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Abstract

:

The rise of antimicrobial resistance is a global challenge that requires a coordinated effort to address. In this study, we examined the genetic similarity of carbapenem-resistant Klebsiella pneumoniae (CRKP) in countries belonging to the Gulf Cooperation Council (GCC) to gain a better understanding of how these bacteria are spreading and evolving in the region. We used in silico genomic tools to investigate the occurrence and prevalence of different types of carbapenemases and their relationship to specific sequence types (STs) of CRKP commonly found in the region. We analyzed 720 publicly available genomes of multi-drug resistant K. pneumoniae isolates collected from six GCC countries between 2011 and 2020. Our findings showed that ST-14 and ST-231 were the most common STs, and 51.7% of the isolates carried blaOXA-48-like genes. Additionally, we identified rare carbapenemase genes in a small number of isolates. We observed a clonal outbreak of ST-231 in Oman, and four Saudi isolates were found to have colistin resistance genes. Our study offers a comprehensive overview of the genetic diversity and resistance mechanisms of CRKP isolates in the GCC region that could aid in developing targeted interventions to combat this pressing global issue.
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1. Introduction


Antimicrobial resistance is a growing serious threat to human health and projected to reach an all-time high by 2050, resulting in millions of deaths and a massive economic burden [1,2]. Enterobacterales, including Klebsiella pneumoniae, are opportunistic pathogens responsible for many hospital-acquired infections [3]. Their broad spectrum of diseases and increasing resistance to antibiotics account for almost one-third of infections caused by Gram-negative bacteria. [3,4]. Resistance to carbapenems, the last resort class of antibiotics, is a major concern, especially in K. pneumoniae [5]. Studies suggest that the mortality rate associated with carbapenem-resistant K. pneumoniae (CRKP) may exceed 75% depending on factors such as age and disease profile [1,6]. The production of enzymes by genes that mediate different mechanisms of resistance in CRKP isolates effectively degrades carbapenems, rendering the bacteria non-susceptible [7]. Klebsiella pneumoniae carbapenemase (KPC), located on self-conjugative plasmids, is the most problematic class A carbapenemase due to its ability to spread widely [8]. The most common KPC enzyme alleles are KPC-2 and KPC-3 that are distributed globally [7,9]. Class B carbapenemases, metallo-β-lactamases (MBLs), are the second most significant enzymes in CRKP and can hydrolyze almost all β-lactam antibiotics, including carbapenems [10,11]. The most prevalent MBLs are IMP, VIM, NDM, GIM, and SIM which are located on genetic mobile elements that can transfer between bacteria. VIM and NDM are the most common globally, including in the Gulf [7,12]. NDM-1 is highly transferrable and can hydrolyze all β-lactams except aztreonam. It is primarily found in India [13]. VIM has more than 24 allelic variations in over 60 species [14]. Class D β-lactamases, such as the OXA-48-like enzyme, are commonly present in the Enterobacterales family and have significantly contributed to the rise of carbapenem resistance in the past decade [15]. The most significant reservoirs of these enzymes are India, the Middle East, and North African countries [16]. OXA-48 variants, including OXA-48, OXA-181, OXA-232, OXA-204, OXA-162, OXA-163, and OXA-244 have been identified [17].



CRKP is a major concern in the Gulf region, with specific clonal lineages identified, including the famous CC258 clone (ST258, ST11, ST340, ST437, and ST512) and other clones such as CG14/15, CG17/20, CG29, CG37, CG43, CG101, CG147, CG152, CG231, CG307, and CG490 [18]. However, the mechanisms of resistance and locally prevalent clones have only been explored through small-scale, local research. Studies such as [12,19,20,21,22,23,24,25,26,27,28,29,30] have contributed to our understanding of CRKP in the Gulf region. These studies have provided important information about the prevalence of specific clones and their resistance mechanisms in the region. However, larger-scale studies are needed to fully understand the impact of CRKP in the Gulf region and to develop effective prevention and treatment strategies.



Previous studies on the mechanisms of antimicrobial resistance (AMR) have focused on identifying only a few genes or mutations, while whole-genome sequencing (WGS) technology has improved the identification of various genetic bases of phenotypic variation, including point mutation, mobile genetic elements, and chromosomally encoded factors that contribute to the development of resistance, particularly to multiple antibiotics, leading to the emergence of MDR pathogens [31]. WGS data also allow identification of the evolutionary histories of homogeneous clusters using single nucleotide polymorphisms (SNPs) and the upscaling of multilocus sequence typing (MLST) perception using core genome MLST (cgMLST) analysis that provides better resolution and serves as the foundation for a universally curated nomenclature scheme accessible via various databases, enabling local and global epidemiological investigations [32,33].



To gain a better understanding of the genetic makeup of CRKP in the Gulf region, we employed cutting-edge techniques such as whole-genome sequencing and cgMLST analysis. Our investigation involved a comprehensive analysis of publicly available CRKP genomes that allowed us to identify the prevalence of various types of carbapenemases and their relationship with different sequence types (STs). By leveraging the power of in silico analysis, we were able to decipher the genetic relatedness of CRKP isolates in the Gulf Cooperation Council Countries region (GCCC) and gain insights into their evolution and spread. Our findings could pave the road to develop effective strategies to tackle the threat of CRKP and other multi-drug resistant pathogens in the GCCC and beyond.




2. Results


2.1. Prevalence and Distribution of Carbapenem-Resistant K. pneumoniae Sequence Types (STs)


As shown in Table 1, ST-14 represented 14.58% (105 out of 720) of the total isolates collected across all participant countries. The prevalence rates of ST-14 in the individual countries were UAE (n = 54, 7.5%), Saudi Arabia (n = 43, 6.0%), Qatar (n = 4, 0.6%), Oman (3, 0.4%), and Bahrain (n = 1, 0.1%). Of the 105 ST-14 isolates, 80% (84) carried at least one common carbapenemase gene. ST-231 was the second most common, accounting for 12.6% (91) of the total isolates. Amongst these 91 isolates, 74.7% (68) were found in Oman, 9.9% (9) in UAE, 8.8% (8) in Kuwait, and 6.6% (6) in Qatar (Table 1). Interestingly, ST-231 was absent in the Saudi Arabia collection. Moreover, various carbapenemase genes were detected among many isolates of this ST (73.6%; 67 out of 91) as shown in Table 1.



The subsequent frequently occurring ST was ST-2096, which accounted for 13.9% (100). Almost all these ST-2096 isolates (98%) were exclusively found in Saudi Arabia, specifically 98 out of 230 (42.6%) isolates from Saudi Arabia collection (Table 1). This ST was not detected in any other countries, except Qatar where only two (0.9%) isolates were identified. The carbapenemase genes of this lineage detected have only been found in Saudi Arabia where 87 (88.7%) of the isolates carried these resistance genes. The two isolates from Qatar did not contain any carbapenemase genes.



Out of the 720 ST identified, 76 (10.6%) belonged to the global epidemic clone ST-11. This clone was mainly identified in Oman (81%; n = 62), followed by UAE (7.8%; n = 6) and Qatar (6.5%; n = 5), with only three isolates detected in Saudi Arabia (3.9%; n = 3) (Table 1). The majority of these ST-11 isolates, 72 out of 76 (94.7%), produced carbapenemases as shown in Table 1.



