

The study was approved by the Ethics Committee of Shanghai Crops Hospital of Chinese People’s Armed Police (No. 20121206). Clinical specimens were collected from the urogenital tracts of patients (33 men and 225 women; medium age, 28.40years; age range, 19–54years) between 2013 and 2014 in three departments (i.e., departments of dermatology, gynecology and obstetrics, and infertility) of the Shanghai Crops Hospital of Chinese People’s Armed Police. The specimens were collected by picking up endocervical cells or vaginal secretion using sterile swabs in women and from urethral secretions or semen in men.

The secretions were inoculated directly on the selective solid culture medium (A8) and the liquid culture medium at 37°C in an atmosphere of 5% CO2; the results were observed after 48 and 72h. Liquefied semen was inoculated in the broth medium (100μl) and on the selective agar medium in parallel (20μl). Due to an increase in pH caused by Ureaplasma spp. growth, a phenol red indicator was added to media to display a color change. A Leitz Orthoplan microscope was used for direct examination of colonies at 100× magnification. Colonies of Ureaplasma spp. were identified presumptively by their characteristic echinus appearance (brown and tiny) on A8 agar in the presence of the Mn indicator (Viscardi, 2010).



Isolation and Purification

A single Ureaplasma spp. colony was placed into 10B broth media under microscope for purification at 37°C. After the color of the liquid medium had changed into light pink or peach after approximately 16–18h of incubation, the liquid medium was measured and adjusted to pH 7.0; then, the purified strains were identified by PCR and stored in multiple aliquots at −80°C in fetal bovine serum in strains bank of Shanghai Crops Hospital. The selective medium agar (A8) and the liquid medium (10B broth) kits and reference strains (ATCC 33175 and ATCC 15488) were provided by Zhongaisheng Hebei Bioscience Technology Inc. (Xingtai, China).

For Ureaplasma spp. samples, genomic DNA extraction was performed using a Takara DNA Minikit (Shiga, Japan). These samples were reconfirmed by amplification of the Ureaplasma spp.-specific urease gene (a 430-bp DNA product) using U4 and U5 primers. Detection of 284 Ureaplasma spp. isolates was done using DNA sequences of the UM-1 primers (UMS125 and UMA226; Blanchard et al., 1993; Teng et al., 1994; Cunningham et al., 2013) and/or 16S-rRNA gene primers UMS 57-UMA 222 for the detection of UPA (327bp), as well as UMS 170-UMA 263 for the detection of UUR (476bp; Kong et al., 2000; Xie et al., 2009).



Antimicrobial Susceptibility Testing

In this study, 11 antimicrobials were used, including macrolides [erythromycin (ERY), azithromycin (AZI), roxithromycin (ROX), clarithromycin (CLA), josamycin (JOS)], FQs [levofloxacin (LEV), moxifloxacin (MXF), ciprofloxacin (CIP)], and tetracyclines [tetracycline (TET), doxycycline (DOX), and minocycline (MIN)]. All agents (Sigma-Aldrich, St. Louis, MO, United States) were obtained in a powdered form of known purity and were diluted in accordance with their respective manufacturer’s instructions. The MICs were determined in duplicate by broth microdilution performed in 96-well microtiter plates in accordance with the Clinical and Laboratory Standards (CLSI) guidelines and previous reports (Kechagia et al., 2008; Clinical and Laboratory Standards Institute, 2011) using a range of antimicrobial concentrations from 0.0625 to 128μg/ml in 10B broth (Zhong ai sheng). American Type Culture Collection (ATCC) 33,175 (Ureaplasma urealyticum) was used as a quality control strain in each broth microdilution assay.

Briefly, we first quantified these organisms for use in MIC determination; then, the frozen culture aliquots were thawed and enriched, where one part was used for colony counting and the rest was stored at 4°C for 48h for MIC. Next, all the antimicrobials were added to 96-well plates in duplicate. The 96-well plates were placed in a biosafety cabinet, dried at room temperature overnight, and then stored at 4°C for use. Then, the microdilution plates were incubated in ambient air at 37°C until the color change of the positive growth control due to the phenol red pH indicator after approximately 16–24h of incubation. The MIC was then determined as the lowest concentration of an antimicrobial agent that did not show any color change at the time of the growth control’s color change. The MIC50 and MIC90 values were recorded.



Analysis of Macrolide, FQ and Tetracycline Resistance Mechanisms

Among FQ-resistant isolates (n=31; MIC≥32μg/ml), the quinolone resistance-determining regions (QRDRs) of the gyrA, gyrB, parC, and parE genes were studied by PCR/DNA sequencing. Primers were designed for amplification, and PCR-amplified DNA was sequenced in both directions to verify the existence by previously described methods (Bébéar et al., 1999, 2000). The tet(M) gene was assessed by PCR using Blanchard et al. (1992) primers and cycling conditions described previously in a total of 20 tetracycline-resistant isolates (15 UPA and five UUR isolates) and 59 tetracycline-susceptible isolates (Blanchard et al., 1992). For all macrolide-resistant isolates (n=59, 51 UPA and eight UUR isolates), PCR amplification and sequencing were performed for both 23S rRNA alleles and the genes encoding ribosomal proteins L4 and L22 (Pereyre et al., 2007; Beeton et al., 2009; Fernández et al., 2016).

The acquired sequences were analyzed using DNAStar Lasergene 7.1 and were translated into protein sequences by blastx in NCBI. Nucleotide mutations in the 23S rRNA alleles as well as amino acid substitutions in L4 and L22, gyrA, gyrB, parC, and parE were identified by comparison with wild-type sequences, i.e., Ureaplasma parvum serovar 3 str. ATCC 700970 (GenBank accession numbers AF222894), UPA ATCC 700970, Ureaplasma urealyticum serovar 10 str. ATCC 33699 (GenBank accession numbers CP001184; Pereyre et al., 2007; Schneider et al., 2015; Fernández et al., 2016), and UPA serovar 3 str. SV3F4 (GenBank accession numbers AP 014584; Wu et al., 2014).



Multilocus Sequence Typing

Multilocus sequence typing (MLST; involving the ftsH, rpl22, valS, and thrS genes) was performed on a selection of 59 isolates (51 UPA and eight UUR isolates) that were resistant to FQs and macrolides as well as partially susceptible to tetracyclines (Fernández et al., 2016). Population structures of 59 Ureaplasma spp. isolates were predicted by eBURST. All the STs were analyzed.



Statistical Analysis

Data analysis was performed using SPSS, version 21. The Chi-square test was used for comparison of qualitative variables. p<0.05 was considered statistically significant.




RESULTS


Species Identification and Prevalence of Resistance in Ureaplasma spp.

Of the 258 tested specimens, 226 (87.60%) were only positive for UPA and 32 (12.40%) were only positive for UUR (Table 1). There was no significant difference in the distribution of Ureaplasma spp. between the two genders (p>0.05). More than 40% of all the Ureaplasma spp. were isolated from patients aged 19–25years. There was no significant difference in the distribution of UPA and UUR isolates among the age groups (p>0.05; Table 2).



TABLE 1. Distribution of Ureaplasma spp. species isolated from 258 cases between female and male.
[image: Table1]



TABLE 2. The distribution of Ureaplasma spp. of 258 cases from the urogenital tracts of patients among different age groups.
[image: Table2]

The detailed results for the MIC range, MIC50 and MIC90 values, and the antimicrobial resistance of Ureaplasma spp. (UPA and UUR) are shown in Table 3. The MICs of 258 Ureaplasma spp. strains ranged from 0.015 to 64μg/ml for all 11 kinds of antimicrobials in vitro. Among them, ciprofloxacin had the least effective activity (MIC50 of 16μg/ml and MIC90 of 64μg/ml) against Ureaplasma spp. CLA was the most active antimicrobial with an MIC50 of 0.125μg/ml and MIC90 of 0.5μg/ml. ERY was the least effective among macrolides (MIC50 of 2μg/ml and MIC90 of 16μg/ml). DOX was the most active tetracycline, with MIC50 of 0.25μg/ml and MIC90 of 2μg/ml.



TABLE 3. Antimicrobial in vitro resistance profiles of 258 clinical Ureaplasma spp. isolates.
[image: Table3]

According to the CLSI, the top three drug resistance rates of Ureaplasma spp. were those to CIP (89.92%), LEV (72.87%), and ROX (32.95%). Among them, the drug resistance rates of UPA were as follows: CIP (91.59%), and ROX (36.28%); they were significantly higher than those of UUR. The most active antimicrobial agents were AZI (1.94%), JOS (3.49%), CLA (4.23%), and MIN (9.30%). Of the 258 Ureaplasma spp. strains, there were 77(29.84%) isolates uniformly resistant to ROX and CIP, and 39(15.12%) MDR isolates; both of them were dominated by UPA strains (Table 4).



TABLE 4. Occurrence of ROX-CIP and MDR among Ureaplasma spp.
[image: Table4]



Molecular Characterization of Antimicrobial Resistance

In the comparison with the relative DNA and protein sequences of reference strains, none of the isolates possessed mutations in 23S rRNA. A Thr84Ile mutation was detected in the ribosomal protein L4 of one roxithromycin-resistant UPA isolate. A Ser81Pro mutation was detected in the ribosomal protein L22 of seven Ureaplasma spp. isolates (five roxithromycin-resistant UPA isolates, one erythromycin-resistant UPA isolate, and an UPA isolate resistant to roxithromycin and erythromycin); the latter also had another mutation, Lys91Asn in the protein L22.

The comparison between the QRDR DNA sequences of reference strains and the QRDRs of FQ-resistant isolates (n=31; MIC≥32μg/ml) revealed no mutations in gyrB or parE in any of the isolates. However, gyrA and parC quinolone resistance-associated mutations were found. One FQ-resistant UPA isolate showing a levofloxacin MIC of 32μg/ml harbored a Val120Phe mutation in gyrA, but no QRDR mutations were found in gyrA of FQ-resistant UUR isolates. The most frequent mutation was Ser83Leu in parC, which was present in 22 (88%) and three (50%) of the FQ-resistant UPA and UUR isolates, respectively. Among 32 MDR UPA isolates, there were 14 cases of mutation in parC S83L (Ser83Leu); 2 isolates with Ser83Leu (Ser81Pro) and 1 isolates with Tet(M) Screening of the tet(M) gene, which is associated with tetracycline resistance, was performed among 79 isolates. Two tetracycline-resistant UPA isolates were positive for this gene, but two tetracycline-susceptible UPA isolates also harbored this gene.



Multilocus Sequence Typing

Among the 59 Ureaplasma spp. isolates resistant to FQs and macrolides, the ftsH gene and thrS gene, with the highest discriminatory power, had 10 alleles and 8 alleles, respectively, while the rpL22 gene and valS gene had four and three alleles, respectively.

The lineage of the 21 STs in 59 strains was analyzed, and two major clonal complexes (CC1 and CC2) were revealed by the eBURST package. ST2 was the predicted ancestor, highlighted in the blue circle, while the other STs are displayed in the yellow circle. The size of the circle reflects the number of isolates in the relevant ST, and STs are represented as numbers. Twenty one STs appeared among the 59 clinical isolates. ST1 was the predominant ST, which contained 18 UPA isolates. CC1 contained the vast majority of 17 STs in 44 isolates, while the remaining four STs (ST9, ST52, ST101, and ST161) were singletons (Figure 1).

[image: Figure 1]

FIGURE 1. Population structures of 59 Ureaplasma spp. isolates resistant to quinolones and macrolides predicted by eBURST. CC, clonal complex.





DISCUSSION

In recent years, many questions regarding the role of Ureaplasma spp. as human pathogens, therapeutic strategies, and the antimicrobial susceptibility of individual species remain open. In this study, we examined the antimicrobial susceptibility, resistance mechanisms, and ST distribution of contemporary 258 clinical Ureaplasma spp. isolated from 2013 to 2014 in Shanghai, China. Few previous studies have focused on the individual UPA and UUR distributions in clinical Ureaplasma spp. samples (Kawai et al., 2015; Schneider et al., 2015; Yang et al., 2020). In our study, the positive rate of UPA among clinical Ureaplasma spp. isolates of the urogenital tract was 87.60%, similar to a recent estimate obtained by Fernández et al. (2016) in the United States. Studies of the frequencies of individual species may be useful for further analyses of their clinical characteristics.

The continuous increase in the prevalence of Ureaplasma spp. raised questions regarding their antimicrobial resistance (Zeng et al., 2016; Zhou et al., 2018a). Here, we analyzed the susceptibility of Ureaplasma spp. to 11 kinds of antimicrobial drugs. As expected, UPA and UUR had low resistance to most macrolides and tetracyclines, while their resistance to LEV (72.87%) was very high. While the resistance to macrolides is less than 5% in most countries, our study showed a higher rate of ERY (17.44%) and ROX (32.95%) resistance among clinical strains from Shanghai. Additionally, our results significantly differed from those of previous reports. For instance, Fernández et al. have reported a lower resistance rate to LEV (6%) and no macrolide resistance among the 250 clinical isolates in the United States (Fernández et al., 2016). Some domestic studies of Ureaplasma spp. strains indicated a 20.09% resistance rate to LEV (Zhu et al., 2012), less than 10% to macrolides (Song et al., 2014), and 76.9% to LEV (Song et al., 2015). In addition, Ureaplasma spp. exhibited high resistance to CIP (100%) and to ERY (100% in Tunisia and 80% in South Africa; Redelinghuys et al., 2014; Boujemaa et al., 2020).

Higher resistance rates to ERY, ROX, and LEV may be attributed to the following four factors. First, our study population (87.21% women with border age distribution) may have had higher antimicrobial exposure (especially to macrolides and FQs) and higher resistance levels. Kobayashi et al. found that each age group over 30years had significantly higher odds of receiving FQs for treatment compared with women between 18 and 29years (Kobayashi et al., 2016). However, in Europe and the United States, the macrolide resistance rates of M. pneumoniae are substantially lower than those in Asia (Waites et al., 2017). Second, these overall figures indicate that resistance rates vary significantly among countries; in some instances, there are even dramatic differences within the same country, which may be related to the different strategy or preference of antimicrobials usage in different areas (Yang et al., 2020). Third, another explanation for this variation may be related to the shortcomings of different Mycoplasma testing kits and the reference broth microdilution method currently used to estimate the antimicrobial susceptibility of Ureaplasma spp. Schneider et al. reported that there was conflicting results from the IST 2 kit and standard broth microdilution was observed for CIP and AZI (Schneider et al., 2015). Namely, the Mycoplasma IST2 assay identifies a number of false positives and does not conform to the approved CLSI guidelines (Beeton et al., 2009, 2015). The accuracy of some reports is still questionable since there are no standardized methods for in vitro susceptibility testing and no MIC interpretive breakpoints were designated before 2011. Of note, acidic pH and incubation time affect erythromycin MICs (Kenny and Cartwright, 1993).

