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Abstract

:

Carbapenemase-producing Enterobacterales, including KPC-2 producers, have become a major clinical problem. During an outbreak in Quebec City, Canada, KPC-2-producing Klebsiella michiganensis and Citrobacter farmeri were isolated from a patient six weeks apart. We determined their complete genome sequences. Both isolates carried nearly identical IncN2 plasmids with blaKPC-2 on a Tn4401b element. Both strains also carried IncP1 plasmids, but that of C. farmeri did not carry a Beta-lactamase gene, whereas that of K. michiganensis carried a second copy of blaKPC-2 on Tn4401b. These results suggest recent plasmid transfer between the two species and a recent transposition event.
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1. Introduction


Carbapenemase-producing enterobacteria (CRE) have become a major problem throughout the world. The most frequently found carbapenemases are the class A KPC, class D OXA-48 and its variants, and metallo-Beta-lactamases like IMP, VIM, and NDM [1]. Each carbapenemase has a distinct epidemiology. KPC carbapenemases are plasmid-mediated and often found on a Tn4401b transposon [2,3]. KPC has spread throughout the United States and into Canada, with outbreaks in Toronto, Montreal, and Quebec City [4,5]. We obtained two strains identified as KPC producers from the Hôtel-Dieu hospital in Quebec City, where five KPC-producing strains were isolated in 2017 from four patients on four different floors. These two strains were anal swab isolates that colonized but did not infect the patient, a 69-year-old male. The first isolate was identified as Klebsiella oxytoca (later reclassified as K. michiganensis), and the second, isolated six weeks later, was identified as Citrobacter farmeri. We report here the sequences of the chromosomes, the four plasmids of C. farmeri, and the two plasmids of K. michiganensis, which are very similar to two of the plasmids of C. farmeri, except that both K. michiganensis plasmids carry Tn4401b and encode blaKPC-2, whereas only one of the C. farmeri plasmids does.




2. Results


2.1. Genomic Sequencing


The complete genome sequences of Klebsiella michiganensis CCRI-24235 and Citrobacter farmeri CCRI-24236 were determined by PacBio and polished with Illumina to resolve homopolymer undercounts (see Materials and Methods). The two chromosomes, two plasmids from K. michiganensis and four plasmids from C. farmeri, were confirmed as being circular by trimming the terminal duplication of the linear assemblies.




2.2. Chromosomes


The chromosome of K. michiganensis CCRI-24235 (Figure 1A) was 5,977,739 nt in length. The genome of greatest similarity was that of K. michiganensis E718 (CP003683) [6], with an average nucleotide identity (ANI) of 99.49%. The chromosome of C. farmeri (Figure 1B) was 5,022,624 nt in length, and among the complete genomes, it was most similar to the C. farmeri strain AUSDM00008141 (CP022695) [7] with an ANI of 98.86%. It was also very similar to whole genome shotgun (wgs) genomes of C. farmeri 1001216B_150713_F2 and CB00091 (WGS Projects JADMON and JADVHI, respectively) with ANIs of 99.05%. No acquired resistance genes were found in the two chromosomes.




2.3. Plasmids pCCRI24235-1 and pCCRI24236-2


Plasmid pCCRI24235-1 from K. michiganensis was 88,159 nucleotides in length. Plasmid pCCRI24236-2 from C. farmeri was 82,438 nt in length. The two plasmids were identical except for a sequence duplication of the insertion sequence ISCR1 and an adjacent region, 5721 nt in length. They belong to IncN2 and are very similar to pEC448_OXA-163 from Escherichia coli (CP015078; brown arc in Figure 2A). The plasmids contained a Tn4401b transposon 10,006 nt in length, encoding a blaKPC-2 gene. Figure 2A is a map of pCCRI24235-1 and shows the transposon, the blaKPC-2 gene, and the duplication absent from pCCRI24236-2. In addition to the blaKPC-2 gene, these plasmids had resistance genes blaTEM-1, mphA, mefA, sul1, qnrB2, sapA, qacEdelta1, dfrA25, and a mercury resistance operon. The integron region is very similar to pE51_003 from E. coli (CP042537; dark yellow arc in Figure 2A), while the region containing the blaKPC-2 and blaKTEM-1 genes is very similar to pKPC_CAV1042-44 from K. pneumoniae (CP018668; light yellow arc in Figure 2A).