Some of the STs such as ST-15, ST-101, ST-307 and ST-48 were detected in low proportions among the collections from each of the GCC states. ST-15 accounted for 25 (3.5%) of the total isolates and was found in five out of the six Gulf countries investigated (Oman, n = 10; Kuwait, n = 2; Saudi Arabia, n = 4; UAE, n = 7; Qatar, n = 2), with the majority, 21 out of 25 (84%), of these isolates carrying carbapenemase genes (Table 1). ST-101, on the other hand, was associated with only three out of the six countries studied (Saudi Arabia, n = 15; Oman, n = 8; Qatar, n = 2) (Table 1). ST-101 carbapenemase producers (88%; 22 out of 25) were found only in isolates from Saudi Arabia (n = 14) and Oman (n = 8). Similarly, ST-307 (n = 18) was observed in the same three countries (Saudi Arabia, n = 8; Qatar, n = 8; Oman, n = 2) (Table 1). ST-48 (n= 10) was identified in three countries (Saudi Arabia, n = 7; UAE, n = 1; Qatar, n = 2), while ST-45 was equally identified in only two countries (i.e., Saudi (n = 6) and Qatar (n = 6)) (Table 1).




2.2. Resistome Characterization of Carbapenem-Resistant K. pneumoniae Isolates


Carbapenem resistance genes were detected in 514 out of 720 (71.3%) of isolates (Table 2) and out of which 266 (51.7%) carried various alleles of blaOXA genes alone and 159 (31%) carried blaNDM-1. A total of 11% (57/514) of isolates co-produced blaNDM-1 and multiple alleles of blaOXA. A small number of 12 (2%) co-produced blaNDM-5 and different alleles of blaOXA. Rare carbapenemase genes found in this study were blaKPC-2 (n = 10), blaNDM-5 (n= 5), blaKPC-2 in combination with blaOXA232 (n = 1), blaKPC-3 (n = 1), blaNDM-7 (n = 1), and blaVIM-29 (n = 2), with the latter found exclusively in Saudi Arabia.




2.3. Mobile Colistin Resistance Elements (mcr)


Only four isolates from Saudi Arabia, belonging to ST-2096 (one isolate), ST-14 (one isolate), and ST-3513 (two isolates), were found to contain the mcr and/or mcr-8 genes that conferred colistin resistance. The ST-14 isolate also carried a blaNDM-1 carbapenemase gene.




2.4. Clonal Clustering and Relatedness of the CRKP Isolates


cgMLST analysis was performed on isolates of the most abundant STs carrying at least one carbapenemase gene. The results indicated a clonal spread of certain STs within the same country or across the Arabian Peninsula. For instance, 72 out of 76 ST-11 isolates were carbapenemase producers, and five clusters and six singletons were identified. All clusters were made up of isolates from the same country. Cluster 1 consisted of 54 isolates (from Oman with less than 10 allele differences and KL14 as the dominant capsular type) (Figure 1). The majority of these isolates (n = 21) carried the blaNDM-1 gene, and nine had both blaNDM-1 and blaOXA-232 genes and clustered with one isolate with blaOXA-232, indicating clonal spread. Cluster 2 includes isolates from UAE with different carbapenemase genes and the same capsular type KL24. Other capsular and O antigen types were also present.




2.5. Clusters and Singletons Associated with ST-14 and ST-147


cgMLST analysis of 84 ST-14 carbapenemase producers revealed six clusters and eight singletons associated with ten different types of carbapenemase genes as shown in Figure 2. Most clusters contained isolates from the same country, with Cluster 1 being the largest (31.3%) and all from Saudi Arabia. Within this cluster, 10 isolates had blaNDM-1 and KL2; KL64 was the most common capsular type (Figure 2; Table 3). Cluster 2 contained isolates from UAE, Qatar, and Bahrain with different carbapenemase genes, while Cluster 3 had isolates from UAE and Oman. These findings suggest a clonal spread of this lineage with a high capability of acquiring different resistance genes and disseminating across different geographic locations.



cgMLST analysis of 58 ST-147 isolates found four clusters and 14 singletons, with eight different types of carbapenemase genes present. KL64 capsular type and O2a antigen were most common (Table 3). Cluster 1 and 2 had the most MST nodes, with isolates from different countries. The most frequent genes identified were blaNDM-1 in Cluster 1 and blaNDM-5 and/or blaOXA-181 in Cluster 2. Singletons from different locations were closely related with less than 45 allele differences, indicating a clonal expansion of this clone




2.6. Outbreaks Associated with ST-231 and ST-2096 CRKP


ST-231 isolates were found to be predominantly from Oman, with only a few from Kuwait, and all carried the blaOXA-232 gene. These isolates had the KL51 capsular type and O1 antigen (Table 3, Figure 3). ST-231 was found to be able to accommodate various carbapenem resistance genes as seen in Clusters 2 and 3, which contained isolates from different origins carrying different genes (Figure 3). Similarly, a clonal outbreak of ST-2096 CRKP was observed in Saudi Arabia in 2018, with most isolates having the KL64 capsular type and O1 antigen carrying either blaOXA-48 or blaOXA-232 genes. Cluster 1 contained the majority of isolates and had 67 MST nodes, with 19 carrying blaOXA-48 and 61 carrying blaOXA-232 (Table 3).




2.7. Clustering of Isolates among ST-15, ST-101, and ST-45 Lineages


In the ST-15 and CR-Kp-ST-101 lineages, carbapenemase producer isolates were grouped into clusters and singletons. Most isolates were from the same country except for Cluster 1. ST-15’s Cluster 1 included isolates from UAE and Kuwait with the blaNDM-1 gene, while ST-101’s Cluster 1 had isolates from Saudi Arabia and Oman with the blaOXA-48 gene. Different carbapenemase gene combinations were identified within each lineage. O1 was the predominant O antigen in ST-15 isolates, while KL17 capsular type and O1 antigen were common in ST-101 isolates. ST-45 was associated with blaOXA-48 and only two capsular types (KL43 and KL102) and one O antigen type (O2a) (Table 3).





3. Discussion


This study marks a cutting-edge initiative to investigate the genomic epidemiology of CRKP in the GCC countries. The findings revealed a dangerous clan that possesses both hyper-virulent and drug-resistant traits (specific STs and capsular types). Given the widespread distribution of these clones, they pose a significant public health risk [34]. Therefore, genetic epidemiology data from this study can provide insights into the evolution and complexity of these clones. Notably, the study identified that most of the isolates belonged to the ST14 clone, which has been previously recognized as a global threat [17,35].



The OXA-48-like carbapenemases are well known for causing outbreaks that affect specific sequence types, including ST14. Recently, Mouftah and colleagues (2021) reported the prevalence of this clone along with its associated clonal transmission and potential for horizontal gene transfer among isolates from 13 hospitals in the United Arab Emirates, Bahrain, and Saudi Arabia [36]. This clone has been detected in various regions globally, including Europe, the Mediterranean, China, North America, Oceania, and South Africa [17,35]. Several studies have also identified ST14 as one of the most common sequence types of NDM-1-producing K. pneumoniae (NPKP) [37,38,39]. It seems that our findings have been further substantiated as it appears that most of our isolates carried the NDM-1 and OXA-48 carbapenemase genes. Moreover, K. pneumoniae ST14 from the Arabian Peninsula also exhibited specific traits, such as the KL64 capsular locus and O1 antigens [36]. Alarmingly, an apparent outbreak of this clone in UAE with dominance of Hv capsular KL2 and KL64 has been identified based on cgMLST analysis [40,41]. In a related occurrence, an outbreak that initially took place in Saudi Arabia spread to Qatar with the dominance of KL2. Given that this clone has demonstrated an ability to carry multiple types of carbapenemase genes, it is clear that this Hv clone is becoming increasingly dominant and thus requires strict monitoring measures.