Furthermore, mutations, biofilm formation, and the distribution pattern of species or serovars of Ureaplasma spp. can also lead to this phenomenon. The top three drug resistance rates of Ureaplasma spp. were those to CIP, LEV, and ROX. Among CIP and ROX, the drug resistance rates of UPA were significantly higher than those of UUR. The drug resistance rates to AZI, CLA, JOS, and MIN were very low (less than 10%) regardless of Ureaplasma spp.

The relationship and the molecular mechanism between the antimicrobial susceptibility and genotype of Ureaplasma spp. have seldom been reported (Song, 2019). Valentine-King and Brown (2017) reported a trend to higher MIC of UUR compared with UPA. The resistance rates were different for different kinds of antimicrobial between UUR and UPA (Fernández et al., 2016). Therefore, analyses of resistance rates of Ureaplasma spp. require more data to properly explain and interpret the observed trends.

In this study, we also studied Ureaplasma spp. resistance mechanisms to the above-mentioned drugs. As described previously, FQ resistance has been attributed to mutations in gyrA, gyrB, S83L, S83W, and S84P mutations in the parC genes and parE genes (Pereyre et al., 2007; Beeton et al., 2015; Kawai et al., 2015; Schneider et al., 2015; Fernández et al., 2016; Valentine-King and Brown, 2017; Meygret et al., 2018). A sequence analysis of the QRDRs revealed that the resistance mechanism of FQ-resistant isolates involves mutations at position 248 (C-T) of parC, which leads to a substitution of Ser83 by Leu, followed by a Val120Phe substitution, which was mostly found in UPA isolates. As in previous studies, Beeton et al. (2009) also found that about 80% of isolates were UUR, and the ParC Ser83Leu mutation was largely found in all FQ-resistant Ureaplasma spp. We found that three FQ-resistant UPA isolates and three FQ-resistant UUR isolates among 31 Ureaplasma spp. isolates with high MICs (≥32μg/ml) for LEV, MXF and CIP did not harbor QRDR mutations, suggesting the existence of other undescribed resistance mechanisms in these isolates.

Macrolide resistance has been related to mutations in domain V of 23S rRNA, ribosomal proteins L4 and L22, similar to the mechanism underlying Mycoplasma pneumoniae resistance (Schneider et al., 2015; Song et al., 2015, 2019). The macrolide resistance of Ureaplasma spp. is still a controversial issue. The A2066G (A to G) mutation and C2243N (T or C) mutation in the 23S rRNA may be associated with Ureaplasma spp. macrolide resistance in the Chinese population (Meng et al., 2008; Song et al., 2019). We analyzed the aforementioned resistance traits for 59 Ureaplasma spp. isolates showing drug resistance to macrolides; while none of the isolates possessed mutations in the 23S rRNA, we found a mutation in the L4 protein gene and two mutations of the L22 protein gene in eight macrolide-resistant UPA isolates. Yang et al. (2020) reported double alterations (A121S and T141I) or a single mutation (D66N) in L22 within five strains, including one sample harboring an S21A substitution in L4 at the same time. In addition, Pereyre et al. detected two mutations (Lys91Asn and Ala94Asp) in the ribosomal protein L22 and three mutations (Thr70Lys, Gly71Val, and Trp65Arg) in the ribosomal protein L4 (Pereyre et al., 2007); the Lys91Asn mutation in L22 of an erythromycin-resistant UPA isolate was also found in one UPA isolate resistant to erythromycin and roxithromycin and harboring another mutation, Ser81Pro, in our study. The most resistance mechanism to macrolides included the gene mutations in L4 and L22 ribosomal proteins.

The presence of tet(M) has been reported in both tetracycline-susceptible and -resistant Ureaplasma spp. isolates. In this study, the prevalence of tet(M) gene (5.1%, 4/79) was lower than in other reports (Kenny and Cartwright, 1993; Teng et al., 1994; Pereyre et al., 2007; Kotrotsiou et al., 2015). We also found that the tet(M) gene may not be a specific indicator of tetracycline-resistant Ureaplasma spp. isolates.

In this study, uniform resistance to ROX and CIP was the most frequently observed pattern (29.84%) among Ureaplasma spp. isolates; an elevated MDR rate among Ureaplasma spp. (15.12%) was detected, particularly among UPA isolates. Zhu et al. (2016) reported only 1.08% MDR of Ureaplasma spp. in Nanjing, China, while Boujemaa et al. found an elevated MDR rate (37.62%) with 60.71% of UUR strains and 28.76% of UPA being MDR (Boujemaa et al., 2020). To the best of our knowledge, this is the first report of a higher MDR rate of Ureaplasma spp. isolates in Shanghai, China.

To study the molecular epidemiology and population structure of Ureaplasma spp., an MLST approach based on four housekeeping genes (ftsH, rpL22, valS, and thrS) was first developed by Zhang et al. (2014b) who used 14 serovar reference strains and 269 clinical strains. ST1 and ST22 were the predominant STs and contained 68 and 70 isolates, respectively. Zhang et al. (2014a) also found that isolates of CC1 were UPA and those of CC2 were UUR. CC2 was found more often in symptomatic patients with vaginitis, tubal obstruction, and cervicitis. In addition, two recent studies evaluated the molecular epidemiology of clinical Ureaplasma spp. isolates in the United States and Switzerland, making reference to the research of Zhang et al.; these studies suggested the association of molecular epidemiology of Ureaplasma spp. isolates with pathogenicity or spread of antimicrobial resistance (Schneider et al., 2015; Fernández et al., 2016). We found that ST1 (18 UPA isolates) was the predominant ST among 59 MDR isolates, followed by ST22 (5 UPA isolates). Among 18 ST1 UPA isolates, there was higher MDR rate (8 cases, 44.44%) and the mutations found as the following: parC gene (4 cases), GyrA/parC (one case), and L22: S81P (one case). ST1 was the main clone both in Hangzhou (Zhang et al., 2014a) and Shanghai, which may hypothesize that ST1 can be associated with spread of the urogenital tracts of different populations or the antimicrobial resistance. MLST is a well-accepted way for illustrating the diversity and population structure of different bacterial species compared to any other molecular subtyping method. As the strain numbers of STs were very limited, it was difficult to draw any decisive conclusions on any possible correlations between STs and pathologies or molecular resistance mechanisms of Ureaplasma spp.

In conclusion, using a large number of clinical isolates, which were mainly obtained from women, this study addressed the lack of data in China related to the antimicrobial susceptibility of Ureaplasma spp. The prevalence of antimicrobial resistance in Ureaplasma spp., especially that to ERY, ROX, and LEV, is markedly higher in China than in European countries. The most active antimicrobial agents were AZI, JOS, and CLA. Identifying UPA or UUR in clinical isolates could help clinicians to choose appropriate drugs for treatment. For UPA in particular, ERY, ROX, and FQs should be used with caution due to the relatively high rate of MDR. ST1 was the predominant ST of Ureaplasma isolates with MDR to FQs and macrolides in Shanghai, China. The main resistance mechanisms may involve gene substitution of Ser83Leu in parC and Ser81Pro in L22, in addition to other, undescribed mechanisms. One of the limitations of this study is that it did not provide sufficient data to better understand the epidemiology of Ureaplasma spp. in China. Future work should extend our investigations to address the resistance mechanisms related to the spread of antimicrobial resistance, particularly MDR strains, and the difference in drug resistance in different Ureaplasma spp.
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IncX3 plasmids are correlated with the dissemination and acquisition of carbapenem resistance in Enterobacteriaceae and have been prevalent in China over the last 10 years. Since the distribution characteristics of IncX3 plasmids across China as well as their evolutionary traits for 10 years remain unclear, here we conducted a retrospective literature review and in silico comparative analysis of IncX3 plasmids in publicly available IncX3 plasmid genomes. IncX3 plasmids distributed in 17 provinces or cities were extracted for analysis, which tend to be specifically associated with hospital-isolated Escherichia coli ST410 from phylogroup A. Although the backbones of IncX3 plasmids have remained highly conservative over the last 10 years, the blaNDM resistance genetic contexts on these plasmids could fall into five subtypes, among which AR_N1_I has been identified in Enterobacter cloacae174 chromosome and AR_N5_I was simultaneously located on IncF and IncA/C plasmids. This suggests that the blaNDM resistance gene environment can spread between different plasmids, between different bacterial genera, or between strains and plasmids, highlighting that it is imperative to adopt more stringent infection control measures targeting IncX3 plasmid spread.

Keywords: IncX3 plasmid, blaNDM, carbapenem, Escherichia coli, genome


INTRODUCTION

IncX3 plasmids were discovered 10 years ago, since Ho et al. (2012) first isolated the blaNDM/IncX3 plasmid pNDM-HN380 in China in 2011. IncX3 seems to be the most common plasmid-incompatible type for carrying blaNDM in China and even the world (Ma et al., 2020). However, no previous research has investigated the distribution characteristics of IncX3 plasmids across China as well as their evolutionary traits over the last 10 years. A substantial number of plasmid whole genome sequences from China have been reported over the last few decades, which make it possible to conduct long-term and large-scale plasmid comparison and evolutionary analysis.

Therefore, the current study using published literature about IncX3 plasmids isolated from China and the IncX3 plasmid complete gene sequence deposited in NCBI was presented (i) to describe the prevalence of IncX3 plasmids across China over approximately 10 years, (ii) to identify the genetic context of IncX3 plasmids to further clarify the mechanisms related to antibiotic resistance gene transfer, and (iii) to explore the diversity of IncX3 plasmids and refine the IncX3 subgroup. This project provided an excellent opportunity to facilitate the understanding of the mechanisms of IncX3 plasmids’ high prevalence in China and the mechanism of the wide dissemination of carbapenem-resistant strains.



MATERIALS AND METHODS


Search Strategy

We searched the PubMed database for published research of IncX3 separated in China before August 15, 2020. There was no language restriction. Keywords included (“China” and “IncX3”).

Article inclusion criteria: (1) the strain containing the IncX3 plasmid was isolated from China; and (2) the basic information of the strain can be queried in the article, including strain species, isolation dates, cities, and specimen sources.

Exclusion criteria: (1) the strains and plasmids were not isolated from China; (2) there was no bacterial species information of the plasmid host; and (3) all other basic information except the plasmid name is missing.

Referring to selected literature and GenBank online information, we collected the basic information of all IncX3 plasmids including specimen sources, isolation dates, cities, and MLST types (see section “Results” in detail).



Plasmid Replicon Verification and Database Construction

We took the Rep sequence of the IncX3 plasmid deposited in the PlasmidFinder database as a reference and used BLASTN to verify the incompatibility group of the extracted plasmid sequence (homology >90%, coverage >90%). The hit rate of BLASTN was manually reviewed, and only published sequences were included in our IncX3 plasmid database.



Antibiotic Resistance Gene Annotation

We used Mega-BLAST (e value ≤0.0001, identity ≥70%) against the ResFinder database to compare and annotate antibiotic resistance genes located in plasmids and then performed a manual inspection.



Comparative Genomics Analysis of IncX3 Plasmids

The blaNDM/IncX3 plasmid pNDM-HN380 (GenBank accession number: JX104760.1) in Klebsiella pneumoniae strain HN380 was adopted as a reference plasmid for comparison. BLAST was used to compare all completely sequenced IncX3 plasmids with pNDM-HN380. We counted the number of hits in different regions of pNDM-HN380 to determine the conserved regions. Annotation of the complete gene sequence was performed using Prokka for all collected plasmids.



Plasmid Backbone Recognition, Multiple Sequence Alignment, and Visualization

Mauve was used to perform multiple sequence alignment of plasmid DNA sequences to identify backbone genes. Plasmid backbone genes were defined as regions of plasmid DNA whose sequences were highly conserved in all aligned genomes.

The local blast + method was used for pairwise comparison to determine the plasmid group. Snippy software was applied to identify single-nucleotide polymorphism (SNP), insertion, or deletion changes between the reference plasmid pNDM-HN380 and other plasmids. Visualization of the comparison results was generated by Easyfig software, and the produced pictures were marked with gene names using Adobe Illustrator CC 2019 software.




RESULTS


The Distribution and Host Characteristics of IncX3 Plasmids Reported in China

By searching “China and IncX3” in the PubMed database, the genome sequences and basic information of 84 IncX3 plasmids involving 60 documents were collected (see Supplementary Table 1 for all collected plasmid information).

From 2011 to 2021, a total of 84 non-duplicate collected IncX3 plasmids were reported in 13 provinces or cities across China, namely, Shandong, Jiangsu, Zhejiang, Guangdong, Shaanxi, Chongqing, Sichuan, Henan, Hong Kong, Beijing, Shanghai, Hunan, and Jiangxi. In this collection, the reported IncX3 plasmid-containing strains were isolated from clinical specimens (60.7%, 51/84, blood, urine, or sputum), livestock animals (17.9%, 15/84), life environment (such as sewage samples and surface of subway instruments), anal swab screening of admitted patients, and retail food meat.

The collected isolates carrying IncX3 plasmids were inspected further. The hosts of IncX3 plasmids involved 15 species. Escherichia coli (51.2%, 43/84), K. pneumoniae (23.8%, 20/84), and Enterobacter cloacae (7.1%, 6/84) were the most common hosts. The IncX3 plasmid was also sporadically distributed in 12 other species of Enterobacteriaceae, namely, Citrobacter freundii, Salmonella Typhimurium, Cronobacter sakazakii, K. aerogenes, K. quasipneumoniae, Klebsiella oxytocin, Klebsiella oxytoca, Kluyvera cryocrescens, M. morganii, Proteus mirabilis, Raoultella planticola, Raoultella ornithinolytica, and Salmonella Lomita.