2.4. Plasmids pCCRI24235-2 and pCCRI24236-3


Plasmid pCCRI24235-2 from K. michiganensis was 62,417 nucleotides in length. Plasmid pCCRI24236-3 from C. farmeri was 52,406 nt in length. The two plasmids were identical except that the former contained a Tn4401b transposon identical to that of pCCRI24235-1 and pCCRI24236-2, and encoding the blaKPC-2 gene, while the latter lacked the transposon. They belong to a new clade of IncP1 (see Discussion) and are very similar to the E. coli plasmid pHS102707 (KF701335; brown arc in Figure 2B) [8]. Figure 2B is a map of pCCRI24235-2 showing the transposon. Plasmids pCCRI24235-2 and pCCRI24236-3 had no other resistance genes except for the tellurium resistance gene telA.




2.5. Plasmids pCCRI24236-1 and pCCRI24236-4


Plasmid pCCRI24236-1 from C. farmeri was 198,299 nucleotides in length. It was identified by PlasmidFinder (see Materials and Methods) as belonging to a novel unknown incompatibility group on the basis of similarity of its repB gene to that of pKPC-CAV1321-244 (CP011611), and the whole sequence is closest to C. freundii plasmids pRHBSTW-00153-2 (CP055565) and pRHBSTW-00370_2 (CP056574). Figure 3A shows a map of pCCRI24236-1, which had a variety of heavy metal resistance genes, including a copper resistance operon pcoABCDRSE. However, tellurium resistance gene telA (interrupted by ISEcl1), copper/silver resistance gene silE (interrupted by IS1), and an arsenical pump-driving ATPase-encoding gene (N-terminal truncated) were pseudogenes.



Plasmid pCCRI24236-4 from C. farmeri (Figure 3B) was 50,904 nucleotides in length, belonged to the IncX5 incompatibility group, and was very similar to Escherichia coli plasmid pEc1677 (MG516910) [9]. No resistance genes were found.





3. Discussion


The two strains, K. michiganensis CCRI-24235 and C. farmeri CCRI-24236, share a pair of very similar plasmids, with two additional plasmids in the C. farmeri strain. The plasmids pCCRI24235-1 and pCCRI24236-2 are IncN plasmids with blaKPC-2 on Tn4401b, a context first found in KPC-producing isolates in the 1990s [10] that is still very common. Tn4401 contains blaKPC-2, a transposase and resolvase, and insertion sequences ISKpn6 and ISKpn7 [11]. A variety of other elements, collectively called NTEKPC, encode blaKPC [12]. Plasmids pCCRI24235-1 and pCCRI24236-2 are identical except for a 5.7-kb duplication of ISCR1 and adjacent genes in the former. Plasmid pCCRI24235-1 may have evolved from pCCRI24236-2 by a one-ended transposition event mediated by the ISCR1 transposase [13]. ISCR1 is found in several integrons downstream of the sul1 sulfonamide resistance genes [14], and a promoter downstream of the transposase is involved in the expression of downstream resistance genes [15]. In our plasmids, the downstream sapA gene is in the opposite orientation. IncP1 plasmids pCCRI24236-3 and pCCRI24235-2 are identical except for the presence of Tn4401b in the latter. The location of Tn4401b in pCCRI24235-2 represents a novel and unique target. The transposition of Tn4401b is likely to have taken place in K. michiganensis from pCCRI23235-1 into a plasmid otherwise identical to the C. farmeri plasmid pCCRI24236-3, resulting in a second copy of blaKPC-2 in the K. michiganensis strain. The quasi-identity of the two plasmid pairs suggests the possibility of their transfer by conjugation between the two species, although indirect transfer via a third species cannot be ruled out. Plasmid transfer may be between-patient or within-patient events [16], but there were too few isolates from the hospital in 2017 to elucidate the series of events.



Although pCCRI24235-2 and pCCRI24236-3 belong to IncP1, they are in a novel clade that includes pHS102707 (KF701335) [8], pHNFP671 (KP324830), and pMCR1511 (KX377410) [17]. While plasmids of most clades of IncP-1 can be found in Pseudomonas aeruginosa, plasmids of this novel clade have not. Plasmid pCCRI24236-1 from C. farmeri belongs to a novel unknown incompatibility group; similar plasmids are found in Enterobacteriaceae but not in Pseudomonas.