It is interesting to note that in our study, despite ST231 being the most common sequence type reported in previous cases of blaOXA-232-harboring K. pneumoniae [42], ST231 was in fact the second most prevalent sequence type. Additionally, we observed a higher occurrence of ST231 in Oman, which is not commonly seen in other countries in the region. Through our cgMLST analysis, we were able to identify an outbreak of this clone in Oman that had not been previously documented. Despite being located in different regions, this lineage has been strongly associated with locus type KL51 while carrying various carbapenemase genes as reported in other studies [43,44,45]. A recent study conducted in India also revealed a strong correlation between KL51 and ST231 in the phylogenetic tree of 307 isolates [46].



Our study revealed that a significant proportion of the K. pneumoniae isolates from Saudi Arabia were highly virulent (capsular serotype KL64) [40,41] and resistant, with the clonal complex 14 dominant sequence type being ST2096. These findings align with a previous outbreak in Saudi Arabia where an analysis of K. pneumoniae dissemination and transmission patterns identified a two-year outbreak of ST2096 beginning in December 2016 [47]. Additionally, we discovered that the epidemic clone ST11 was present in four out of six GCC countries, posing a significant threat to human health due to its carbapenem-resistant and highly transmissibility [48]. Recently, five CRKP isolates from the Oman outbreak were confirmed to belong to ST11 clones and were closely related to Chinese isolates from the Bigsdb (Bacterial Isolate Genome Sequence Database) [49]. Studies on ST diversification have yielded conflicting results, but most countries have prioritized monitoring the occurrences of ST11, ST15, and ST14 [50]. Notably, ST11 and ST14 were the most commonly reported STs in Asia, Europe, America, Africa, and Oceania, with ST11 being a common type in many studies [51,52,53]. Essentially, this means that the clone has the impressive power to gather diverse resistance genes as it spreads. In addition, scrutinizing the capsular locus divulged that all ST11 K. pneumoniae had unique K types including KL64. These discoveries align with prior research conducted in China where a thorough examination of 364 ST-11 isolates was carried out and published by Liu et al., 2022 [54].



The most common carbapenemases found in this collection were NDM and OXA-48-like enzymes, which are commonly found in CRE from the Arabian Peninsula, according to studies conducted by Jamal et al., 2016; Sonnevend et al., 2015; and Memish et al., 2015 [12,23,26]. The Arabian Peninsula and the Indian subcontinent have close socioeconomic interactions, resulting in similar resistance patterns. ST11 and ST258 strains, which are typically found in China and the US, are prevalent in both regions with a low incidence of KPC enzymes. However, KPC was detected in this collection, specifically in the ST15 clones rather than ST11 clones, as reported by Boyd et al., 2020 [55]. To our surprise, our ST101 isolate possessed the carbapenemase gene blaVIM-29, and this finding is significant as this clone has never been documented as producing VIM-29 before.



Our study revealed an intriguing aspect: the detection of blaKPC-3 exclusively among the ST258 clones from Qatar isolates. While KPC was previously rare in the Arabian Peninsula, a small number of isolates associated with recent medical care abroad were found to carry the gene according to Abid et al., 2021 [56]. These findings have significant regional and global implications, given Qatar’s demographics and its status as a major international travel hub. Although KPC is prevalent overseas, its emergence in the region requires attention due to its potent hydrolytic action and potential for dissemination.



Our findings indicate that only isolates from Saudi Arabia contain mobile colistin resistance elements (mcr). A recent study on the prevalence and molecular epidemiology of colistin-resistant Gram-negative bacilli (GNB) in Saudi Arabia revealed that while colistin still works well against GNB isolates locally, high levels of colistin resistance have been detected among major GNB such as K. pneumoniae [57]. Local data suggest that religious gatherings play a crucial role in triggering the acquisition of colistin resistance, and underscoring the importance of screening for colistin resistance determinants to prevent the spread of colistin-resistant GNB. Due to the absence of the most effective broad-spectrum antimicrobial agents, it is anticipated that colistin resistance will become more widespread shortly. Furthermore, mutations in the mgrB gene and insertion sequence transpositions were the most common mechanisms of colistin resistance among K. pneumoniae in the Middle East as well as in other regions [27,57].



Our analysis using cgMLST analysis showed that the most prevalent capsular type among K. pneumoniae was KL2, belonging to the ST14 clonal lineage. This finding is worrisome as this clonal lineage is associated with severe infections such as septicemia, pyogenic liver abscess syndrome, and pneumonia [58,59]. It has been suggested that both virulence and drug resistance are important for the pathogenesis of K. pneumoniae infections [60,61]. In hospital and community environments, K. pneumoniae clonal lineages have varying abilities to acquire resistance and virulence genes [62]. Therefore, it is crucial to have genomic surveillance in close geographic areas to understand the local epidemiology of K. pneumoniae infections in the Arabian Peninsula. Our cgMLST analysis also revealed distinct differences in the dominant high-risk STs of K. pneumoniae circulating in the GCC countries, with ST-11 being more prevalent in Oman, ST-14 in Saudi Arabia and the UAE, ST-147 in Qatar, Oman, and the UAE, and ST231 in Oman and Kuwait. Our study reveals that ST231 strains of Klebsiella had the highest presence of capsule genes/loci with KL51 being the most prevalent type [63]. On the other hand, the ST101 isolates of K. pneumoniae had KL17 capsular type and O1 antigen, which is consistent with previous reports linking pandemic ST101 with variants of KL17 and O1v1 [64]. Notably, the O1 antigen has been strongly linked to the virulence of K. pneumoniae in causing pyogenic liver abscesses [65].



Our study revealed a wide distribution of high-risk STs (ST-11, ST-14, ST-147, and ST-15) across each country in the region, which is consistent with previous observations [62,66]. These STs are prevalent in Asian countries, particularly India and the Philippines [67], which have a high percentage of workers in the Gulf region, suggesting that there may be multiple origins for the circulating lineages. The emergence of these high-risk clones may involve a complex phenomenon, including international transfer of successful clones and local dissemination of genetically flexible clones. Our cgMLST analysis revealed an association between some clones (ST-11, ST-14, ST-147, and ST-15) and carbapenemase genes (NDM-1), resulting in regional and local accessory gene sharing. Furthermore, the sharing of accessory genes within a local gene pool is increasing. These findings suggest that high-risk lineages are co-circulating and may have followed divergent evolutionary paths.




4. Materials and Methods


Demographic data. The population of the GCCC is one of the highest growing populations in the world owing primarily to immigration. The GCCC region includes six countries: (https://worldpopulationreview.com/country-rankings/gulf-countries (accessed on 20 January 2022).



Selection of bacterial isolates and data collection. Publicly available raw sequence reads of 720 MDR K. pneumoniae isolates were downloaded from the European Nucleotide Archives (ENA) ENA Browser (ebi.ac.uk) (accessed on 20 January 2022). All isolates were of clinical origin, collected between 2011 and 2020, and reported from the six GCCC, namely, Saudi Arabia, n = 230; Oman, n = 212; Qatar, n = 164; UAE, n = 98; Kuwait, n = 15; and Bahrain, n = 1; see Table 1. To ensure high-quality, raw sequencing reads were quality-trimmed and filtered using Trimmomatic (version 0.33) [68]. De novo assembly of reads was performed using SPAdes (ve3.12.0) [69]. The mean number of contigs was 175 (range: 33–2278) for a mean total genome size of 5.6 Mbp (range: 5.0–6.3 Mbp). The mean N50 contig length was 222,214 (range: 5290–729,359) and the mean G+C content was 57% (range: 56–58.2%) (Supplementary Table S1).