A remarkable diversity of sequence types (STs) was identified among IncX3 plasmid-containing E. coli isolates. Among the 43 E. coli isolates, 17 different STs were noted. The preferred STs seemed to be ST48 (6/33), ST410 (4/33), ST156 (4/33), ST167 (3/33), ST1114 (2/33), ST10 (2/33), ST617 (2/33), and ST641 (2/33). The other E. coli isolates belonged to single diverse STs (including ST46, ST3835, ST224, ST-744, ST44, ST1236, ST448, ST3076, and ST8809). It is worth noting that all ST48 E. coli were isolated from animals and ST410s were from clinical patients and hospital environments.

We also obtained phylotype data of 16 E. coli strains in our collection. Phylotype data suggested that more than half (68.8%, 11/16) belonged to non-pathogenic phylogroup A. Phylogroup B included three strains, and the remaining two strains belong to group C. Phylogroup A strains have been isolated from various sources, including clinical specimens, animals, human colonization, and environment. Four types of blaNDM variants (blaNDM–1, blaNDM–5, blaNDM–7, and blaNDM–21) were identified in IncX3 plasmid-carrying phylogroup A strains.



Carbapenem Resistance Genes Carried on IncX3 Plasmids

All the collected IncX3 plasmids were positive for carbapenemase genes, among which 81 (96.4%) of them were NDM-positive and 3 (3.6%) were OXA181-positive. The IncX3 plasmid carried eight types of NDM variants, namely, NDM-1 (22.2%, 18/81), NDM-5 (67.9%, 55/81), NDM-7 (3/81), NDM-21 (1.2%, 1/81), NDM-13 (1.2%, 1/81), NDM-17 (1.2%, 1/81), NDM-19 (1.2%, 1/81), and NDM-20 (1.2%, 1/81). No blaKPC-carrying IncX3 plasmid was recorded in China.

Notably, blaNDM–5 was the most prevalent carbapenemase gene in the IncX3 plasmids, followed by the blaNDM–1 subtype. The blaNDM–5-carrying IncX3 plasmids included plasmids from clinical specimens, livestock animals, life environment, anal swab screening of admitted patients, and retail food, indicating the wide dissemination of NDM-5-producing carbapenem-resistant isolates mediated by quick transfer of IncX3 plasmids. Interestingly, IncX3 plasmids containing the blaNDM–1 gene could be recovered from patient clinical specimens, rectal swabs, and hospital environments, which showed a preferred in-hospital spread for this gene subtype.



Whole Genome Sequence Grouping of IncX3 Plasmids

Among the 84 plasmids collected, a total of 76 IncX3 plasmid complete genome sequences were finally obtained. The analysis using Mauve and BlastN software identified that all 76 plasmids could be divided into nine subgroups by comparing sequences, that is, pNDM-HN380 (group1), pNDM_MGR194 (group2), pOXA181_EC14828 (group3), MH10T (group4), pNDM-BJ03 (group5), pGZ2-NDM (group6), pWLK-NDM (group7), pNDM5-LDR (group8), and pNDM5-GZ04_A (group9).

Comparison of plasmid sequences revealed nine distinct types, mainly because of the variety of the genetic load region (Table 1). Researchers have referred to “the gene load region” as the fragments containing inserted sequences and different resistance genetic context (Ho et al., 2012). For example, for the first featured IncX3 plasmid pNDM-HN380, the gene load region was between the resolvase gene and hns gene, and involved blaSHV, blaNDM, and their surrounding mobile genetic elements (IS26, Tn3, and tnpA).


TABLE 1. IncX3 plasmid gene load regions.

[image: Table 1]
The gene load region of the nine subgroups differed in resistance gene composition and mobile genetic elements. Most of the gene load regions (6/9) included resistance genes, more than just the carbapenemase gene as shown in Table 1.



IncX3 Plasmid Backbone Region Was Highly Conserved

The gene organization of the IncX3 plasmid backbones was nearly identical to that of plasmid pNDM-HN380, and the counterparts shared >95% amino acid identities (Figure 1 and Supplementary Table 2). Among 75 plasmids compared with pNDM-HN380, only 21 plasmid backbones had a single-nucleotide change, or insertion/deletion of a single nucleotide, indicating that the IncX3 backbone has been highly conserved for 10 years.


[image: image]

FIGURE 1. Plasmid backbone region map (dotted line indicates gene load region).




Subtype of blaNDM Genetic Contexts Located in IncX3 Plasmids and Exploring the Mechanisms of Resistance Gene Transfer

The blaNDM genetic contexts identified fell into five groups according to the comparison analysis, including AR_N1_I–AR_N1_III and AR_N5_I–AR_N5_II (Figure 2). Among them, AR_N1 corresponds to blaNDM–1 genetic context and AR_N5 means blaNDM–5 genetic context. Deletion or insertion of mobile gene elements (i.e., IS5 or IS125) and ORFs of unknown functions (i.e., groL and groS) accounted for the majority of the variations of these gene environments.


[image: image]

FIGURE 2. Summary of sub-classifications of resistance gene environment.


To detect the location of all blaNDM genetic contexts other than IncX3 plasmids to discover the potential of transposon transfer, we searched all identified genetic context subtypes in the NCBI database. Surprisingly, we found that the genetic structure of AR_N1_I was nearly identical to a chromosome-encoded fragment containing blaNDM–1 in Enterobacter cloacae174 (accession number: CP020528, 1628321…1645166, Figure 3), whose gene composition of the chromosome-encoded fragment was flanked by IS26, in addition to holding AR_N1_I genetic context.


[image: image]

FIGURE 3. Comparison of AR_N1_I structure of pNDM-HN380 with the Enterobacter cloacae 174 chromosome gene fragment in NCBI.





DISCUSSION

Previous studies have sporadically reported that the presence of IncX3 plasmids mediated the dissemination of carbapenem-resistant Enterobacteriaceae strains in China (Yang et al., 2020; Zhai et al., 2020; Zhou et al., 2020). However, no previous research has investigated the distribution characteristics of IncX3 plasmids across China as well as their evolutionary traits over the last 10 years. This study provided a comprehensive and updated prevalence and sequence characteristic profile of carbapenem-resistant IncX3 plasmids isolated from various sources in China. We have performed large-scale and long-term in silico analyses of reported IncX3 plasmids to elucidate IncX3 plasmid structural features over 10 years.

IncX3 plasmids are the most prevalent in E. coli and K. pneumoniae but sparse in other Enterobacteriaceae, where phylogroup A and ST410 E. coli isolated from patients seems to be the preferred host for IncX3 plasmids, highlighting that more infection control measures should be the target at these emerging specific associations between plasmids and bacterial clones. Consistently, Ma et al. (2020) demonstrated that IncX3 plasmids could often transfer to phylogroup A E. coli successfully and maintain high stability. The study of Huang et al. (2021) published in 2021 has found that blaNDM/IncX3 plasmids tend to be concentrated in ST410 E. coli, which also belongs to phylotype A. Our team also found a large number of ST410 E. coli with blaNDM-carrying IncX3 plasmids (data not shown).

The IncX3 plasmid carries at least eight kinds of blaNDM gene variants, among which blaNDM–5 is dominant. The blaNDM–5-carrying IncX3 plasmids were recovered from diverse sources, indicating the wide dissemination of NDM-5-producing carbapenem-resistant isolates mediated by quick transfer of IncX3 plasmids. However, blaNDM–1-carrying IncX3 plasmids were mainly distributed in the hospital, which show more limited dissemination compared with blaNDM–5.

We further divided carbapenem resistance genes and surrounding structural fragments obtained from IncX3 plasmid into five subtypes, AR_N1_I–AR_N1_III and AR_N5_I–AR_N5_II. The sub-classification of blaNDM genetic contexts can help researchers understand the structural characteristics of resistance genes and explore its transmission mechanism. Our results found that AR_N1_I is highly homologous to blaNDM–1 surrounding fragments encoded by Enterobacter cloacae174 chromosome, indicating that blaNDM–1 surrounding fragments could transfer between the IncX3 plasmid and Enterobacter chromosome. In 2020, Zou et al. (2020) reported that the genetic environment containing blaNDM–5 could be divided into five subtypes. Among them, Type A corresponds to the AR_N5_I genetic environment in our study. The Type A genetic environment has been the most common (50%) genetic environment containing blaNDM, suggesting that the AR_N5_I genetic environment has an advantage in assisting the wide spread of blaNDM–5. Besides, the AR_N5_I genetic environment is also distributed on the IncF and IncA/C plasmids, and the IncA/C plasmid is a well-known broad host plasmid (Douarre et al., 2020), suggesting that the dissemination of blaNDM gene will cross genus, not only limited to Enterobacteriaceae bacteria.

Therefore, the blaNDM–5 genetic context carried by IncX3 plasmids can spread between different plasmids, between different bacterial genera, or between strains and plasmids. This suggests that controlling the spread of IncX3 plasmids has significant meaning for controlling the quick occurrence of carbapenem-resistant bacteria.

The genes on the backbone are responsible for maintaining the basic functions of the plasmid, including conjugation transfer and plasmid progeny distribution. The comparative analysis of the plasmid backbone region shows that the IncX3 backbone genes have been highly conservative for the last 10 years. This suggests that the IncX3 plasmid backbone gene itself has the advantage of mediating the wide spread of blaNDM. The theory of plasmid biology shows that high conjugation efficiency, powerful distribution system, and low fitness cost are three factors to ensure the long-term existence and wide spread of plasmids (Zwanzig, 2021). The T4SS system in the backbone region guarantees the efficiency of plasmid self-conjugation (Costa et al., 2020); the parAB distribution system ensures that progeny plasmids can be assigned to the offspring host, promoting plasmid stability (Sheng et al., 2020). Further research into backbone gene function will facilitate the deep investigation of IncX3 plasmid fitness mechanisms in China.



CONCLUSION

In this study, our data indicate that carbapenem-resistant gene-carrying IncX3 plasmids tend to be specifically associated with hospital-isolated E. coli ST410 from phylogroup A. Although the backbones of IncX3 plasmids remained highly conservative over the last 10 years, the blaNDM resistance genetic contexts on plasmid could fall into five subtypes, among which AR_N1_I has been identified in Enterobacter cloacae174 chromosome and AR_N5_I was simultaneously located on IncF and IncA/C plasmids. This suggests that the blaNDM resistance gene environment can spread between different plasmids, between different bacterial genera, or between strains and plasmids, highlighting that it is imperative to adopt more stringent infection control measures targeting IncX3 plasmid spread.
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Antibiotics P20 P22 P23 P33
(rectal swab, day 0) (rectal swab, day 5) (throat swab, day 5) (tracheotomy tube, day 12)
Piperacilin 266 (R) >256 (R) >256 (R) 5256 (R)
Piperacillntazobactam >256/4 (R) >256/4 (R) >256/4 (R) >256/4 (R)
Ceftazidime-avibactam 32/ ) 16/4 (R) 16/4 (R) 16/4 /)
Ceftazidime 256 ) 256 F) 256 ) 128 (R)
Cefepime >256 (R) >256 (R) >256 (R) >256 (R)
Aztreonam >128 (R) >128 (R) >128 (R) >128 (R)
MIC (gl Imipenem >128 (R) >128 (R) >128 () >128 (R)
’ Meropenem >128 /) >128 R) >128 R) >128(R)
Colistin 05() 05() 05() 050)
Gentamicin 168 169 169 64 ()
Tobramycin 05(8) 05(9) 05(9) 64 ()
Amikacin 41 4 4 8(S)
Ciprofloxacin 16(R) 16 (R) 16 (R) 16 (R)
Levofloxacin >64 [R) >64 (R) >64 R) >64 R)

B e e L
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Strain Nearest gene(s) Reference Reference Mutant Mutation type Predicted
position (nt) sequence sequence effect
K428/ K428-R ybhN and ybhL 171782 GGGC AAAT MNV Non-coding region
K467/ K467-R garK-1 and tRNA_anti-like 149888 = GCTATACCAAA Insertion Non-coding region
kp467_02292 and kp467_02293 1318 & CGAAAAATTT Insertion Non-coding region
dinB_4 1703 GGAA ATCC MNV DNA polymerase IV
K521/ K521-R kpb21_05022 and kp521_05023 1318 - CGAAAAATTTTT Insertion Non-coding region
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Isolates Minimum inhibitory concentrations (j.g/ml)

AMK CRO CTX CAZ IPM  MEM ETP LEV CIP TOB GEN C FOS PB TGC TGC + CCCP
K537 >256 >266 >266 >256 64 128 256 16 64 256 >128 >266  >1024 1 8 4
K467 >256 >256 >256 256 128 256 >256 16 64 256 >128 >266 >1024 0.5 0.5 0.5
K467-R <0.25 128 >256 128 64 128 128 32 64 <0.25 0.5 >256 128 0.5 16 4
K521 >256 >2566 >256 >256 128 256 >256 16 64 256 >128 >266  >1024 1 0.5 0.25
K521-R <0.25 128 256 32 128 128 >256 32 64 <025 <025 >256 256 1 16 4
K428 >256 >266 >266 >256 32 128 >256 16 64 256 >128 >266  >1024 1 0.5 0.5
K428-R 0.5 32 8 256 0.25 0.25 0.25 16 64 128 8 >256 4 0.5 16 4
K43 >256 >266  >256 64 32 256 256 16 64 128 >128 >266  >1024 1 0.5 0.5
K43-R <0.25 0.25 2 1 0.25 1 8 0.25 1 0.5 1 >256 16 1 32 8

AMK, amikacin; CRO, ceftriaxone; CTX, cefotaxime; CAZ, ceftazidime; IPM, imipenem; MEM, meropenem, ETR, ertapenem; LEV, levofloxacin; CIR, ciprofloxacin; TOB,
tobramycinl; GEN, gentamicin; C, chloramphenicol; FOS, fosfomycin; PB, polymyxin B; TGC + CCCR tigecycline with CCCP.
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Strain no.