Our results add to the small number of C. farmeri complete genomes and show that this species is a factor in KPC dissemination. KPC-producing CRE are still clinically important, although, unlike MBL, they are usually sensitive to certain Beta-lactam/Beta-lactamase inhibitors such as ceftazidime/avibactam. However, various new mechanisms of KPC-mediated ceftazidime/avibactam resistance have been reported [1].




4. Materials and Methods


Strains K. michiganensis CCRI-24235 and C. farmeri CCRI-24236 were obtained from the microbiology laboratory at Hôtel-Dieu de Québec hospital, where they had been isolated from anal swabs of a patient, six weeks apart in 2017, during an outbreak of KPC-2 producers in Québec City. DNA was prepared according to the PacBio Template Preparation and Sequencing Guide (Pacific Biosciences, Menlo Park, CA, USA) and sequenced by the single-molecule real-time.



The (SMRT) technique was completed using an RS II instrument (Pacific Biosciences) at the McGill University and Genome Quebec Innovation Centre. DNA was also extracted using a KingFisher/Qiagen blood kit and prepared for Illumina MiSeq sequencing using a Nextera XT kit. The genome was first assembled de novo using the Hierarchical Genome Assembly process (HGAP) [18], and the Illumina data were used to correct and validate the entire sequence; the only errors encountered in the PacBio data were homopolymer undercounts. Chromosomes were automatically annotated using an in-house method based on Prodigal [19]; plasmids were manually annotated using Artemis [20] and Blastp on NCBI (https://blast.ncbi.nih.gov/Blast.cgi accessed on 1 March 2021) ANI’s were calculated using OrthoAnIu from EZBioCloud [21]: (https://www.ezbiocloud.net/tools/ani, accessed on 1 July 2021). Plasmid incompatibility groups were determined using PlasmidFinder [22] at the site of the Center for Genomic Epidemiology: (https://cge.dtu.dk/services/PlasmidFinder, accessed on 1 June 2021).







Author Contributions


Conceptualization, J.Y.A., M.G.B., and P.H.R.; data curation, J.Y.A., M.D. (Maxime Déraspe), M.D. (Matthew D’Iorio), K.D., and P.H.R.; investigation, J.Y.A., M.B., J.C., and P.H.R.; methodology, J.Y.A., È.B., and P.H.R.; project administration, M.B., and P.H.R.; software, M.D. (Maxime Déraspe), M.D. (Matthew D’Iorio), and K.D.; supervision, M.B., J.C., M.G.B., and P.H.R.; visualization, P.H.R.; writing—original draft, P.H.R.; writing—review and editing, J.Y.A., and M.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The chromosomal and plasmid sequences are available in GenBank, accession numbers: K. michiganensis CP081351-CP081353; C. farmeri CP081314-CP081318.




Acknowledgments


We thank Anne Desjardins (Hôtel-Dieu de Québec) for the strains, Annie Ruest (Hôtel-Dieu de Québec) for information on KPC-producing isolates at HDQ in 2017, and Gary Leveque (Canadian Centre for Computational Genomics) for help with PacBio assemblies. This research was enabled in part by support provided by Calcul Québec (www.calculquebec.ca, accessed on 1 July 2021) and Compute Canada (www.computecanada.ca, accessed on 1 July 2021). Jacques Corbeil thanks the Canada Research Chair program for support. Jehane Y. Abed was funded by a doctoral scholarship from the Sentinel North program at Université Laval (Canada First Research Excellence Fund).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hansen, G.T. Continuous Evolution: Perspective on the Epidemiology of Carbapenem Resistance Among Enterobacterales and Other Gram-Negative Bacteria. Infect. Dis. Ther. 2021, 10, 75–92. [Google Scholar] [CrossRef] [PubMed]

	



Drawz, S.M.; Bonomo, R.A. Three decades of β-lactamase inhibitors. Clin. Microbiol. Rev. 2010, 23, 160–201. [Google Scholar] [CrossRef]

	



Chavda, K.D.; Chen, L.; Fouts, D.E.; Sutton, G.; Brinkac, L.; Jenkins, S.G.; Bonomo, R.A.; Adams, M.D.; Kreiswirth, B.N. Comprehensive genome analysis of carbapenemase-producing Enterobacter spp.: New insights into phylogeny, population structure, and resistance mechanisms. MBio 2016, 7, e02093-16. [Google Scholar] [CrossRef] [PubMed]

	