In silico antibiotic resistance and virulence gene analysis. The assembled contigs were then annotated, and known antibiotic resistance genes (ARGs) were detected using ResFinder (http://cge.cbs.dtu.dk/services/ResFinder/ (accessed on 15 April 2022)) [70]. The capsular type and O antigen serotype were identified using Pathogen watch (Pathogenwatch | A Global Platform for Genomic Surveillance (accessed on 15 April 2022), the Kaptive online tool (http://kaptive.holtlab.net/ (accessed on 15 April 2022) [71], and Kleborate database (https://github.com/katholt/Kleborate (accessed on 15 April 2022) [72].



Multi-locus sequence typing (MLST). Assembled genomes were typed using both the ‘Klebsiella pneumoniae’ database from PubMLST (https://pubmlst.org/abaumannii/ (accessed on 15 May 2022) and Ridom SeqSphere+ v.8.3.5 software (Ridom GmbH, Münster, Germany) [73], and sequence types (STs) were identified using both the Pasteur and Oxford schemes.



Core genome MLST (cgMLST) characterization and phylogenetic analysis. cgMLST analysis was performed using a well-defined scheme available in Ridom SeqSphere+ v.8.3.5 software (Ridom GmbH, Münster, Germany), according to the ‘K. pneumoniae sensu lato cgMLST’ version 1.0 scheme (https://www.cgmlst.org/ncs/schema/2187931/ (accessed on 25 September 2022). This included 2358 genes of the K. pneumoniae core genome (cgMLST) and 2526 genes of the K. pneumoniae accessory genome (wgMLST; total of 4891 targets). Seqsphere+ tool mapped the reads against the reference genome using BWA v 0.6.2 software (parameters setting: minimum coverage of five and Phred value > 30) and defined the cgMLST gene alleles. A combination of all these alleles in each isolate formed an allelic profile that was utilized to create a minimum spanning tree (MST) using Ridom SeqSphere+ with the ‘pairwise ignore missing values; % column difference’ parameter. A threshold was set at ≤15 allelic differences paired with a cluster alert quality threshold of at least 90% good cgMLST targets to define the clusters.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/antibiotics12071081/s1. Table S1: Genomic characterization, epidemiology, and carbapenemase genes description of 720 Klebsiella pneumoniae collected from six countries around the Arabian Peninsula.





Author Contributions


Conceptualization, A.H.A.F., S.F.M. and A.G.; methodology, S.F.M., A.H.A.F. and A.G.; software, S.F.M.; formal analysis, A.H.A.F., S.F.M. and A.G.; investigation, A.H.A.F., S.F.M. and A.G.; writing—original draft preparation, A.G., S.F.M. and A.H.A.F.; writing—review and editing, A.H.A.F., S.F.M., A.G., W.Y.J. and V.O.R.; visualization, S.F.M. and A.G.; project administration, A.H.A.F., S.F.M. and A.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Raw genome sequence data examined in this study are publicly available from the European Nucleotide Archive under the accession numbers stated in Supplementary Table S1. Using the Short Read Archive (SRA) database, metadata on collection date are also available, and the sequencing was done with Illumina platforms (Supplementary Table S1).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Vivas, R.; Dolabella, S.S.; Barbosa, A.A.T.; Jain, S. Prevalence of Klebsiella pneumoniae carbapenemase—And New Delhi metallo-beta-lactamase-positive K. pneumoniae in Sergipe, Brazil, and combination therapy as a potential treatment option. Rev. Soc. Bras. Med. Trop. 2020, 53, e20200064. [Google Scholar] [CrossRef] [PubMed]

	



O’Neill, J. Tackling Drug-Resistant Infections Globally: Final Report and Recommendations. Review on Antimicrobial Resistance. Wellcome Trust and HM Government. 2016. Available online: https://amr-review.org/sites/default/files/160525_Final%20paper_with%20cover.pdf (accessed on 14 May 2023).

	



Feil, E.J. Enterobacteriaceae: Joining the dots with pan-European epidemiology. Lancet Infect. Dis. 2017, 17, 118–119. [Google Scholar] [CrossRef] [PubMed]

	



Perez, F.; Villegas, M.V. The role of surveillance systems in confronting the global crisis of antibiotic-resistant bacteria. Curr. Opin. Infect. Dis. 2015, 28, 375–383. [Google Scholar] [CrossRef]

	



Han, R.; Shi, Q.; Wu, S.; Yin, D.; Peng, M.; Dong, D.; Zheng, Y.; Guo, Y.; Zhang, R.; Hu, F. Dissemination of Carbapenemases (KPC, NDM, OXA-48, IMP, and VIM) Among Carbapenem-Resistant Enterobacteriaceae Isolated From Adult and Children Patients in China. Front. Cell. Infect. Microbiol. 2020, 10, 314. [Google Scholar] [CrossRef] [PubMed]

	



Tischendorf, J.; de Avila, R.A.; Safdar, N. Risk of infection following colonization with carbapenem-resistant Enterobactericeae: A systematic review. Am. J. Infect. Control 2016, 44, 539–543. [Google Scholar] [CrossRef]

	



Hammoudi Halat, D.; Ayoub Moubareck, C. The Current Burden of Carbapenemases: Review of Significant Properties and Dissemination among Gram-Negative Bacteria. Antibiotics 2020, 9, 186. [Google Scholar] [CrossRef]

	



Naas, T.; Dortet, L.; Iorga, B.I. Structural and Functional Aspects of Class A Carbapenemases. Curr. Drug Targets 2016, 17, 1006–1028. [Google Scholar] [CrossRef]

	



Moghnia, O.H.; Rotimi, V.O.; Al-Sweih, N.A. Preponderance of blaKPC-Carrying Carbapenem-Resistant Enterobacterales among Fecal Isolates from Community Food Handlers in Kuwait. Front. Microbiol. 2021, 12, 737828. [Google Scholar] [CrossRef]

	



Jeon, J.H.; Lee, J.H.; Lee, J.J.; Park, K.S.; Karim, A.M.; Lee, C.R.; Jeong, B.C.; Lee, S.H. Structural basis for carbapenem-hydrolyzing mechanisms of carbapenemases conferring antibiotic resistance. Int. J. Mol. Sci. 2015, 16, 9654–9692. [Google Scholar] [CrossRef]

	



Walsh, T.R.; Toleman, M.A.; Poirel, L.; Nordmann, P. Metallo-beta-lactamases: The quiet before the storm? Clin. Microbiol. Rev. 2005, 18, 306–325. [Google Scholar] [CrossRef]

	



Jamal, W.Y.; Albert, M.J.; Rotimi, V.O. High Prevalence of New Delhi Metallo-β-Lactamase-1 (NDM-1) Producers among Carbapenem-Resistant Enterobacteriaceae in Kuwait. PLoS ONE 2016, 11, e0152638. [Google Scholar] [CrossRef]

	



Zhang, H.; Hao, Q. Crystal structure of NDM-1 reveals a common β-lactam hydrolysis mechanism. FASEB J. 2011, 25, 2574–2582. [Google Scholar] [CrossRef] [PubMed]

	



Wu, W.; Feng, Y.; Tang, G.; Qiao, F.; McNally, A.; Zong, Z. NDM Metallo-β-Lactamases and Their Bacterial Producers in Health Care Settings. Clin. Microbiol. Rev. 2019, 32, e00115-8. [Google Scholar] [CrossRef]

	



Poirel, L.; Potron, A.; Nordmann, P. OXA-48-like carbapenemases: The phantom menace. Int. J. Antimicrob. Agents 2012, 67, 1597–1606. [Google Scholar] [CrossRef]