K537
K43
K43-R
K428
K428-R
K467
K467-R
K521
K521-R

acrR mutation

No mutation
No mutation
No mutation
No mutation
No mutation
No mutation
No mutation
No mutation
No mutation

ramR mutation

No mutation
No mutation
No mutation
No mutation
No mutation
No mutation
No mutation
No mutation
No mutation

Silent mutation:
Silent mutation:
Silent mutation:
Silent mutation:
Silent mutation:
Silent mutation:

ogxR mutation

Missense mutation: R152H, M224T
Missense mutation: R152H, M224T
Missense mutation: R152H, M224T
P108P; Missense mutation: R152H, M224T, G317D
P108P; Missense mutation: R152H, M224T, G317D
P108P; Missense mutation: R152H, M224T, G317D
P108P; Missense mutation: R152H, M224T, G317D
P108P; Missense mutation: R152H, M224T, G317D
P108P; Missense mutation: R152H, M224T, G317D
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Type Multisubunity Single Signature Seed Most common substrates Cleavage

RNP complex protein enzyme sequence
RNA DNA
X Cas3 1-6 ntand X Single-stranded DNA cleavage
7-8 nt
Il X Cas9 10-12 nt X Blunt double-stranded DNA break
1l X Cas10 Not defined* X X Specific and non-specific ssRNA cleavage.

Double-stranded DNA break
I\ Defective CRISPR-Cas loci typically lacking the effector nuclease and the adaptation module

\% X Cas12 ~18 nt X Double-stranded DNA break with staggered
overhangs, non-specific ssDNA break

VI X Cas13 Not defined® X Specific and non-specific sSRNA cleavage

Seed sequence: PAM-proximal sequence in which full complementarity is required for CRISPR-Cas interference. As (i) some CRISPR-Cas subtypes have promiscuous
PAM sequences, (i) the site sequence varies among the subtypes; the PAM sequences have not been displayed in this table. Gleditzsch et al. (2019) review the PAM
recognition strategies for all CRISPR-Cas types and engineering approaches to change the PAM recognition sequence. *Inconsistent conclusions regarding the seed
region of CRISPR type lll: absence of seed or its presence in the 5’ end (Cao et al, 2016) or 3’ end (Peng et al., 2015). ¥Central seed region proposed for Cas13a
(Abudayyeh et al., 2016; Liu et al., 2017). Table based on Semenova et al. (2011); Chen et al. (2018), Hille et al. (2018), and Makarova et al. (2020).
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Tigecycline MIC distribution for total 63 CRKP clinical isolates.
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Tigecycline MICs (mg/L)

Tigecycline MIC distribution for 33 tet4-bearing isolates.





OPS/images/fmicb-12-644949/fmicb-12-644949-g002.jpg
B-lactams

rvyvvy

K locus

. KL21

O KLe4

=— (Cluster [ : 1~13 SNPs

—— Cluster II: 3~57 SNPs

1

|

ﬁ

Cluster III: 1~23 SNPs

}

e |

NI EEEEEEEEEEEEEE

e |
=1 HT 1IN EENEEEEEEEEE EEEEEEE
G | | NN  EEEEEEE B |0 O BEEEEEEE 22 BE

NI EEEEEEEEEEEEEE EEEEEEEEEEEEEE
e | e

Tree scale: 0.1

2 | e
ag |

Bl EEEEEEEEEE EEEEEEEEEE # EEEEEEER

G IIIIEEEEEEEEEEEEE EEEEEEEEEEEEEE

- CRKP61

gi-w-xLoeia| [

o
O
a
4
Y
@

sovxwod I | I W | [ AEEEEE ]

- = CRKP52
- - CRKP34

N~
[l
X
nd
©

- CRKP72
-~ CRKP60

, . =~ CRKP5
- = = =aa=a=aCRKP29

- = CRKP42
= = CRKP24

-~ CRKP43
~ - = CRKP59

) @

-~ CRKP10
- CRKP55

.~ CRKPS

- = = -~ CRKP66

(00)
N~
al
X
nd
@)
|
0

~ = CRKP80
- = = CRKP22
- - = CRKP38
- = = CRKP14

- CRKP18
- = = CRKP15
- = CRKP69

- CRKP21

™
©
EL
X
X
®)

T

N~
N~
a
X
nd
@)

4
o
X
e
&)

o)
4
ol
X
4
@

ey

el | |

ey
0

-]

(&)
c000000000000000000000000000000000
b

O
a
X
nd
@





OPS/images/fmicb-12-606360/fmicb-12-606360-g001.jpg
Il. Low membrane

permeability
|. Antimicrobial
inactivation
- ” :’
IV. Extrusion of lll. Target
antimicrobials via modification

efflux pumps






OPS/images/fmicb-12-606360/fmicb-12-606360-g002.jpg
jo8

- ErEEEEEREER LA Lt LLL]
m&wwwwlwwaw

Aptamer uptake

g -
\

e
bbb






OPS/images/fmicb-12-606360/fmicb-12-606360-g003.jpg
Cas12/Cas13-
crRNA complex

Cas12/Cas13-crRNA
design to a specific

. ) oa
nucleic acid activation
1 iy ==
e— 2 .
- ¥
— , , f quenched-fluorescent
; %3 ! ssDNA/ssRNA
J

ssDNA/ ssRNA
cleavage

Amplified nucleic acid gmnm TARGET tnnnmi
from a patient sample ’ ’

- o g T .-"-——_—""ﬁ.
- -~ - - e SRS W W ———
\ - S > e Pt e "-‘- ™ - \-"\
- ~ - ~ # ~ - -~ - -~
\ s ~ ’ - ’ ~ - -~ -~ -
/s N y ~ 7 g o N -~ ~
7 \ p 4 ~ s ﬁ ~
\ F 4 5 ’ ™ s LY
|/ v \— ' \ — \ \ / [ — | e
(I (| Yy ¥ ¥ [ H L | |
l\ : 1 r (| - - (I
! f 3 M 7 N ﬁ ] |H ” 1 “
I oo / — [
A / \ ﬁ / \ M / \ ! \ - ;2
N 2 \\ // . ’ \ \_\ / \ —s /
h o - ﬁ ’ . ﬁ // % ’ \ H
~ ” ~ P ~ s b
~ ” ~ - ~
L8 o = -~ - -~
\‘-. r’ \-“ o





OPS/images/fmicb-12-606360/fmicb-12-606360-t001.jpg
Target

Acinetobacter baumannii isolates
Bacillus subtilis, Citrobacter freundlii, Escherichia coli,

Enterobacter aerogenes, Klebsiella pneumoniae, and

Staphylococcus epidermidis cells
Campylobacter jejuni cells

Escherichia coli and Staphylococcus aureus pathogenic cells

Escherichia coli ATCC cells

Escherichia coli cells

Escherichia coli cells

Escherichia coli 0157 cells

Escherichia coli O157:H7 cells

Escherichia coli whole cells

Escherichia coli whole-cells

Glycolipid antigen of Mycobacterium tuberculosis
Gram-negative outer membrane vesicles

HspX protein in tuberculous meningitis

Listeria monocytogenes cells
Methicillin-resistant Staphylococcus aureus strains
MPT64 antigen of Mycobacterium tuberculosis
MPT64 antigen of Mycobacterium tuberculosis
Mycobacterium tuberculosis cells
Mycobacterium tuberculosis H37Ra cells
Mycolactone in Buruli ulcer
Mycoplasma-infected cells

Neisseria meningitidis serogroup B

PBP2a detection

PBP2a in nosocomial infections

Protein A of Staphylococcus aureus

Protein A of Staphylococcus aureus
Pseudomonas aeruginosa cells

Pseudomonas aeruginosa cells

Salmonella enterica serovar typhimurium in milk samples

Salmonella enteritidis cells

Salmonella enteritis cells

Salmonella typhimurium cells

Salmonella typhimurium cells

Salmonella Typhimurium cells

Salmonella Typhimurium cells

Salmonella Typhimurium cells

Shigella sonnei cells

Staphylococcus aureus and Escherichia coli cells
Staphylococcus aureus cells
Staphylococcus aureus cells
Staphylococcus aureus cells
Streptococcus pyogenes cells
Streptococcus pyogenes serotype M3 cell
Vibrio parahaemolyticus cells

Vibrio parahaemolyticus cells

Oligo

DNA
DNA

DNA
DNA
DNA
DNA
DNA
DNA
DNA
RNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
RNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA

Binding affinity or LOD

7.547 + 1.353 pM
9.22-38.5 M

100 CFU mi—1
100 CFU mi—1
11.97 +2.94 nM
3 CFU mi—1
0.66 CFU mi—1
107.6 + 67.8 pM
1.46 x 103 CFU mi—1
2 x 104 CFU mi—1
102 CFU mi—1
668 + 159 nM
25 ng/ml
10 pg
2.5 CFU ml—1
1.38 x 103 CFU mi—1
0.2 fg ml—1
100 CFU mi—1
100 CFU mi—1
5.09 + 1.43 nM
1.59-73.0 uM
Not informed
28.3-39.1 pM
20 nM
29 CFU mi~!
11.3nM
10 CFU mi~1
100 CFU mi~?
60 CFU mI~1
3.37 x 102 CFUmI~"
0.309 uM
25 CFU mi~1
10 CFU mI~!
123 + 23 nM
1 CFU m—1
80 CFU mI~?

10 CFU mi~1
15.89 + 1.77 nM
10-2,000 CFU mI~"
16 CFU mi~"
10% CFU mi—!
39 CFU mI~1
7 nM
7TA7T £1.72 pM
204679 £ 0.12 M
10 CFU mi~"

References

Rasoulinejad and Gargari, 2016

Song M. Y. et al., 2017

Dehghani et al., 2018
Xu et al., 2018
Marton et al., 2016
Jinetal., 2017
Hua et al., 2018
Amraee et al., 2017
Yu et al., 2018
Duaet al., 2016
Wu et al., 2017
Tang et al., 2016
Shin et al., 2019
Das et al., 2019b
Suhetal., 2018
Qiao et al., 2018
Bai et al., 2017
LiN. etal., 2018
Zhang et al., 2017
Mozioglu et al., 2016
Sakyi et al., 2016
Liu et al., 2019
Mirzakhani et al., 2017
Fan et al., 2020
Maldonado et al., 2020
Stoltenburg et al., 2016
Reich et al., 2017
Gao et al., 2018
Das et al., 2019a
Zhang et al., 2018
Bayrac and Oktem, 2017
Chinnappan et al., 2017
Duan et al., 2016
Lavu et al., 2016
Ren et al., 2019
Wang et al., 2020
Appaturi et al., 2020
Song M. S. etal., 2017
Shen et al., 2016
Kurt et al., 2016
Bayrac et al., 2017
Caiet al., 2019
Hamula et al., 2016
Alfavian et al., 2017
Ahn et al., 2018
Sunetal., 2019

Papers recovered on the PUBMED NCBI website. Binding affinity and Limit of Detection (LOD) were represented by Kq and CFU counting, respectively.
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iNTS non-iNTS

2012 2019 Pvalue 2012 2109 P value
Antimicrobial resistance
Ampicillin 421% 27.8% 0282 49.7% 41.2% 0.020
Ceftriaxone 10.5% 5.6% 0.602 3.8% 15.1% <0.001
Ertapenem 0% 2.8% 1.000 0% 05% 0.502
Imipenem 0% 2.8% 1.000 0% 1.0% 0.128
Ciprofloxacin 5.3% 30.6% 0.041 1.7% 28.5% <0.001
TMP-SMX 15.8% 20.6% 1.000 27.9% 30.2% 0.518
Chloramphenicol 21.2% 60% 0.126 21.8% 30.9% 0.005
Flomoxef 5.3% 40% 0.099 32% 55% 0.125
MDR 10.56% 13.9% 1.000 12.2% 31.4% <0.001
Serogroups
B 15.8% 222% 0.730 27.6% 23.1% 0.159
C1 16.8% 28% 0114 4.7% 7% 0.170
c2 53% 16.7% 0401 12.8% 12.6% 0.926
D 52.6% 41.7% 0437 422% 42.7% 0.891
E 10.56% 13.9% 1.000 11% 13.1% 0.401

iNTS, invasive non-typhoidal Salmonella;
MDR, multi-drug resistance, resistant to >3 drug classes;
TMP-SMX, trimethoprim-sulfamethoxazole.





OPS/images/fmicb-12-648008/fmicb-12-648008-t001.jpg
N (%)

Males (n, %)
Age(mean) (y/0)

Admission proportion
Admission duration

(days)
Ampicillin use
Ceftriaxone use
iINTS

Salmonella serogroups

Group B
Group C1
Group C2
Group D
Group E

Antimicrobial resistance

MDR

Ampicillin
Ceftriaxone
Ciprofloxacin
TMP-SMX
Ertapenem
Imipenem
Chloramphenicol
Flomoxef

2012 (N = 363)

200 (65.1%)
2.1(8D=3.9)
74.2%
6.9+ 162

27/144(18.8%)
82/144(56.9%)
23/364 (6.3%)

98/364 (26.9%)
20/364 (5.5%)
45/364 (12.4%)
165/364 (42.6%)
40/364 (11%)

44/364 (12.2%)
179/364 (49.3%)
16/364 (4.1%)
7/364 (1.9%)
99/364 (27.3%)
0/364 (0%)
0/364 (0%)
79/364 (21.8%)
12/364 (3.3%)

iNTS, invasive non-typhoidal Salmonella;
MDR, multi-drug resistance, resistant to >3 drug classes;
TMP-SMX: trimethoprim-sulphamethoxazole.