Mataseje, L.F.; Abdesselam, K.; Vachon, J.; Mitchel, R.; Bryce, E.; Roscoe, D.; Boyd, D.A.; Embree, J.; Katz, K.; Kibsey, P.; et al. Results from the Canadian Nosocomial infection surveillance program on Carbapenemase-producing Enterobacteriaceae, 2010 to 2014. Antimicrob. Agents Chemother. 2016, 60, 6787–6794. [Google Scholar] [CrossRef]

	



Lefebvre, B.; Lévesque, S.; Bourgault, A.M.; Mulvey, M.R.; Mataseje, L.; Boyd, D.; Doualla-Bell, F.; Tremblay, C. Carbapenem non-susceptible Enterobacteriaceae in Quebec, Canada: Results of a laboratory surveillance program (2010–2012). PLoS ONE 2015, 10, e0125076. [Google Scholar] [CrossRef] [PubMed]

	



Liao, T.L.; Lin, A.C.; Chen, E.; Huang, T.W.; Liu, Y.M.; Chang, Y.H.; Lai, J.F.; Lauderdale, T.L.; Wang, J.T.; Chang, S.C.; et al. Complete genome sequence of Klebsiella oxytoca E718, a New Delhi metallo-β-lactamase-1-producing nosocomial strain. J. Bacteriol. 2012, 194, 19. [Google Scholar] [CrossRef] [PubMed]

	



Kwong, J.C.; Lane, C.R.; Romanes, F.; da Silva, A.G.; Easton, M.; Cronin, K.; Waters, M.J.; Tomita, T.; Stevens, K.; Schultz, M.B.; et al. Translating genomics into practice for real-time surveillance and response to carbapenemase-producing Enterobacteriaceae: Evidence from a complex multi-institutional KPC outbreak. PeerJ 2018, 6, e4210. [Google Scholar] [CrossRef]

	



Li, G.; Zhang, Y.; Bi, D.; Shen, P.; Ai, F.; Liu, H.; Tian, Y.; Ma, Y.; Wang, B.; Rajakumar, K.; et al. First report of a clinical, multidrug-resistant Enterobacteriaceae isolate coharboring fosfomycin resistance gene fosA3 and carbapenemase gene blaKPC-2 on the same transposon, Tn1721. Antimicrob. Agents Chemother. 2015, 59, 338–343. [Google Scholar] [CrossRef]

	



Dolejska, M.; Papagiannitsis, C.C.; Medvecky, M.; Davidova-Gerzova, L.; Valcek, A. Characterization of the Complete Nucleotide Sequences of IMP-4-Encoding Plasmids, Belonging to Diverse Inc Families, Recovered from Enterobacteriaceae Isolates of Wildlife Origin. Antimicrob. Agents Chemother. 2018, 62, 1–7. [Google Scholar] [CrossRef]

	



Eilertson, B.; Chen, L.; Chavda, K.D.; Kreiswirth, B.N. Genomic characterization of two KPC-producing Klebsiella isolates collected in 1997 in New York City. Antimicrob. Agents Chemother. 2017, 61, 1–6. [Google Scholar] [CrossRef]

	



Naas, T.; Cuzon, G.; Villegas, M.-V.; Lartigue, M.-F.; Quinn, J.P.; Nordmann, P. Genetic Structures at the Origin of Acquisition of the b-lactamase blaKPC Gene. Antimicrob. Agents Chemother. 2008, 52, 1257–1263. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.; Mathema, B.; Chavda, K.D.; DeLeo, F.R.; Bonomo, R.A.; Kreiswirth, B.N. Carbapenemase-producing Klebsiella pneumoniae: Molecular and genetic decoding. Trends Microbiol. 2014, 22, 686–696. [Google Scholar] [CrossRef]

	



Toleman, M.A.; Bennett, P.M.; Walsh, T.R. IS CR Elements: Novel Gene-Capturing Systems of the 21st Century? Microbiol. Mol. Biol. Rev. 2006, 70, 296–316. [Google Scholar] [CrossRef] [PubMed]

	



Arduino, S.M.; Roy, P.H.; Jacoby, G.A.; Orman, B.E.; Pineiro, S.A.; Centron, D. blaCTX-M-2 Is Located in an Unusual Class 1 Integron (In35) Which Includes Orf513. Antimicrob. Agents Chemother. 2002, 46, 2303–2306. [Google Scholar] [CrossRef] [PubMed]

	