	



Potron, A.; Rondinaud, E.; Poirel, L.; Belmonte, O.; Boyer, S.; Camiade, S.; Nordmann, P. Genetic and biochemical characterisation of OXA-232, a carbapenem-hydrolysing class D β-lactamase from Enterobacteriaceae. Int. J. Antimicrob. Agents 2013, 41, 325–329. [Google Scholar] [CrossRef] [PubMed]

	



Pitout, J.D.D.; Peirano, G.; Kock, M.M.; Strydom, K.A.; Matsumura, Y. The Global Ascendency of OXA-48-Type Carbapenemases. Clin. Microbiol. Rev. 2019, 33, e00102-19. [Google Scholar] [CrossRef] [PubMed]

	



Dong, N.; Yang, X.; Chan, E.W.; Zhang, R.; Chen, S. Klebsiella species: Taxonomy, hypervirulence and multidrug resistance. EbioMedicine 2022, 79, 103998. [Google Scholar] [CrossRef]

	



Abd El Ghany, M.; Sharaf, H.; Al-Agamy, M.H.; Shibl, A.; Hill-Cawthorne, G.A.; Hong, P.Y. Genomic characterization of NDM-1 and 5, and OXA-181 carbapenemases in uropathogenic Escherichia coli isolates from Riyadh, Saudi Arabia. PLoS ONE 2018, 13, e0201613. [Google Scholar] [CrossRef]

	



Al-Agamy, M.H.; Aljallal, A.; Radwan, H.H.; Shibl, A.M. Characterization of carbapenemases, ESBLs, and plasmid-mediated quinolone determinants in carbapenem-insensitive Escherichia coli and Klebsiella pneumoniae in Riyadh hospitals. J. Infect. Public Health 2018, 11, 64–68. [Google Scholar] [CrossRef]

	



Al-Baloushi, A.E.; Pál, T.; Ghazawi, A.; Sonnevend, A. Genetic support of carbapenemases in double carbapenemase producer Klebsiella pneumoniae isolated in the Arabian Peninsula. Acta Microbiol. Immunol. Hung. 2018, 65, 135–150. [Google Scholar] [CrossRef] [PubMed]

	



Alotaibi, F.E.; Bukhari, E.E.; Al-Mohizea, M.M.; Hafiz, T.; Essa, E.B.; AlTokhais, Y.I. Emergence of carbapenem-resistant Enterobacteriaceae isolated from patients in a university hospital in Saudi Arabia. Epidemiology, clinical profiles and outcomes. J. Infect. Public Health 2017, 10, 667–673. [Google Scholar] [CrossRef] [PubMed]

	



Memish, Z.A.; Assiri, A.; Almasri, M.; Roshdy, H.; Hathout, H.; Kaase, M.; Gatermann, S.G.; Yezli, S. Molecular characterization of carbapenemase production among gram-negative bacteria in Saudi Arabia. Microb. Drug Resist. 2015, 21, 307–314. [Google Scholar] [CrossRef] [PubMed]

	



Moubareck, C.A.; Mouftah, S.F.; Pál, T.; Ghazawi, A.; Halat, D.H.; Nabi, A.; AlSharhan, M.A.; AlDeesi, Z.O.; Peters, C.C.; Celiloglu, H.; et al. Clonal emergence of Klebsiella pneumoniae ST14 co-producing OXA-48-type and NDM carbapenemases with high rate of colistin resistance in Dubai, United Arab Emirates. Int. J. Antimicrob. Agents 2018, 52, 90–95. [Google Scholar] [CrossRef] [PubMed]

	



Pál, T.; Ghazawi, A.; Darwish, D.; Villa, L.; Carattoli, A.; Hashmey, R.; Aldeesi, Z.; Jamal, W.; Rotimi, V.; Al-Jardani, A.; et al. Characterization of NDM-7 Carbapenemase-Producing Escherichia coli Isolates in the Arabian Peninsula. Microb. Drug Resist. 2017, 23, 871–878. [Google Scholar] [CrossRef]

	



Sonnevend, Á.; Ghazawi, A.A.; Hashmey, R.; Jamal, W.; Rotimi, V.O.; Shibl, A.M.; Al-Jardani, A.; Al-Abri, S.S.; Tariq, W.U.; Weber, S.; et al. Characterization of Carbapenem-Resistant Enterobacteriaceae with High Rate of Autochthonous Transmission in the Arabian Peninsula. PLoS ONE 2015, 10, e0131372. [Google Scholar] [CrossRef]

	



Uz Zaman, T.; Albladi, M.; Siddique, M.I.; Aljohani, S.M.; Balkhy, H.H. Insertion element mediated mgrB disruption and presence of ISKpn28 in colistin-resistant Klebsiella pneumoniae isolates from Saudi Arabia. Infect. Drug Resist. 2018, 11, 1183–1187. [Google Scholar] [CrossRef]

	



Zowawi, H.M.; Sartor, A.L.; Balkhy, H.H.; Walsh, T.R.; Al Johani, S.M.; AlJindan, R.Y.; Alfaresi, M.; Ibrahim, E.; Al-Jardani, A.; Al-Abri, S.; et al. Molecular characterization of carbapenemase-producing Escherichia coli and Klebsiella pneumoniae in the countries of the Gulf cooperation council: Dominance of OXA-48 and NDM producers. Antimicrob. Agents Chemother. 2014, 58, 3085–3090. [Google Scholar] [CrossRef]

	



Al-Abdely, H.; AlHababi, R.; Dada, H.M.; Roushdy, H.; Alanazi, M.M.; Alessa, A.A.; Gad, N.M.; Alasmari, A.M.; Radwan, E.E.; Al-Dughmani, H.; et al. Molecular characterization of carbapenem-resistant Enterobacterales in thirteen tertiary care hospitals in Saudi Arabia. Ann. Saudi Med. 2021, 41, 63–70. [Google Scholar] [CrossRef]

	



Sonnevend, Á.; Abdulrazzaq, N.; Ghazawi, A.; Thomsen, J.; Bharathan, G.; Makszin, L.; Rizvi, T.A.; Pál, T.; UAE CRE Study Group. The first nationwide surveillance of carbapenem-resistant Enterobacterales in the United Arab Emirates-increased association of Klebsiella pneumoniae CC14 clone with Emirati patients. Int. J. Infect. Dis. 2022, 120, 103–112. [Google Scholar] [CrossRef]

	



Zhao, Y.; Zhang, M.; Qiu, S.; Wang, J.; Peng, J.; Zhao, P.; Zhu, R.; Wang, H.; Li, Y.; Wang, K.; et al. Antimicrobial activity and stability of the D-amino acid substituted derivatives of antimicrobial peptide polybia-MPI. AMB Express 2016, 6, 122. [Google Scholar] [CrossRef]

	



Zhang, J.; Xiong, Y.; Rogers, L.; Carter, G.P.; French, N. Genome-by-genome approach for fast bacterial genealogical relationship evaluation. Bioinformatics 2018, 34, 3025–3027. [Google Scholar] [CrossRef]

	



Jolley, K.A.; Bray, J.E.; Maiden, M.C.J. Open-access bacterial population genomics: BIGSdb software, the PubMLST.org website and their applications. Wellcome Open Res. 2018, 3, 124. [Google Scholar] [CrossRef] [PubMed]

	



Pei, N.; Li, Y.; Liu, C.; Jian, Z.; Liang, T.; Zhong, Y.; Sun, W.; He, J.; Cheng, X.; Li, H.; et al. Large-Scale Genomic Epidemiology of Klebsiella pneumoniae Identified Clone Divergence with Hypervirulent Plus Antimicrobial-Resistant Characteristics Causing Within-Ward Strain Transmissions. Microbiol. Spectr. 2022, 10, e0269821. [Google Scholar] [CrossRef] [PubMed]