2019 (N =434)

239 (65.1%)
2.4(SD =39
62.7%
54+£569

8/195 (4.1%)
165/195(79.5%)
39/434 (7.9%)

100/434 (23%)

29/434 (6.7%)
56/434 (12.9%)
185/434 (42.6%)
57/434 (13.1%)

130/434 (30%)
174/434 (40.1%)
62/434 (14.3%)
124/4383 (28.6%)
127/432 (29.4%)

3/434 (0.7%)
5/434 (1.2%)
126/408 (31.3%)
24/403 (6%)

P value

0.994
0.56
<0.001
0.139

<0.001
<0.001
0.123

0.206
0.486
0.819
0.990
0.356

<0.001
0.009
<0.001
<0001
0.508
0.255
0.067
0.008
0.084
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Antimicrobials 2012 2019 P value OR 95% Cl

Serogroup B

MDR 11.2% (11/98)  32% (32/100) <0.001 3.72 1.74—-7.91
Ceftriaxone 5.1% (5/98) 15% (15/100) 0.021 3.28 1.14-9.41
Ciprofloxacin 1% (1/98) 27.3% (27/99) <0.001 36.3 4.83-273.95
Ampicillin 53.1% (562/98) 43% (43/100) 0.157 1.49 0.85-2.62
TMP-SMX 26.5% (26/98) 35% (35/100) 0.197 0.671 0.365—1.232
Ertapenem 0% (0/98) 1% (1/100) 1.000 NA NA
Imipenem 0% (0/98) 2% (2/100) 0.498 NA NA
Serogroup C1

MDR 10% (2/20)  34.5% (10/29) 0.089 4.73 0.91-24.64
Ceftriaxone 0% (0/20) 20.7% (6/29)  0.069 NA NA
Ciprofloxacin 0% (0/20) 44.8% (13/29) <0.001 NA NA
TMP-SMX 26.3% (5/19)  32.1% (9/28) 0.668 0.754 0.20—2.74
Ampicillin 47.4% (9/19) 44.8% (13/29) 0.863 1.10 0.34-3.53
Ertapenem 0% (0/19) 3.4% (1/29) 1.000 NA NA
Imipenem 0% (0/19) 3.4% (1/29) 1.000 NA NA
Serogroup C2

MDR 8.9% (4/45) 16.1% (9/66) 0.284 1.96 0.56-6.85
Ceftriaxone 4.4% (2/45) 5.4% (3/56) 1.000 1.21 0.19-7.61
Ciprofloxacin 2.2% (1/45)  19.6% (11/56) 0.007 10.75 1.33-86.85
TMP-SMX 31.1% (14/45) 14.3% (8/56) 0.042 2.70 1.01-7.21
Ampicillin 62.6% (28/45) 23.2% (13/56) <0.001 5.44 2.29-12.93
Ertapenem 0% (0/45) 0% (0/56) NA NA NA
Imipenem 0% (0/45) 0% (0/56) NA NA NA

Serogroup D

MDR 14.2% (22/155) 31.4% (68/185) <0.001 2.76 1.59-4.77
Ceftriaxone 5.2% (8/155) 15.1% (28/185) 0.003 3.27 1.44-7.42
Ciprofloxacin 2.6% (4/155) 27.6% (51/185) <0.001 14.36  5-40.8

TMP-SMX 27.7% (43/155) 30.4% (56/184) 0.587 0.878 0.548—1.406
( ( )

Ampicillin 45.8% (71/155) 43.2% (80/185) 0.636 1.10 0.72—1.70
Ertapenem 0% (0/155) 0% (0/185) NA NA NA
Imipenem 0% (0/155) 0.5% (1/185)  1.000  NA NA
Serogroup E

MDR 12.5% (5/40) 31.6% (18/57) 0.030 3.23 1.08-9.61
Ceftriaxone 0% (0/40) 14% (8/57) 0.019 NA NA
Ciprofloxacin 2.5% (1/40)  19.6% (19/57) <0.001 19.5 2.48—152.98
TMP-SMX 27.5% (11/40) 28.1% (16/57) 0951 0.972 0.394—2.398
Ampicillin 42.5% (17/40) 38.6% (22/57) 0.700 1.17 0.51-2.67
Ertapenem 0% (0/40) 0% (0/57) NA NA NA
Imipenem 0% (0/40) 0% (0/57) NA NA NA

MDR, multi-drug resistance, resistant to >3 drug classes; TMP-SMX, trimetho-
prim/sulfamethoxazole; OR, odds ratio; CI, confidence interval; NA, not applicable.
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AGE

<1Y

1-2Y

2-5Y

>5Y

P value

2012
MDR
Ampicillin
Ceftriaxone
Ciprofloxacin
TMP-SMX
Ertapenem
Imipenem
Chloramphenicol
Flomoxef

2019
MDR
Ampicillin
Ceftriaxone
Ciprofloxacin
TMP-SMX
Ertapenem
Imipenem
Chloramphenicol
Flomoxef

12.1% (12/99)
48.5% (48/99)
3% (3/99)
2% (2/99)
25.3% (25/99)
0% (0/99)
0% (0/99)
28.3% (28/99)
4% (4/99)

42.5% (37/87)
50.6% (44/87)
25.3% (22/87)
34.9% (30/86)
44.2% (38/86)
2.3% (2/87)
3.4% (3/87)
46.3% (37/80)
3.8% (3/80)

11.6% (18/155)
54.2% (84/155)
5.2% (8/155)
1.9% (3/155)
25.8% (40/155)

0% (0/155)

0% (0/155)
22.6% (35/155)

2.6% (4/155)

22.2% (40/180)
32.8% (59/180)
8.3% (15/180)
23.9% (43/180)
22.3% (40/179)
0.6% (1/180)
0.6% (1/180)
24.4% (39/160)
4.4% (7/160)

14.9% (14/94)
42.3% (22/52)
4.3% (4/94)
2.1% (2/94)
34% (32/94)
0% (0/94)
0% (0/94)
16% (15/94)
4.3% (4/94)

29.6% (37/125)
41.6% (52/125)
13.6% (17/125)
28.8% (36/125)
26.4% (33/125)
0% (0/125)
0% (0/125)
27.9 (34/122)
8.2% (10/122)

0% (0/15)
43.1% (25/58)
0% (0/15)
0% (0/15)
13.3% (2/15)
0% (0/15)
0% (0/15)
6.7% (1/15)
0% (0/15)

38.1% (16/42)
19.0% (8/42)
19.0% (8/42)
35.7% (15/42)
38.1% (16/42)
0% (0/42)
2.4% (1/42)
39% (16/41)
49.8% (4/41)

0.426
0.279
0.575
0.895
0.260

0.094
0.641

0.005
0.036
0.002
0.199
0.001
0.221
0.084
0.003
0.326

MDR, multi-drug resistance, resistant to >3 drug classes.
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iNTS infections

Non-iNTS infections P value

(n=62) (n = 555)

Male, n (%) 53.2% (33) 56.5% (314) 0.582

Age, y/o, mean + SD 1.7+£28 23+23 0.099

Symptoms at admission

Fever, n (%) 58(93.5%) 512(92.8%) 0.930

Diarrhea, n (%) 45(72.6%) 376(68.1%) 0.444

Bloody stools, n (%) 19(43.2%) 242(58%) 0.059

Abdominal pain, n (%) 9(14.5%) 186(33.7%) 0.001

Vomiting, n (%) 18(29%) 208(37.3%) 0.087
Fever duration, days, 38+24 2.7+ 21 < 0.001
mean + SD

Hospital stay, days, 9.8+95 58 +12.1 0.016
mean + SD

Hb, g/dL, mean £ SD 116+£14 121 9.2 0.027
CRP, mg/L, 39.1 £58.3 58.6 &+ 54.8 0.009
mean + SD

Band form, %, 47 +£6.9 6.9+ 6.9 0.112
mean + SD

WBC, /i, mean + SD 10,8083 + 4,420 10,051 + 4,168 0.192

Antimicrobial resistance

2019

Ampicillin 29.7% 41.6% 0.165
Ceftriaxone 5.4% 14.8% 0.119
Ertapenem 2.7% 0.3% 0.209
Imipenem 2.8% 1.0% 0.353
Ciprofloxacin 30.6% 28.5% 0.790
TMP-SMX 20.6% 30.2% 0.240
Chloramphenicol 66.7% 29.9% 0.073
Flomoxef 40% 55% 0.030
2012
Ampicillin 42.1% 49.7% 0.519
Ceftriaxone 10.5% 3.8% 0.182
Ertapenem 0% 0% NA
Imipenem 0% 0% NA
Ciprofloxacin 5.3% 1.7% 0.316
TMP-SMX 15.8% 27.9% 0.248
Chloramphenicol 21.1% 21.8% 1.000
Flomoxef 5.3% 3.2% 0.624

iNTS, invasive non-typhoidal Salmonella;
SD, standard deviation;
TMP-SMX, trimethoprim-sulfamethoxazole.





OPS/images/fmicb-12-644949/fmicb-12-644949-t002.jpg
Isolates TGC® MICs tet(A)? TGC MICs after tigecycline tet(A) mutation after tigecycline Conjugation E. coli EC600 transconjugant E. coli EC600 transconjugant

(mg/L) induction (mg/L) induction® efficiency of tet(A) mutant® of wild-type tet(A)°®
Nucleotide Amino acid TGC (mg/L) TC (mg/L) TGC (mg/L) TC (mg/L)
change change

CRKP5 4 WT 64 - - - - - - -
CRKP8 4 WT 64 C791T A264V (1.4+06) x 1074 1 64 0.25 64
CRKP10 4 WT 64 - - - - - - -
CRKP14 2 WT 64 A742C 1248L (4.8+1.9) x 10°6 2 >256 0.5 128
CRKP15 4 WT 64 — - = —~ = = =
CRKP17 4 WT 64 - - = = 2 - =
CRKP18 2 WT 64 - - - - - - -
CRKP21 4 WT 64 - - - - - - -
CRKP22 4 WT 4 - - - e = = =
CRKP24 4 WT 64 C1109T A370V Failed NA NA NA NA
CRKP29 4 WT 64 TZ51G S251A (6.0 +3.4) x 1076 1 256 0.25 128
CRKP34 4 WT 4 - - - — - - -
CRKP38 4 WT 64 TI516 S251A (1.8+£0.9) x 10-3 1 64 0.25 64
CRKP39 4 WT 64 G899T G300V Failed NA NA NA NA
CRKP41 4 WT 4 - - - - - - -
CRKP42 4 WT 64 C1109T A370V Failed NA NA NA NA
CRKP43 4 WT 64 G710T 751G G237V S251A Failed NA NA NA NA
CRKP45 4 WT 4 - - - - - - -
CRKP50 2 WT 64 C791T A264V (7.7 £3.3) x 107 1 128 0.5 64
CRKP51 4 WT 64 G899A G300E (38.7+1.9) x 1076 2 >256 0.25 128
CRKP52 4 WT 64 G899A GB00E (52+25)x 1078 1 256 0.25 128
CRKP55 4 WT 64 C1109T A370V (32+1.4) x 10°5 1 128 0.5 128
CRKP59 4 WT 64 C1109T A370V (1.1 +£0.7) x 10~5 1 >256 0.25 128
CRKP60 2 WT 64 G899A G300E Failed NA NA NA NA
CRKP61 4 WT 64 - - - - - - -
CRKP62 4 WT 4 - - - - - - -
CRKP63 2 WT 32 - - - - - - -
CRKP66 2 WT 64 C1109T A370V (14+12) x 1076 1 64 0.25 64
CRKP69 2 WT 64 G899A GB300E (1.14£05) x 10~4 4 >256 0:5 128
CRKP72 4 WT 64 C158G A53G Failed NA NA NA NA
CRKP77 4 WT 64 C1109T A370V Failed NA NA NA NA
CRKP78 2 WT 64 TZ51G S251A (4.7 £2.8) x 10°6 4 >256 0.5 128
CRKP80 4 WT 64 C791T A264V Failed NA NA NA NA

aWT, wild-type tet(A).
b_ no mutation detected in tet(A).
CTGC, Tigecycline; TC, Tetracycline. NA, Data not available.
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Plasmid name

pCRKP52R-4-tetA
pCRKPG6R-4-tetA
pCRKP78R-4-tetA
pKP18-3-8-IncFlI
pKP18-2079_tetA
pKP13-53-tet(A)
p71221-tetA
pW08291 -tetA

Plasmid replicon

ColRNAI/IncFII
IncFIl

IncFIl

IncFIl

IncFIl
Col/IncFIB
IncFIB

IncFIB

Plasmid size

99066bp
87095bp
86962bp
87095bp
84699p
181383bp
128170bp
130483bp

Host bacteria

K. pneumoniae
K. pneumoniae
K. pneumoniae
K. pneumoniae
K. pneumoniae
K. pneumoniae
K. pneumoniae
K. pneumoniae

Antimicrobial resistance genes

qnrS1, bla; ap_», tet(A), catA2, sul2, dffA14
qnrS1, blapap—», tet(A), catA2, sul2, dffA14
qnrS1, blapap—», tet(A), catA2, sul2, dfrA14
qnrS1, blapap—», tet(A), catA2, sul2, dffA14
qnrS1, blapap—o, tet(A), sul2, dfrA14

qnrS1, blapap—o, tet(A), sull, dfrA1, aac(3)-Ild
tet(A), sull, dfrA1, mph(A), blagry—12, aph(3)-la
tet(A), sull, dffA1, mph(A), blasmy—12

Accession number

CP066252 (this study)
CP063836 (this study)
CP066257 (this study)
MT035876 (NCBI)

MT090960 (NCBI)
MN268580 (NCBI
MN310374 (NCBI
MN310376 (NCBI

)
)
)
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Isolate MIC (mg/L)® Relative expression? Tet(A)° Mutation
acrA acrB rpsJ ramR

ATCC 13883 0.125 1 1 ND - -
CRKP5 4 216 £0.10 1.66 + 0.31 WT - -
CRKP8 4 1.18 £0.15 1.27 +£0.03 WT - -
CRKP10 4 1.28 £ 0.11 1.08 £ 0.23 WT - -
CRKP15 4 2.38 £0.39 2.46 + 0.40 WT - -
CRKP17 4 1.44 +£0.28 0.99 +£0.12 WT - -
CRKP21 4 218 £0.18 2.07 £0.45 WT - =
CRKP22 4 1.03 +£0.05 0.81 £0.17 WT - -
CRKP24 4 0.89 £0.15 0.75 £ 0.05 WT - -
CRKP26 8 3.78 £0.29 386 +024 ND - GATCCTG insertion at 222-223
CRKP29 4 1.99 +£0.27 1.83 4+ 0.12 WT - -
CRKP31 4 0.89 +£0.20 0.80 +£0.16 ND -
CRKP34 4 1.94 +0.06 1.81 £0.24 WT - -
CRKP38 4 1.67 £0.30 1.00 +£0.22 WT - -
CRKP39 4 142 £ 0.23 0.71 £0.06 WT - -
CRKP41 4 1.81 £0.84 0.78 &+ 0.06 WT - -
CRKP42 4 0.87 £0.12 0.89 +£0.12 WT - -
CRKP43 4 0.78 +0.06 0.67 +£0.02 WT - -
CRKP45 4 1.20 +£0.09 0.98 +£0.12 WT - -
CRKP51 4 1.41 +£0.28 1.14 £ 0.10 WT - -
CRKP52 4 1.85 +0.15 1183 +£0.14 WT - -
CRKP55 4 1.79 £0.28 1284015 WT - -
CRKP59 4 1.59 + 0.60 117 £0.19 WT - -
CRKP61 4 0.81 £0.14 077 £0.15 WT - -
CRKP62 4 1.02 £0.13 0.73 + 0.06 WT - -
CRKP65 16 1.30 £0.25 1.14 £0.08 ND G169C (V57L) -
CRKP72 4 103 £0.15 1.28 +0.28 WT - —
CRKP77 4 1.91 +£0.54 1.82 4+0.83 WT - —
CRKP80 4 117 £0.34 0.92 +£0.12 WT - -