Mammeri, H.; Van De Loo, M.; Poirel, L.; Martinez-Martinez, L.; Nordmann, P. Emergence of Plasmid-Mediated Quinolone Resistance in Escherichia coli in Europe. Antimicrob. Agents Chemother. 2005, 49, 71–76. [Google Scholar] [CrossRef] [PubMed]

	



León-Sampedro, R.; DelaFuente, J.; Díaz-Agero, C.; Crellen, T.; Musicha, P.; Rodríguez-Beltrán, J.; de la Vega, C.; Hernández-García, M.; López-Fresneña, N.; Ruiz-Garbajosa, P.; et al. Pervasive transmission of a carbapenem resistance plasmid in the gut microbiota of hospitalized patients. Nat. Microbiol. 2021, 6, 606–616. [Google Scholar] [CrossRef]

	



Zhao, F.; Feng, Y.; Lü, X.; McNally, A.; Zong, Z. IncP Plasmid Carrying Colistin Resistance Gene mcr-1 in Klebsiella pneumoniae from Hospital Sewage. Antimicrob. Agents Chemother. 2017, 61, e02229-16. [Google Scholar] [CrossRef]

	



Chin, C.S.; Alexander, D.H.; Marks, P.; Klammer, A.A.; Drake, J.; Heiner, C.; Clum, A.; Copeland, A.; Huddleston, J.; Eichler, E.E.; et al. Nonhybrid, finished microbial genome assemblies from long-read SMRT sequencing data. Nat. Methods 2013, 10, 563–569. [Google Scholar] [CrossRef]

	



Hyatt, D.; Chen, G.-L.; LoCascio, P.F.; Land, M.L.; Larimer, F.W.; Hauser, L.J. Integrated nr Database in Protein Annotation System and Its Localization. Nat. Commun. 2010, 6, 1–8. [Google Scholar] [CrossRef]

	



Carver, T.; Berriman, M.; Tivey, A.; Patel, C.; Böhme, U.; Barrell, B.G.; Parkhill, J.; Rajandream, M.A. Artemis and ACT: Viewing, annotating and comparing sequences stored in a relational database. Bioinformatics 2008, 24, 2672–2676. [Google Scholar] [CrossRef]

	



Yoon, S.-H.; Ha, S.-M.; Lim, J.; Kwon, S.; Chun, J. A large-scale evaluation of algorithms to calculate average nucleotide identity. Antonie Van Leeuwenhoek 2017, 110, 1281–1286. [Google Scholar] [CrossRef] [PubMed]

	



Carattoli, A.; Zankari, E.; Garciá-Fernández, A.; Larsen, M.V.; Lund, O.; Villa, L.; Aarestrup, F.M.; Hasman, H. In Silico detection and typing of plasmids using plasmidfinder and plasmid multilocus sequence typing. Antimicrob. Agents Chemother. 2014, 58, 3895–3903. [Google Scholar] [CrossRef] [PubMed]








[image: Antibiotics 10 01408 g001 550] 





Figure 1. Map of chromosomes of K. pneumoniae CCRI-24235 (A) and C. farmeri 24236 (B). The scales are indicated on the innermost circles. The second circles are G+C skew in pink (+) and purple (−), and circles 3 show G+C content (deviation from the average) in brown (+, outward and −, inward). The next two circles illustrate positions of CDSs in minus (circle 4) and plus (circle 5) strands in dark blue. 
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Figure 2. (A) Map of plasmid pCCRI24235-1. The scales are indicated on the innermost circles. The second circles are G+C skew in pink (+) and purple (−), and circles 3 show G+C content (deviation from the average) in brown (+, outward and −, inward). The next two circles illustrate regions homologous to related plasmids. The following two circles show positions of CDSs in minus (circle 4) and plus (circle 5) strands in dark blue. The blaKPC-2 gene is indicated in red. Transposon Tn4401b is indicated by a green arc. The segment absent in pCCRI24236-2 (DUP) is indicated by a purple arc. (B) Map of plasmid pCCRI24235-2. Transposon Tn4401b, indicated in green, is absent in pCCRI24236-3. 
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Figure 3. Map of plasmids pCCRI24236-1 (A) and pCCRI24236-4 (B). The scales are indicated on the innermost circles. The second circles are G+C skew in pink (+) and purple (−), and circles 3 show G+C content (deviation from the average) in brown (+, outward and −, inward). The next two circles illustrate regions homologous to related plasmids. The following two circles show positions of CDSs in minus (circle 6) and plus (circle 7) strands in dark blue. 
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