	



Findlay, J.; Hopkins, K.L.; Loy, R.; Doumith, M.; Meunier, D.; Hill, R.; Pike, R.; Mustafa, N.; Livermore, D.M.; Woodford, N. OXA-48-like carbapenemases in the UK: An analysis of isolates and cases from 2007 to 2014. J. Antimicrob. Chemother. 2017, 72, 1340–1349. [Google Scholar] [CrossRef]

	



Mouftah, S.F.; Pál, T.; Higgins, P.G.; Ghazawi, A.; Idaghdour, Y.; Alqahtani, M.; Omrani, A.S.; Rizvi, T.A.; Sonnevend, Á. Diversity of carbapenem-resistant Klebsiella pneumoniae ST14 and emergence of a subgroup with KL64 capsular locus in the Arabian Peninsula. Eur. J. Clin. Microbiol. Infect. Dis. 2021, 10, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Giske, C.G.; Fröding, I.; Hasan, C.M.; Turlej-Rogacka, A.; Toleman, M.; Livermore, D.; Woodford, N.; Walsh, T.R. Diverse sequence types of Klebsiella pneumoniae contribute to the dissemination of blaNDM-1 in India, Sweden, and the United Kingdom. Antimicrob. Agents Chemother. 2012, 56, 2735–2738. [Google Scholar] [CrossRef]

	



Navon-Venezia, S.; Kondratyeva, K.; Carattoli, A. Klebsiella pneumoniae: A major worldwide source and shuttle for antibiotic resistance. FEMS Microbiol. Rev. 2017, 4, 252–275. [Google Scholar] [CrossRef]

	



Yoon, E.J.; Yang, J.W.; Kim, J.O.; Lee, H.; Lee, K.J.; Jeong, S.H. Carbapenemase-producing Enterobacteriaceae in South Korea: A report from the National Laboratory Surveillance System. Future Microbiol. 2018, 13, 771–783. [Google Scholar] [CrossRef]

	



Holt, K.E.; Wertheim, H.; Zadoks, R.N.; Baker, S.; Whitehouse, C.A.; Dance, D.; Jenney, A.; Connor, T.R.; Hsu, L.Y.; Severin, J.; et al. Genomic analysis of diversity, population structure, virulence, and antimicrobial resistance in Klebsiella pneumoniae, an urgent threat to public health. Proc. Natl. Acad. Sci. USA 2015, 112, E3574–E3581. [Google Scholar] [CrossRef]

	



Lee, I.R.; Molton, J.S.; Wyres, K.L.; Gorrie, C.; Wong, J.; Hoh, C.H.; Teo, J.; Kalimuddin, S.; Lye, D.C.; Archuleta, S.; et al. Differential host susceptibility and bacterial virulence factors driving Klebsiella liver abscess in an ethnically diverse population. Sci. Rep. 2016, 6, 29316. [Google Scholar] [CrossRef]

	



Shankar, C.; Mathur, P.; Venkatesan, M.; Pragasam, A.K.; Anandan, S.; Khurana, S.; Veeraraghavan, B. Rapidly disseminating blaOXA-232 carrying Klebsiella pneumoniae belonging to ST231 in India: Multiple and varied mobile genetic elements. BMC Microbiol. 2019, 19, 137. [Google Scholar] [CrossRef]

	



Arabaghian, H.; Salloum, T.; Alousi, S.; Panossian, B.; Araj, G.F.; Tokajian, S. Molecular Characterization of Carbapenem Resistant Klebsiella pneumoniae and Klebsiella quasipneumoniae Isolated from Lebanon. Sci. Rep. 2019, 9, 531. [Google Scholar] [CrossRef]

	



Blundell-Hunter, G.; Enright, M.C.; Negus, D.; Dorman, M.J.; Beecham, G.E.; Pickard, D.J.; Wintachai, P.; Voravuthikunchai, S.P.; Thomson, N.R.; Taylor, P.W. Characterisation of Bacteriophage-Encoded Depolymerases Selective for Key Klebsiella pneumoniae Capsular Exopolysaccharides. Front. Cell. Infect. Microbiol. 2021, 11, 686090. [Google Scholar] [CrossRef]

	



Koskinen, K.; Penttinen, R.; Örmälä-Odegrip, A.M.; Giske, C.G.; Ketola, T.; Jalasvuori, M. Systematic Comparison of Epidemic and Non-Epidemic Carbapenem Resistant Klebsiella pneumoniae Strains. Front. Cell. Infect. Microbiol. 2021, 11, 599924. [Google Scholar] [CrossRef]

	



Nagaraj, G.; Shamanna, V.; Govindan, V.; Rose, S.; Sravani, D.; Akshata, K.P.; Shincy, M.R.; Venkatesha, V.T.; Abrudan, M.; Argimón, S.; et al. High-Resolution Genomic Profiling of Carbapenem-Resistant Klebsiella pneumoniae Isolates: A Multicentric Retrospective Indian Study. Clin. Infect. Dis. 2021, 73 (Suppl. S4), S300–S307. [Google Scholar] [CrossRef] [PubMed]

	



Hala, S.; Antony, C.P.; Alshehri, M.; Alsaedi, A.; Thaqafi, O.A.; Al-Ahmadi, G.J.; Kaaki, M.; Alazmi, M.A.; Alhaj-Hussein, T.B.; Yasen, M.; et al. An Emerging Clone (ST2096) of Klebsiella pneumoniae Clonal Complex 14 With Enhanced Virulence Causes an Outbreak in Saudi Arabia. J. Infect. Public Health 2020, 13, 363–364. [Google Scholar] [CrossRef]

	



Gu, D.; Dong, N.; Zheng, Z.; Gu, D.; Dong, N.; Zheng, Z.; Lin, D.; Huang, M.; Wang, L.; Chan, E.W.; et al. A fatal outbreak of ST11 carbapenem-resistant hypervirulent Klebsiella pneumoniae in a Chinese hospital: A molecular epidemiological study. Lancet Infect. Dis. 2018, 18, 37–46. [Google Scholar] [CrossRef] [PubMed]

	



Balushi, M.A.; Kumar, R.; Al-Rashdi, A.; Ratna, A.; Al-Jabri, A.; Al-Shekaili, N.; Rani, R.; Sumri, S.A.; Al-Ghabshi, L.; Al-Abri, S.; et al. Genomic analysis of the emerging carbapenem-resistant Klebsiella pneumoniae sequence type 11 harbouring Klebsiella pneumoniae carbapenemase (KPC) in Oman. J. Infect. Public Health 2022, 15, 1089–1096. [Google Scholar] [CrossRef]

	



Safavi, M.; Bostanshirin, N.; Hajikhani, B.; Yaslianifard, S.; van Belkum, A.; Goudarzi, M.; Hashemi, A.; Darban-Sarokhalil, D.; Dadashi, M. Global genotype distribution of human clinical isolates of New Delhi metallo-β-lactamase-producing Klebsiella pneumoniae; A systematic review. J. Glob. Antimicrob. 2020, 23, 420–429. [Google Scholar] [CrossRef]

	



Jiang, Y.; Wei, Z.; Wang, Y.; Hua, X.; Feng, Y.; Yu, Y. Tracking a hospital outbreak of KPC-producing ST11 Klebsiella pneumoniae with whole genome sequencing. Clin. Microbiol. Infect. 2015, 21, 1001–1007. [Google Scholar] [CrossRef]