4Relative expression compared with K. pneumoniae type strain ATCC 13883 (expression = 1). Results represent the means of three runs =+ standard deviation.

bTigecycline MIC.
CND, tet(A) not detected. WT, wild-type tet(A).
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Strains AMC FEP CAZ

EC2341 128 >128 >128
EC2341-J53 64 >128 32

EC2547 128 >128 >128
E. coli ATCC 25922 4 0.125 0.125

ETP

64
64
>64
0.125

IPM

8

4

8
0.125

MEM

16
8
32
0.125

CZA

0.25
<0.125
0.125
<0.125

AMK

4
4
8

0.5

CIP

>128
1

>128

0.125

TGC

<0.0625

<0.0625

<0.0625
0.125

CST

0.125
0.25
0.125
0.125

Drug susceptibility was determined with broth microdilution method according to the Clinical Laboratory Standards Institute (CLSI) guidelines. AMC, amoxicillin
clavulanate; FEF, cefepime; CAZ, ceftazidime; ETF, ertapenem; IPM, imipenem; MEM, meropenem,; CZA, ceftazidime-avibactam; AMK, amikacin;, CIF ciprofloxacin;

TGC, tigecycline; CST, colistin.
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Isolates

NST-1

NST-2
NST-3

NST-4
NST-5

NST-6
NST-7
NST-8

NST-9

NST-10

NST-11

NST-12
NST-13
NST-14

NST-15
NST-16

NST-17

NST-18

Time of isolation

21/12/2016

26/12/2016
06/01/2017

09/01/2017
16/01/2017

26/01/2017
26/01/2017
02/02/2017

02/02/2017

02/02/2017

11/03/2017

22/03/2017
22/03/2017
23/03/2017

02/04/2017
06/04/2017

10/04/2017

02/05/2017

Origin
Bile

Ascites
Sputum

Urine
Sputum

Ascites
Sputum
Urine

Purulent discharge
from surgical site

Sputum
Sputum

Sputum
Sputum
Sputum

Sputum
Ascites

Purulent discharge
from surgical site
Urine

Department

ICU

ICU
ICU

ICU
ICU

ICU
ICU
ICU

ICU
ICU

ICU

ICU
ICU
ICU

ICU
ICU

ICU

ICU

Underlying conditions

Severe acute pancreatitis

Pseudomyxoma peritonei
Colon cancer

Bladder cancer
Sepsis

Hepatic carcinoma
Heart failure

Deep vein thrombosis, Gl
bleeding

Femoral artery embolectomy,
atrial fibrillation, heart failure
Brain ischemia

Esophageal cancer,
pyothorax, respiratory

failure

Brain hemorrhage
Gl bleeding

Cerebral infarction, puimonary
infection

Brain hemorrhage

Acute generalized suppurative
peritonitis, exploratory laparotomy
Esophageal perforation from
foreign body, mediastinal abscess
Malignant tumor of the meninges,
lymphoma suspected

Clinical outcome

Improved

Improved
Improved

Improved
Improved

Improved
Improved
Improved

Against-advice
discharge
Improved
Against-advice
discharge

Improved
Improved
Against-advice
discharge
Improved
Improved

Against-advice
discharge
Against-advice
discharge

Antimicrobials

Cefoperazone and
sulbactam, tigecycline
Imipenem

Amoxicillin and clavulanic
acid

Cefoperazone and sulbactam

Cefoperazone and
sulbactam, tigecycline

Imipenem
Moxifloxacin, imipenem
Cefoperazone and sulbactam

Amoxicillin and clavulanic
acid, cefepime

Piperacillin and tazobactam
Tigecycline, meropenem

Meropenem

Piperacillin and tazobactam
Amoxicillin and clavulanic
acid, cefepime
Cefoperazone and sulbactam
Imipenem, Tigecycline

Imipenem

Cefoperazone and sulbactam
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gRNA sequence (5'-3')

nuc-gRNA UAAUUUCUACUAAGUGUAGAUUACAUUAAUUUAACCGUAUCA
mecA-gRNA  UAAUUUCUACUAAGUGUAGAUUGCCAACCUUUACCAUCGAUU





OPS/images/fmicb-12-742040/fmicb-12-742040-g008.jpg
LAMP-CRISPR
DODARDG
<1 hour v
===
LAMP

| Real-time PCR

XS AT =
XXl ) i 0

Amplification Interpretation MRSA

E. fa‘eci& - e;%eus

>

o @ PMixed
P.aeruginosa

~9® anaerobes

“Skin
@
commensals

Microbiome

‘S.aureus
@
®

QJOCbg(%kin

coﬁ%mensals

>

P.aeruginosa

Microbiome






OPS/images/fmicb-12-742040/fmicb-12-742040-g007.jpg
Relative abundance (%)

Reference . " .
20 40 60 80 100 K. pneumoniae P. aeruginosa E. faecalis
L L N N . Culture
5 S. aureus Pseudomonas aeruginosa Enterococcus faecalis

Klebsiella pneumoniae

N

8 S. aureus

1 S. aureus

Staphylococcus aureus

Sample No.3 No.9 No.16

Alloprevotella sp () Enterococcus avium () Peptococcus niger ’ Prevotella disiens ' Staphylococcus aureus

 Anaerococcus sp @ Enterococcus faecalis () Peptoniphilus sp  Prevotella intermedia ' Staphylococcus epidermidis

. Atopobium parvulum Filifactor alocis ‘ Peptoniphilus coxii . Prevotella melaninogenica (' Staphylococcus sciuri

. Bacteroides sp Finegoldia magna . Peptoniphilus lacrimalis . Prevotella nigrescens . Staphylococcus sp

() Bacteroides fragilis Gemella morbillorum () Peptostreptococcus sp  Prevotella oris ( Streptococcus sp

() Clostridiales bacterium KA00134 ~ Granulicatella adiacens () Peptostreptococcus stomatis - Prevotella timonensis () Streptococcus anginosus

_ Clostridiales bacterium S5-A14a Helcococcus kunzii . Porphyromonas sp . Pseudomonas aeruginosa @ Streptococcus constellatus

Corynebacterium sp . Klebsiella pneumoniae . Porphyromonas bennonis Slackia exigua ' Streptococcus dysgalactiae
Dialister invisus Olegusella massiliensis ~ Prevotella sp ) Solobacterium moorei Veillonellaceae bacterium DNF00626

Dialister micraerophilus () Parvimonas micra . Prevotella buccalis ' Staphylococcus argenteus | Other
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MLST

n Range MIC, mg/L PAP/AUC AAS* in RpoB
VAN TEC DLB TLV ORI DAP RIF Range M**  D471E  H481N  1527M
LRSE ST2 8 1-4 0.25-4 0.083-0.06  0.06-0.125 <0.06 0.25-0.5 >4 0.38-0.9  0.59 + — +
St22 16 12 0.125+4 <0.03 0.03-0.125 <0.06 0.125-0.5 0.25-1 0.37-0.99 0.76 = + —
ST22 4 2-4 4 <0.03 0.06-0.125 <0.06 0.25-0.5 <0.083 0.75-0.98 085 - - -
ST23 2 2-4  2and 16 0.06 0.125 0.125 0.5 >4 0.67-0.85 NA + — +
LRSH ST2 16 12 4-16 0.03-0.125 0.06-0.125 0.03-0.125 0.125-05 0.5-2 0.40-0.9 0.75 = + —

NA, not applicable; VAN, vancomycin; TEC, teicoplanin; DLB, dalbavancin; TLV, telavancin; ORI, oritavancin; DAR daptomycin; RIF, rifampicin. *amino acid substitution,

**median.
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Species MLST N Sites Source MIC, mg/L cfr SNPs

LNZ TDZ 23S rRNA* I3
S. epidermidis ST2 6 E Blood, sputum, intubation tube >32 2-4 — G2576T, (G2602T) -
2 F Intubation tube, feces >32 16 — G2576T, (G2602T) Gly137Val, His146Arg, Met156Thr
8123 2 A Blood 32 2 — G2576T, (G2602T) -
ST22 20 A,B,D,E Blood =30 =32 — C2534T, (C2560T), Asp159Tyr, Gly152Asp
T2504A, (T2530A)
S. hominis 812 10 ACDE Bilood >32 4-8 - G2576T, (G2603T) Met156Thr, Val154Leu
6 AF Blood, feces, sputum >32 4-8 + G2576T, (G2603T) Met156Thr, Val154Leu
S. haemolyticus ST1 1 A Blood >32 0.25 + - -

*Mutation in 23S rRNA according to E. coli numbering, in brackets mutation according to Staphylococcus numbering (NC_004461.1, NZ_CP046306.1, and
NZ_CP035291.1).
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Genomic structure Size GC CDS rRNA tRNA Accession Resistance Virulence Incompatibility
(bp) content(%) no. no. no. no. genes genes

EC3385 chromosome 4,910,422 50.9 4749 66 267 CP029420  bla, 0, iss, -
gad,IpfA,chuA

fyuA,irp2,kpsMil_K5
ompT,sitA,terC,traT,
Usp,yfcV
EC3385-P1 plasmid 101,340 46.3 121 - g CP029421 - - incFIB
EC3385-P2 plasmid 89,323 50.5 132 s - CP029422  blar,, .o - incFIA
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Isolates Collection day MICs (mg/L)

AMK CZA? CRO CST? CIP ETP GEN IPM? LEV TGC? SXT TGC TZP

E. colf EC3385 10-03-2017 <2 0.25 >64 0.25>4 >8 <1 64 >8 0125 <119 <05 >128
PM380 10-03-2017 <2 0125  >64 ->4 >8  >16 64 >8 - >16/304 - 64
PM906 21-03-2017 <2 0125 =64 ->4 =8 =16 64 >8 - >16/304 - 64
PM431 11-03-2017 <2 0125  >64 ->4 =8 =16 64 >8 - >16/304 - 64
PM187 08-02-2017 <2 0125  >64 ->4 >8  >16 64 >8 - >16/304 - 64
E. coli ATCC 25922 NA <2 <0125 <1  0125<025 <05 <1 <1 <025 0125 <119 <05 <4

a Drug susceptibility was determined with broth microdilution method according to the Clinical Laboratory Standards Institute (CLSI) guidelines. NA, not applicable. AMK,
amikacin; CZA, Ceftazidime-avibactam; CRO, ceftriaxone; CST, colistin; CIF, Ciprofloxacin; ETE, ertapenem; GEN, gentamicin; IPM, imipenem; LEV, levofloxacin; SXT,
trimethoprim-sulfamethoxazole. TGC, Tigecycline, TZRF, piperacillin-tazobactam.
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Organism (No. of strains) Antimicrobial agent MIC (mg/L) R% S%
MIC Range MIC5o MiCgyo

Haemophilus influenzae (B-lactamase positive) (n = 48) Lefamulin 0.125-2 0.5 1 = 100
Ceftriaxone <0.015-1 0.03 0.125 - 100
Ampicillin 8->32 >32 >32 100 0
Levofloxacin <0.015-1 <0.015 0.5 — 100
Moxifloxacin <0.015-1 <0.015 0.5 ~ 100
Erythromycin 4->32 >32 >32 - NA
Azithromycin 1->32 >32 >32 - 271
Tigecycline 0.06-0.25 0.125 0.25 - 100
Trimethoprim-sulfamethoxazole 0.06/1.14-32/608 8/162 16/304 77.1 16.7

Haemophilus influenzae (B-lactamase negative) (n = 48) Lefamulin 0252 1 1 = 100
Ceftriaxone <0.015-0.25 <0.015 0.06 = 100
Ampicillin <0.015-1 0.5 1 0 100
Levofloxacin <0.015-1 <0.015 05 = 100
Moxifloxacin <0.015-1 <0.015 0.5 o 100
Erythromycin 2-»32 8 8 = NA
Azithromycin 0.5->32 2 2 — 97.9
Tigecycline 0.125-0.25 0.25 0.25 ~ 100
Trimethoprim-sulfamethoxazole 0.03/0.57-16/304 4/76 16/304 56.2 375

Haemophilus parainfluenzae (n = 10) Lefamulin 0.015-2 0.5 1 =
Ceftriaxone 0.015-0.25 0.03 0.125 0 100
Ampicillin <0.015-8 0.125 4 30.0 70.0
Levofloxacin 0.03-8 0.125 4 0 80.0
Moxifloxacin 0.125-16 0.25 4 0 60.0
Erythromycin 2->32 2 8 = -
Azithromycin 025186 1 2 0 90
Tigecycline 0.125-1 0.5 0.5 o —~
Trimethoprim-sulfamethoxazole 0.015/0.285-16/304 0.125/2.8375 2/38 10 70

Moraxella catarrhalis (n = 54) Lefamulin <0.015-0.5 0.25 0.25 — —
Ceftriaxone <0.015-2 0.5 1 0 100
Ampicillin <0.015->32 1 4 - -
Levofloxacin <0.015-1 0.06 0.06 0 100
Moxifloxacin <0.015-0.5 0.06 0.06 - -
Erythromycin 0.125->32 1 >32 - -
Azithromycin 0.03->32 0.25 >32 0 66.7
Tigecycline 0.03-2 0.06 0.125 = -
Trimethoprim-sulfamethoxazole 0.03/0.57 —>32/608 0.5/9.5 4/76 111 64.8

MIC, minimum inhibitory concentration; MICsy, MIC for inhibiting 50% of the isolates; MICgy, MIC for inhibiting 90% of the isolates; R, resistant; S, susceptible;