	



Chen, C.M.; Guo, M.K.; Ke, S.C.; Lin, Y.P.; Li, C.R.; Vy Nguyen, H.T.; Wu, L.T. Emergence and nosocomial spread of ST11 carbapenem-resistant Klebsiella pneumoniae co-producing OXA-48 and KPC-2 in a regional hospital in Taiwan. J. Med. Microbiol. 2018, 67, 957–964. [Google Scholar] [CrossRef] [PubMed]

	



Yu, F.; Hu, L.; Zhong, Q.; Hang, Y.; Liu, Y.; Hu, X.; Ding, H.; Chen, Y.; Xu, X.; Fang, X.; et al. Dissemination of Klebsiella pneumoniae ST11 isolates with carbapenem resistance in integrated and emergency intensive care units in a Chinese tertiary hospital. J. Med. Microbiol. 2019, 68, 882–889. [Google Scholar] [CrossRef]

	



Liu, C.; Yang, P.; Zheng, J.; Yi, J.; Lu, M.; Shen, N. Convergence of two serotypes within the epidemic ST11 KPC-producing Klebsiella pneumoniae creates the “Perfect Storm” in a teaching hospital. BMC Genom. 2022, 23, 693. [Google Scholar] [CrossRef] [PubMed]

	



Boyd, S.E.; Livermore, D.M.; Hooper, D.C.; Hope, W.W. Metallo-β-Lactamases: Structure, Function, Epidemiology, Treatment Options, and the Development Pipeline. Antimicrob. Agents Chemother. 2020, 64, e00397-20. [Google Scholar] [CrossRef] [PubMed]

	



Abid, F.B.; Tsui, C.; Doi, Y.; Deshmukh, A.; McElheny, C.L.; Bachman, W.C.; Fowler, E.L.; Albishawi, A.; Mushtaq, K.; Ibrahim, E.B.; et al. Molecular characterization of clinical carbapenem-resistant Enterobacterales from Qatar. Eur. J. Clin. Microbiol. 2021, 40, 1779–1785. [Google Scholar] [CrossRef]

	



Aris, P.; Robatjazi, S.; Nikkhahi, F.; Amin Marashi, S.M. Molecular mechanisms and prevalence of colistin resistance of Klebsiella pneumoniae in the Middle East region: A review over the last 5 years. J. Glob. Antimicrob. Resist. 2020, 22, 625–630. [Google Scholar] [CrossRef]

	



Siri, G.P.; Sithebe, N.P.; Ateba, C.N. Identification of Klebsiella species isolated from Modimola dam (Mafikeng) Northwest Province South Africa. Afr. J. Microbiol. Res. 2011, 5, 3958–3963. [Google Scholar]

	



Fang, C.T.; Lai, S.Y.; Yi, W.C.; Hsueh, P.R.; Liu, K.L.; Chang, S.C. Klebsiella pneumoniae genotype K1, An emerging pathogen that causes septic ocular or central nervous system complications from pyogenic liver abscess. Clin. Infect. Dis. 2007, 45, 284–293. [Google Scholar] [CrossRef]

	



Vila, A.; Cassata, A.; Pagella, H.; Amadio, C.; Yeh, K.M.; Chang, F.Y.; Siu, L.K. Appearance of Klebsiella pneumoniae liver abscess syndrome in Argentina: Case report and review of molecular mechanisms of pathogenesis. Open Microbiol. J. 2011, 5, 107–113. [Google Scholar] [CrossRef]

	



Da Silva, G.J.; Mendonça, N. Association between antimicrobial resistance and virulence in Escherichia coli. Virulence 2012, 3, 18–28. [Google Scholar] [CrossRef]

	



Wyres, K.L.; Lam, M.M.C.; Holt, K.E. Population genomics of Klebsiella pneumoniae. Nat. Rev. Microbiol. 2020, 18, 344–359. [Google Scholar] [CrossRef]

	



Al Fadhli, A.H.; Jamal, W.Y.; Rotimi, V.O. Elucidating the virulence genes harboured by carbapenemase- and non-carbapenemase-producing carbapenem-resistant Klebsiella pneumoniae rectal isolates from patients admitted to intensive care units using whole-genome sequencing in Kuwait. J. Med. Microbiol. 2022, 71, 10. [Google Scholar] [CrossRef] [PubMed]

	



Roe, C.C.; Vazquez, A.J.; Esposito, E.P.; Zarrilli, R.; Sahl, J.W. Diversity, Virulence, and Antimicrobial Resistance in Isolates From the Newly Emerging Klebsiella pneumoniae ST101 Lineage. Front. Microbiol. 2019, 10, 542. [Google Scholar] [CrossRef]

	



Hsieh, P.F.; Lin, T.L.; Yang, F.L.; Wu, M.C.; Pan, Y.J.; Wu, S.H.; Wang, J.T. Lipopolysaccharide O1 antigen contributes to the virulence in Klebsiella pneumoniae causing pyogenic liver abscess. PLoS ONE 2012, 7, e33155. [Google Scholar] [CrossRef]

	



Castanheira, M.; Costello, A.J.; Deshpande, L.M.; Jones, R.N. Expansion of clonal complex 258 KPC-2-producing Klebsiella pneumoniae in Latin American hospitals: Report of the SENTRY Antimicrobial Surveillance Program. Antimicrob. Agents Chemother. 2012, 56, 1668–1671. [Google Scholar] [CrossRef] [PubMed]

	



Argimón, S.; David, S.; Underwood, A.; Abrudan, M.; Wheeler, N.E.; Kekre, M.; Abudahab, K.; Yeats, C.A.; Goater, R.; Taylor, B.; et al. Rapid Genomic Characterization and Global Surveillance of Klebsiella Using Pathogenwatch. Clin. Infect. Dis. 2021, 73, S325–S335. [Google Scholar] [CrossRef]

	



Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120. [Google Scholar] [CrossRef] [PubMed]

	



Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko, S.I.; Pham, S.; Prjibelski, A.D.; et al. SPAdes: A new genome assembly algorithm and its applications to single-cell sequencing. J. Comput. Biol. 2012, 19, 455–477. [Google Scholar] [CrossRef] [PubMed]

	



Bortolaia, V.; Kaas, R.S.; Ruppe, E.; Roberts, M.C.; Schwarz, S.; Cattoir, V.; Philippon, A.; Allesoe, R.L.; Rebelo, A.R.; Florensa, A.F.; et al. ResFinder 4.0 for predictions of phenotypes from genotypes. J. Antimicrob. Chemother. 2020, 75, 3491–3500. [Google Scholar] [CrossRef] [PubMed]

	



Wyres, K.L.; Wick, R.R.; Gorrie, C.; Jenney, A.; Follador, R.; Thomson, N.R.; Holt, K.E. Identification of Klebsiella capsule synthesis loci from whole genome data. Microb. Genom. 2016, 2, e000102. [Google Scholar] [CrossRef] [PubMed]

	



Lam, M.M.C.; Wick, R.R.; Watts, S.C.; Cerdeira, L.T.; Wyres, K.L.; Holt, K.E. A genomic surveillance framework and genotyping tool for Klebsiella pneumoniae and its related species complex. Nat. Commun. 2021, 12, 4188. [Google Scholar] [CrossRef] [PubMed]

	



Jünemann, S.; Sedlazeck, F.J.; Prior, K.; Albersmeier, A.; John, U.; Kalinowski, J.; Mellmann, A.; Goesmann, A.; von Haeseler, A.; Stoye, J.; et al. Updating benchtop sequencing performance comparison. Nat. Biotechnol. 2013, 31, 294–296. [Google Scholar] [CrossRef] [PubMed]