NA, not available.
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Organism (no. of strains) Antimicrobial agent MIC (mg/L)

R% S%
MIC Range MICs5o MICgo
Mycoplasma pneumoniae (n = 54) Lefamulin <0.015-0.038 0.03 0.03 — —
Erythromycin <0.015—>32 32 >82 94.4 56
Azithromycin <0.015-32 8 16 94.4 56
Moxifloxacin 0.06-0.125 0.06 0.125 = 100

MIC, minimum inhibitory concentration; MICsg, MIC for inhibiting 50% of the isolates; MICqy, MIC for inhibiting 90% of the isolates; R, resistant; S, susceptible;
NA, not available.
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Name Carbapenemase Size (bp)

pNDM-HN380 NDM-1
pNDM-BJO3 NDM-1
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Other resistance genes
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ampC', tetA, tetR
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mphA®, tap
qnrS1

aTunicamycin resistance protein, which is a nucleotide antibiotic produced by
the actinomycete Streptomyces lysosuperficus. It can inhibit the reproduction of
viruses with envelopes (glycoproteins). It can inhibit the formation of glycoprotein
by inhibiting the transfer of N-acetylglucosamine-1-phosphate to monophosphate

long alcohol.

bScaini et al. (2019).
CPrabhu et al. (2017).
dSaleh et al. (2018).
eFong et al. (2017).
fCephalosporinase.
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Tet(X) Bacteroides fragilis 1991 M37699
Tet(X2) Bacteroides thetaiotaomicron 2001 AJ311171
Tet(X4) Escherichia coli 47TEC pig 2018 MK134376

_|

Tet(X1) Bacteroides thetaiotaomicron 2001 AJ311171

Tet(X3) Acinetobacter baumannii 34AB pig 2017 MK134375

— Tet(X5) Acinetobacter pittii AB17H194 human 2017 NZ_CP040912

_'let(xs) 18QD2AZ3W Proteus mirabilis pig 2018 NZ_WURR01000000
Tet(X6) 18QD1AZ29W Myroides phaeus pig 2018 NZ_CP047050

0. 050

Tet(X6) ZF2 Proteus cibarius pig 2018 NZ_CP04500

Tet(X6) T60 Proteus genomosp. 6 pork 2019 MN507533

Tet(X6) 18QD2AZ57W Acinetobacter johnsonii pig 2018 NZ_WURO01000000
Tet(X6) 18QD2AZ41W Acinetobacter sp. pig 2018 NZ_WURP01000000
Tet(X6) 18QD2AZ28W Acinetobacter Iwoffii pig 2018 NZ_WURQ01000000
Tet(X6) pMS8345A Escherichia coli human 2016 NZ_CP025402
Tet(X6) 17SZ8RZBEW Proteus cibarius pig 2018 NZ_WURL01000000
Tet(X6) 17SZRF8EW Proteus cibarius pig 2018 NZ_WURM01000000
Tet(X6) 17SZRF19EW Proteus cibarius pig 2018 NZ_WURN01000000
Tet(X6) HNCF44W Proteus cibarius chicken 2019 This study

Tet(X6) HNCF43W Proteus cibarius chicken 2019 This study
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Organism (No. of strains) Antimicrobial agent MIC (mg/L) R% S%
MIC Range MIC5o MICgo

MRSA (n = 60) Lefamulin <0.015-0.25 <0.015 0.125 - -
Oxacillin 32 ->32 >32 >32 100 0
Levofloxacin 0.125—->32 8 >32 53.3 45
Moxifloxacin 0.03-16 1 8 48.3 48.3
Erythromycin 0.25->32 >32 >32 85.0 1.7
Azithromycin 0532 >32 >32 85.0 15.0
Vancomycin 0.5-2 1 1 0 100
Linezolid 0.5-4 2 2 0 100
Tigecycline 0.06-0.5 0.125 0.25 - 100

MSSA (n = 61) Lefamulin <0.015-0.125 0.06 0.06 - 100
Oxacillin 0.25-2 1 2 0 100
Levofloxacin 0.125-8 0.25 0.5 88 96.7
Moxifloxacin =0.0162 0.06 0.25 3.3 96.7
Erythromycin 0.25->32 >32 >32 55.7 44.3
Azithromycin 0.5->32 >32 >32 bob A 44.3
Vancomycin 0.5-1 1 1 0 100
Linezolid 1-4 2 4 0 100
Tigecycline 0.06-0.25 0.125 0.25 - 100

MRSE (n = 15) Lefamulin <0.015-0.125 <0.015 0.06 - -
Oxacillin 1->32 4 32 100 0
Levofloxacin 0.125—->32 8 »>32 733 20
Moxifloxacin 0.03-32 2 32 5338 20
Erythromycin 0.25->32 >32 >32 86.7 13.3
Azithromycin 0.25>32 >32 >32 80.0 20.0
Vancomycin -2 1 2 0 100
Linezolid 0.25-1 1 1 0 100
Tigecycline 0.06-0.25 0.06 0.25 - -

MSSE (n = 15) Lefamulin <0.015-0.06 <0.015 0.03 - -
Oxacillin 0.06-0.125 0.125 0.125 0 100
Levofloxacin 0.125-4 0.25 4 13.3 80
Moxifloxacin 0.03-1 0.06 0.5 0 93.3
Erythromycin 0.126-32 32 =32 60.0 40.0
Azithromycin 0.125—->32 32 »>32 60.0 40.0
Vancomycin 2 1 2 0 100
Linezolid 052 1 1 0 100
Tigecycline 0.06-0.25 0.125 0.25 - =

MIC, minimum inhibitory concentration; MICsq, MIC for inhibiting 50% of the isolates; MICqq, MIC for inhibiting 90% of the isolates; R, resistant; S, susceptible; MRSA,
methicillin-resistant S. aureus; NA, not available; MSSA, methicillin-susceptible S. aureus; MRSE, methicillin-resistant S. epidermidis; MSSE, methicillin-susceptible

S. epidermidis.
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Organism (No. of strains) Antimicrobial agent MIC (mg/L) R% S%
MIC Range MIC5o MICgo

Streptococcus pneumoniae (penicillin MIC < 0.06 mg/L) (n = 40) Lefamulin <0.015-<0.015 <0.015 <0.015 100
Ceftriaxone <0.015-0.03 <0.015 <0.015 0 100
Penicillin <0.015-<0.015 <0.015 <0.015 0 100
Levofloxacin 0:125-0.25 0.25 2 3.3 97.5
Moxifloxacin 0.03-0.25 0.06 0.125 0 97.5
Erythromycin 0.03->32 >32 >32 97.5 25
Azithromycin 0.06->32 >32 >32 97.5 25
Vancomycin =0015-05 0.256 05 0 100
Linezolid 0.125-1 1 1 0 100

Streptococcus pneumoniae (penicillin MIC = 0.12-1 mg/L) (n = 40) Lefamulin 0.03-0.25 0.125 025 - 100
Ceftriaxone 0.03-1 0.125 0.5 0 100
Penicillin 0.125-1 0.5 1 - s
Levofloxacin 052 1 1 0 100
Moxifloxacin 0.125-0.25 0.125 0.25 0 100
Erythromycin 232 >32 >32 100 0
Azithromycin 232 >32 >32 100 0
Vancomycin 0.06-0.5 0.25 0.5 = 100
Linezolid 0.25-1 1 1 - 100

Streptococcus pneumoniae (penicillin MIC > 2 mg/L) (n = 118) Lefamulin <0.015-0.25 0.1286 0.128 = 100
Ceftriaxone 0.5=32 2 4 45.8 47.5
Penicillin 2-32 8 8 100 0
Levofloxacin 0.125-32 1 1 1.7 98.3
Moxifloxacin 0.06-8 0.125 0.25 0.8 98.3
Erythromycin 232 > 32 >32 100 0
Azithromycin 232 >32 >32 100 0
Vancomycin 0.125-1 0.25 0.5 e 100
Linezolid 0.25-2 1 1 - 100

Streptococcus pyogenes (n = 30) Lefamulin <0.015-<0.015 <0.015 <0.015 -
Ceftriaxone <0.015-0.03 <0.015 <0.015 0 100
Penicillin <0.015-<0.015 <0.015 <0.015 0 100
Levofloxacin 0.125-0.25 0.285 2 3.3 96.7
Moxifloxacin 0.03-0.25 0.06 0.125 - -
Erythromycin 0.083—>32 >32 >32 93.3 6.7
Azithromycin 0.06—>32 >32 >32 93.3 6.7
Vancomycin 0.25-0.5 0.25 0.5 0 100
Linezolid 0.5-2 1 1 0 100

Streptococcus agalactiae (n = 13) Lefamulin <0.015-0.03 <0.015 0.03 — -
Ceftriaxone <0.015-0.06 <0.015 0.06 0 100
Penicillin 0.06-0.125 0.06 0.06 0 100
Levofloxacin 0.5+ 1 1 0 100
Moxifloxacin 0.125-0.25 0.125 0.25 - =
Erythromycin 0.06—>32 2 >32 69.2 30.8
Azithromycin 0.06 —>32 16 >32 69.2 30.8
Vancomycin 0.5-D.5 0.5 05 - 100
Linezolid 1-2 1 2 - 100

MIC, minimum inhibitory concentration; MICsq, MIC for inhibiting 50% of the isolates; MICgq, MIC for inhibiting 90% of the isolates; R, resistant; S, susceptible.
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Ureaplasma spp.  ROX-CIP MDR Total
(N %)

UPA 67 (29.65%) 32(14.16%)  226(87.60%)
UUR 10 (31.25%) 7(21.87%) 32 (12.40%)
Total 77 (20.84%) 39(15.12%)  258(100%)

ROX-GIP: both resistant to roxithromycin (ROX) and ciprofioxacin (CIF). MDR, multi-
dug resistance: resistant to at feast one agent in’>3 antimicrobial categories:
macrolides, tetracyciines, and fluoroquinolones. UPA, Ureaplasma parvum; UUR,
Ureaplasma urealyticum.
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0806
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= 0002
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Age group
(range, years)

19-25
26-30
31-35
>36
Total

UPA (N %)

98 (88.29%)
63 (86.30%)
31(93.94%)
34 (82.93%)

226 (87.60%)

UUR (N %)

13 (1.71%)
10 (13.70%)
2(6.06%)
7(17.07%)
32 (12.40%)

UPA, Ureaplasma parvum; UUR, Ureaplasma urealyticum.

Total (N %)

111 (43.02%)
73(28.20%)
33 (14.44%)
41 (16.55%)

258 (100%)
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UPA (N %) UUR (N %) Total (N %)

Female 196 (87.11%) 29 (12.80%) 225 (87.21%)
male 30 (90.91%) 3(9.00%) 33 (12.79%)
Total 226 (87.60%) 32 (12.40%) 258 (100%)

UPA, Ureaplasma parvum; UUR, Ureaplasma urealyticum.
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Patient LAMP-CRISPR Real-time PCR Culture
nuc mecA nuc mecA
1 + s +(38.337) - MSSA
2 - - - - Proteus vulgaris
3 - - - - Klebsiella pneumoniae
4 — = = 37.454  Kilebsiella pneumoniae
5 + + +(26.836) + (27.123) MRSA
6 - = = ~ Acinetobacter baumannii
7 = # = ~ Staphylococcus hominis
8 + == +(35.05) + (31.203) MSSA,Staphylococcus pippi*
9 - - - - Pseudomonas aeruginosa
10 - - - - Proteus vulgaris
11 + - +(24.945) - MSSA
12 - - - - Proteus vulgaris
13 + s +(28.193) - MSSA
14 - - - 37.217  Morganella morganii
15 + + +(30.227) + (29.936) MRSA
16 - - = — Enterococcus faecalis
17 - - - - Staphylococcus epidermidis
18 = 2 2 = Proteus mirabilis

*Methicillin resistant-coagulase negative staphylococcus.
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Signal (uRIU)

Kinetics evaluation: MCR-1 & s5p8

Kinetics evaluation: MCR-1.200 & sspB

A~

350

Signal (uRIU)

350

Time (Seconds)
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Reference Strains

Species

p-lactamase genes

NG-test Carba 5

RESIST-50.0.K.N.V. /IMP K-SeT

ATCC BAA 2146
ATCC BAA 2452
ATCC BAA 2469
ATCC BAA 2470
ATCC BAA 2471
ATCC BAA 2473
ATCC BAA 1705
ATCC BAA 1899
ATCC BAA 1900
ATCC BAA 1902
ATCC BAA 1903
ATCC BAA 1904
ATCC BAA 1905
ATCC BAA 2341
ATCC BAA 2342
ATCC BAA 2343
ATCC BAA 2344
ATCC BAA 2082
ATCC BAA 2340
ATCC BAA 2078
ATCC BAA 2523
ATCC BAA 2524
ATCC BAA 2525
ATCC 51983
ATCC BAA 204
ATCC BAA 198
NCTC 13440
NCTC 13476
NCTC 13439

K. pneumoniae
E. coli
E. coli
K. pneumoniae
E. coli
K. pneumoniae
K. pneumoniae
K. pneumoniae
K. pneumoniae
K. pneumoniae
K. pneumoniae
K. pneumoniae
K. pneumoniae
E. cloacae
K. pneumoniae
K. pneumoniae
K. pneumoniae
E. hormaechei
E. coli
K. pneumoniae
E. coli
K. pneumoniae
P, rettgeri
K. oxytoca
E. coli
E. coli
K. pneumoniae
E. coli
K. pneumoniae

NDM-1
NDM-1
NDM-1
NDM-1
NDM-1
NDM-1
KPC-2
KPC-2
KPC-2
KPC-2
KPC-2
KPC-2
KPC-2
KPC-2
KPC-2
KPC-2
KPC-2
KPC-2
KPC-2
KPC-2
OXA-48
OXA-48
OXA-181
ESBL
ESBL
ESBL
VIM-1
IMP-1/70
VIM-1

NDM
NDM
NDM
NDM
NDM
NDM
KPC
KPC
KPC
KPC
KPC
KPC
KPC
KPC
KPC
KPC
KPC
KPC
KPC
KPC
OXA
OXA
OXA
NEG
NEG
NEG
VIM

IMP

VIM

NDM
NDM
NDM
NDM
NDM
NDM
KPC
KPC
KPC
KPC
KPC
KPC
KPC
KPC
KPC
KPC
KPC
KPC
KPC
KPC
OXA
OXA
OXA
NEG
NEG
NEG
VIM

IMP

VIM
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Strains B -lactamase No. of positive tests/total no. of strains Sensitivity [% (95% Cl)] Specificity [% (95% CI)]

NG-test Carba 5 RESIST-5 0.0.K.N.V. IMP K-SeT

Clinical strains

KPC-2 70/70 70/70 0/70 100 (93.5-100) 100 (96.0-100)
NDM 60/60 100 (92.5-100) 100 (96.3-100)
59/60 0/60 98.3 (89.7-100) 100 (96.3-100)

NDM-1 35/35 34/35

NDM-5 23/23 23/23

NDM-7 i7al i7al

NDM-9 1Al 1N

IMP 6/6 0/6 6/6 100 (561.7-100) 100 (97.4-100)

IMP-4 5/5 0/5 5/5

IMP-6 i7al 0N 1N

OXA-48-like 24/24 24/24 0/24 100 (82.8-100) 100 (97.1-100)

OXA-232 20/20 20/20

OXA-48 2/2 2/2

OXA-181 272 2/2

VIM-1 N N 01 100 (5.5-100) 100 (97.5-100)

Multiple carbapenemases 11/11 11/11 2/11 100 (67.9-100) 100 (97.3-100)

KPC-2 + NDM-1 U7 77

KPC-2 NDM-5 1Al 1N

NDM-5 OXA-48 i7al i7al

NDM-1 IMP-4 i7al i7al

NDM-1 IMP-6 i7al 1N

Carbapenemase-negative 0/14 0/14 0/14

Total 172/186 100 (97.3-100) 100 (73.2-100)
165/186 6/186 99.4 (96.2-100) 100 (80.0-100)

Reference strains

KPC-2 14/14 14/14 0/14

NDM-1 6/6 6/6 0/6

IMP-1/70 ival 0N i7al

VIM-1 2/2 2/2 0/2

OXA-48-like 3/3 3/3 0/3

OXA-48 2/2 2/2

OXA-181 i7al i7al

ESBL 0/3 0/3 0/3

Total 26/29 100 (84.0-100) 100 (31.0-100)

25/29 11 100 (83.4-100) 100 (39.6-100)
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Antibiotic name

Ampicillin
Kanamycin
Streptomycin
Gentamicin
Rifampin
Chloramphenicol
Ciprofloxacin
Trimethoprim
Tetracycline
Erythromycin

Antibiotic class

Beta lactams
Aminoglycoside
Aminoglycoside
Aminoglycoside

Rifamycin
Chloramphenicol
Quinolones
Sulfonamides
Tetracyclines
Macrolides

MIC (j.g/ml)

>256
128
256
>128
>256
128
>256
>256
16
>256

Resistance gene Gene location

blaSHV-11 blakPC-2 blaCTX-M-27 Chromosome pR10-341_2

aadA pR10-341_2
arr-2 pR10-341_2
cat3 Chromosome
gnrB pR10-341_2
dfrA12 pR10-341_2
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Resistance mechanism Gene Gene functions Detection results

Lipid A assembly PEtN mcr-1 Phosphatidylethanolamine-lipid A transferase No product
mcr-2 No product
mcr-3 No product
mcr-4 No product
mcr-5 No product
mcr-6 No product
mcr-7 No product
mcr-8 No product

L-Ara4N and PEtN synthesis and modified LPS pathway mgrB PhoPQ negative-regulate protein WT*
phoPQ TCS (Two-Component System) WT*
pmrAB TCS WT*
crrAB TCS WT*

*WT indiicates gene had the 100% DNA sequence identity in coding region and a ~150 bp promoter region as these in the reference strain K. pneumoniae HS11286.
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Plasmids or strains

General plasmids
pET28a

pUC19

pET28a:His-mcr-1
pET28a:His-mcr-1-200
pUC19:mcr-1

Strains

E.coli

DH5a

BL21 (DE3)

DH5a (pUC19)

DH5a (pUC19-mer-1)

BL21 (DES) (pET28a-mcr-1)
BL21 (DE3) (pET28a-mcr-1-200)

Description

T7 lac promotor-operator, N-terminal His tag, kan"
M13 lac promoter-operator, amp"

pET28a derivative carrying mer-1

pET28a derivative carrying mer-1-200 (201-541 bp)
pUC19 derivative carrying mcr-1

endA hsdR17 supE44 thi-1 recA1 gyrA relA1A (lacZYA-argF)U169 deoR [@80dlac A (lacZ)M15]
F~ ompT hsdSg (r~ mp~) gal dcm met (DE3)

E. coli DH5a strain carrying plasmid pUC19

E. coli DH5a strain carrying plasmid pUC19:mcr-1

E. coli BL21 (DE) strain carrying pET28a:mcr-1

E. coli BL21 (DE) strain carrying pET28a:mcr-7-200 (201-541 bp)

Source

Novagen
Takara

This study
This study

Liu et al., 2016
This study

Takara

Transgen Biotech
Liu et al., 2016
Liu et al., 2016
This study

This study

"Indicates resistance.
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Uniprot ID

POACFO
POACF8
POAGY8
POA910
POA7WA
POAFZ3
POAGN2
POACF4
P69776
P02930
POA7R5
POA9K9
POA7K2
POADT8
POC0O54
POAEHS5
POADP9
POAG55
POAF36
P37903
POAGY1
P45523
POADS2
QOTLG8
POA7T3
P69428
POAG30
POAGEOQ
P02925
POA7J7
P64596
QOTCGO
QOTCE1
POA7M6E
POA7J3
POAG59
POABAO
QOTCE2
POAG x 7
POAGJ9
POA7R1
POAEZ3
QOTD41
P36683
POAEU7
POAEOG
POACPS
QOTB0O2
P0O7014
P37188
POA912
POA905
P08200
AOAORBL508

Protein

DNA-binding protein HU-alpha
DNA-binding protein H-NS

Chaperone protein DnaK

Outer membrane protein A

30S ribosomal protein S5

Stringent starvation protein B
Elongation factor Tu

DNA-binding protein HU-beta

Major outer membrane lipoprotein Lpp
Outer membrane protein TolC

30S ribosomal protein S10

FKBP-type peptidyl-prolyl cis-trans isomerase SlyD
50S ribosomal protein L7/L12
Uncharacterized protein YgiM

Small heat shock protein IbpA

Protein ElaB

Protein YihD

50S ribosomal protein L6

Cell division protein ZapB

Universal stress protein F

Integration host factor subunit beta
FKBP-type peptidyl-prolyl cis-trans isomerase FkpA
Cell division protein ZapA

UPF0325 protein YaeH

30S ribosomal protein S16
Sec-independent protein translocase protein TatA
Transcription termination factor Rho
Single-stranded DNA-binding protein
Ribose import binding protein RosB
50S ribosomal protein L11
Uncharacterized protein YraP

508 ribosomal protein L15

508 ribosomal protein L3

50S ribosomal protein L29

508 ribosomal protein L10

30S ribosomal protein S14

ATP synthase subunit b

508S ribosomal protein L4

Integration host factor subunit alpha
Tyrosine—tRNA ligase

50S ribosomal protein L9

Septum site-determining protein MinD
30S ribosomal protein S21

Aconitate hydratase B

Chaperone protein Skp

Multidrug efflux pump subunit AcrA
HTH-type transcriptional regulator GntR
Membrane protein insertase YidC
Succinate dehydrogenase iron-sulfur subunit

Galactitol-specific phosphotransferase enzyme 1B component

Peptidoglycan-associated lipoprotein
Outer membrane lipoprotein SlyB
Isocitrate dehydrogenase (NADP)
MCR-1

Mass (Da)

9,529
15,587
69,130
37,292
17,592
18,251
43,457
9,220
8,375
53,708
11,728
21,182
12,288
23,062
15,764
11,299
10,323
18,949
9,629
16,064
10,645
28,864
12,643
15,144
9,185
9,658
47,032
18,963
30,931
14,923
20,073
14,957
22,230
7,269
17,757
11,630
17,310
22,073
11,347
47,896
15,759
29,710
8,552
94,009
17,677
42,208
36,570
61,557
27,379
10,443
18,869
15,649
46,070
60,428

Gene

hupA
hns
dnaK
OmpA
psE
sspB
tufA
hunB
Ipp
tolC
osd
slyD
plL
ygiM
ibpA
elaB
yihD
plF
zapB
uspF
ihfB
fkpA
ZapA
yaeH
osP
tatA
rho
ssb
rbsB
oIk
yraP
plO
lC
omC
olJ
osN
atpF
plD
ihfA
tyrS
roll
minD
psU
acnB
skp
acrA
gntR
yidC
sahB
gatB
pal
slyB
icd
mer-1
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Time Group

0-5 min

0-10 min
0-15 min
0-20 min
0-25 min
0-30 min
0-35 min
0-40 min
0-45 min
0-50 min
0-55 min
0-60 min

ACC

0.87
0.90
0.93
0.96
0.97
0.98
0.97
0.97
0.97
0.97
0.97
0.98

F1

0.87
0.92
0.93
0.96
0.97
0.98
0.97
0.97
0.97
0.97
0.97
0.98

REC

0.88
0.92
0.94
0.96
0.97
0.98
0.97
0.97
0.97
0.96
0.97
0.98

PRE

0.89
0.92
0.94
0.96
0.97
0.98
0.97
0.97
0.97
0.97
0.97
0.98
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True Positive Rate
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Chance

ints of LSTM ROC(AUC=052)
3 Time point of LT ROC(AUC=0.93)
4Time points of LSTM ROC(AUC=0.96)
5Time point of LSTM ROC(AUC=0.96)
6 Time points of LSTM ROG(AUC=07)
7 Time points of LSTM ROC(AUC=0.88)
Time points of LSTM ROC(AUC=0.88)
9 Time points of LSTM ROG(AUC=057)
10 Time points of LSTM ROC(AUC=0.38)
11 Time points of LSTM ROC(AUC=0.89)
12 Time points of LSTM ROC(AUC=0.39)
13 Time points of LSTM ROC(AUC=0.35)
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Species

Carbapenemase producers E. coli (47)

Pseudomonas putida(7)

Klebsiella pneumoniae (44)

Citrobacter freundii (1)
Enterobacter cloacae (5)

Providencia rettgeri (4)
Enterobacter mucus (2)
Pseudomonas aeruginosa (1)
Non-carbapenemase producers
E. coli (10)

Citrobacter freundii (8)
Enterobacter cloacae (4)
Providencia rettgeri (1)

MIC(g/mi)

Carbapenemase
content

NDM-5(43)
NDM-1(4)
VIM-2(6)
IMP-4(1)
NDM-1(15)
NDM-5(4)
NDM-1 + IMP-4(2)
KPC-2(23)
NDM-1(1)
IMP-4(1)
NDM-1(3)
VIM-i(1)
NDM-1(4)
NDM-1(2)
NDM-5(1)

CTX-M
CTX-M
CTX-M
CTX-M

MEM, meropenem; IPM, imipenem; ERT, ertapenem.

2-32

<0.0625
<0.0625
<0.0625
<0.0625

PM

<0.0625-4
<0.0625-4
<0.0625-4
<0.0625-4

No. of isolates with a positive test/no. of isolates.

tested for2h
ERT Al-Blue-Carba Blue-Carba
>64 41/43 41/43
16-64 a4 44
>64 66 6/6
>64 ”n 1"
8->64 1315 13/15
16-64 a4 44
>64 n 1"
>64 23/23 23/23
64 ”n 1”
64 ”n 1”1
32->64 33 33
2 n 1”
8 a4 44
>64 22 2/2
>64 n ”n
<0.0625-2 0110 o010
<0.0625-2 o8 o8
<0.0625-2 o4 o4
<0.0625-2 o on
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Model ACC F1 REC PRE

LRM 0.93 0.93 0.62 0.94
LST™M 0.98 0.98 0.98 0.98

ACC, Accuracy; PRE, Precision; REC, Recall; F1, F1-score.
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Serotype

. Paratyphi ¢
B London

Il stanley

[ singapore
. Hissar

Il Paratyphi B
. Agona

. Rissen

. Gallinarum
. Thompspm
. Paratyphi A
B Goldcoast
[

B Derby

B veni

. Indiana

. Typhimurium
. monophasic variant of Typhimurium

D Enteritidis

Description
[] susceptible
. Resistant

MIC(mglL)

[Jos

B 323
B
B 3
B ss
[] 155
[ 20
B so1
B 0
B:
DS
BN
W 4069
[] 1547
B 2
B s
W 7
358
W 322

Annotation

. mer-1

. pmrAB mutation






OPS/images/fmicb-11-592146/fmicb-11-592146-g003.jpg
Serotype
[:] Enteritidis

Description

[:] Susceptible
. Resistant

MIC (mg/L)

[ ]o5

16€LS ¥00S

5035 10622

evw19 1915

8008 6291,

5146 °

83T

o145 44703 |





OPS/images/fmicb-11-592146/fmicb-11-592146-g004.jpg
Serotype
D Typhimurium

D monophasic variant of Typhimurium

1110 TS0S
S099 03631

Description
D Susceptible
. Resistant

MIC(mgIL)
0.5
1

16

HEEECC

ST
[l
B 1
[]

S086 02700

Annotation

. mcr-1

20420 L80S





OPS/images/fmicb-11-592146/fmicb-11-592146-g005.jpg
>

Relative expression levels

e o o 9
o N B o ®» -

[ L L UL §
N A O

pmrC

S. Typhimurium

** *%

pmrD prmE

**

pmrH operon

Relative expression levels

[ =
- N b O

o -
o M M o ©

pmrC

S. Enteritidis

pmrD prmE

pmrH operon





OPS/images/fmicb-11-592146/fmicb-11-592146-g001.jpg
140

120
(%)
3
£ 100
o
2
« 80
o
g 60
£
> 40
0 = _-_ =
0.2 0.5 1 2 4 8 16
u S.Enteritidis 0 1 17 6 7 114 4
® S.Typhimurium 0 1 37 12 3 6 0
® other serotypes| 3 38 52 15 0 2 0

MIC (mg/L)