[image: Antibiotics 12 01081 g001 550] 





Figure 1. Minimum spanning tree (MST) of the 72 carbapenemase producers, ST-11 isolates. Distance based on the number of differences of the 2358 alleles in K. pneumoniae sensu-lato cgMLST. MST cluster distance threshold set at 15. Nodes labelled by column: Country of isolation and capsular type. Nodes colored by column: Carbapenem resistance gene. 
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Figure 2. Minimum spanning tree (MST) of the 84 isolates (ST-14 carbapenemase producers). Distance based on the number of differences of the 2358 alleles in K. pneumoniae sensu-lato cgMLST. MST Cluster distance threshold set at 15. Nodes labelled by column: Country of isolation and capsular type. Nodes colored by column: Carbapenem resistance gene. 
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Figure 3. Minimum spanning tree (MST) of the 67 isolates (ST-231 carbapenemase producers). Distance based on the number of differences of the 2358 alleles in K. pneumoniae sensu-lato cgMLST. MST Cluster distance threshold set at 15. Nodes labelled by column: Country of isolation and capsular type. Nodes colored by column: Carbapenem resistance gene. 
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Table 1. Characterization of 720 K. pneumoniae isolates with the most abundant STs across the six Gulf countries.
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Country

	
Total Number (n)

	
Carbapenemase Genes

	
Sequence Types (ST)




	

	

	
NDM

	
KPC

	
OXA

	
IMP

	
VIM

	
Dual

	
None

	
ST

101

	
ST

11

	
ST

14

	
ST

147

	
ST

15

	
ST

2096

	
ST 231

	
ST 307

	
ST

45

	
ST

48






	
UAE

	
98

	
27

	
6

	
30

	
0

	
0

	
21

	
14

	
0

	
6

	
54

	
10

	
7

	
0

	
9

	
0

	
0

	
1




	
Saudi

	
230

	
21

	
1

	
130

	
0

	
2

	
17

	
59

	
15

	
3

	
43

	
8

	
4

	
98

	
0

	
8

	
6

	
7




	
Qatar

	
164

	
38

	
4

	
27

	
0

	
0

	
10

	
85

	
2

	
5

	
4

	
14

	
2

	
2

	
6

	
8

	
6

	
2




	
Oman

	
212

	
77

	
0

	
76

	
0

	
0

	
21

	
38

	
8

	
62

	
3

	
37

	
10

	
0

	
68

	
2

	
0

	
0




	
Kuwait

	
15

	
2

	
0

	
3

	
0

	
0

	
1

	
9

	
0

	
0

	
0

	
0

	
2

	
0

	
8

	
0

	
0

	
0




	
Bahrain

	
1

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Total

	
720

	
165

	
11

	
266

	
0

	
2

	
70

	
206

	
25

	
76

	
105

	
69

	
25

	
100

	
91

	
18

	
12

	
10




	
CRKp %

	
71%

(514/720)

	
32%

(165/514)

	
2%

(11/514)

	
51.7%

(266/514)

	
0

	
0.38%

(2/514)

	
13.6%

(70/514)

	
28.6%

(206/720)

	
88%

(22/25)

	
94.7%

(72/76)

	
80%

(84/105)

	
84%

(58/69)

	
84%

(21/25)

	
87%

(87/100)

	
73.6%

(67/91)

	
38.8%

(7/18)

	
50%

(6/12)

	
40%

(4/10)
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Table 2. Carbapenem resistance genes identified among the 514 CRKP isolates across the Arabian Peninsula.
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	Carbapenem Resistance Genes
	Total Isolates (n)
	Percentage (%)





	KPC-2
	10
	1.94



	KPC-2/OXA-232
	1
	0.19



	KPC-3
	1
	0.19



	NDM-1
	159
	30.93



	NDM-1/OXA-162
	4
	0.77



	NDM-1/OXA-181
	1
	0.19



	NDM-1/OXA-232
	31
	6.03



	NDM-1/OXA-48
	21
	4.08



	NDM-5
	5
	0.97



	NDM-5/OXA-181
	3
	0.58



	NDM-5/OXA-232
	6
	1.16



	NDM-5/OXA-48
	3
	0.58



	NDM-7
	1
	0.19



	OXA-162
	5
	0.97



	OXA-181
	19
	3.69



	OXA-232
	143
	27.82



	OXA-48
	99
	19.26



	VIM-29
	2
	0.38
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Table 3. Prevalence of capsular type (K locus) and O antigens among major clones of the whole isolate collections.
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ST-14

	
ST-231

	
ST-2096

	
ST-11

	
ST-147

	
ST-15

	
ST-101

	
ST-45






	
Capsular type

	
KL5

	
1%

	
--

	
--

	
--

	
--

	
--

	
--

	
--




	
KL2

	
61%

	
--

	
--

	
--

	
--

	
4%

	
--

	
--




	
KL10

	
--

	
--

	
--

	
--

	
4%

	
--

	
--

	
--




	
KL14

	
--

	
--

	
--

	
76%

	
--

	
--

	
--

	
--




	
KL15

	
--

	
--

	
--

	
8%

	
--

	
--

	
--

	
--




	
KL16

	
1%

	
--

	
--

	
--

	
--

	
--

	
--

	
--




	
KL17

	
--

	
--

	
--

	
--

	
--

	
--

	
88%

	
--




	
KL19

	
--

	
--

	
--

	
--

	
--

	
24%

	
--

	
--




	
KL24

	
--

	
--

	
--

	
12%

	
--

	
20%

	
--

	
8%




	
KL43

	
--

	
--

	
--

	

	
--

	
--

	
--

	
50%




	
KL47

	
--

	
--

	
--

	
1%

	
--

	
--

	
--

	
--




	
KL48

	
--

	
--

	
--

	
--

	
--

	
24%

	
--

	
--




	
KL50

	
1%

	
--

	
2%

	
--

	
--

	
--

	
--

	
--




	
KL51

	
--

	
100%

	
--

	
--

	
--

	
--

	
--

	
--




	
KL52

	
--

	
--

	
--

	
--

	
--

	
--

	
--

	
8%




	
KL64

	
30%

	
--

	
93%

	
1%

	
94%

	
4%

	
4%

	




	
KL102

	
--

	
--

	

	

	

	
4%

	

	
8%




	
KL107

	
--

	
--

	
4%

	
1%

	
1%

	
--

	
4%

	
8%




	
KL112

	
--

	
--

	
--

	
--

	
--

	
16%

	
--

	
--




	
KL127

	
--

	
--

	
--

	
--

	
--

	

	
--

	
8%




	
KL135

	
1%

	
--

	
--

	
--

	
--

	

	
--

	
--




	
KL166

	
--

	
--

	
1%

	
--

	
--

	
4%

	
--

	
--




	
O antigen

	
O1

	
85%

	
99%

	
96%

	
--

	
--

	
92%

	
92%

	
--




	
O2a

	
10%

	
1%

	
3%

	
13%

	
91%

	
4%

	
4%

	
67%




	
O3

	
1%

	
--

	
--

	
41%

	
4%

	
4%

	
--

	
8%




	
O4

	
--

	
--

	
--

	
8%

	
--

	
--

	
--

	




	
OL101

	
--

	
--

	
--

	
1%

	
--

	
--

	
--

	
25%




	
OL102

	
--

	
--

	
1%

	
1%

	
3%

	
--

	
--

	
--




	
OL104

	
--

	
--

	
--

	
36%

	
--

	
--

	
--

	
--
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