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Objectives: CARB-ES-19 is a comprehensive, multicenter, nationwide study integrating whole-genome sequencing (WGS) in the surveillance of carbapenemase-producing K. pneumoniae (CP-Kpn) and E. coli (CP-Eco) to determine their incidence, geographical distribution, phylogeny, and resistance mechanisms in Spain.

Methods: In total, 71 hospitals, representing all 50 Spanish provinces, collected the first 10 isolates per hospital (February to May 2019); CPE isolates were first identified according to EUCAST (meropenem MIC > 0.12 mg/L with immunochromatography, colorimetric tests, carbapenem inactivation, or carbapenem hydrolysis with MALDI-TOF). Prevalence and incidence were calculated according to population denominators. Antibiotic susceptibility testing was performed using the microdilution method (EUCAST). All 403 isolates collected were sequenced for high-resolution single-nucleotide polymorphism (SNP) typing, core genome multilocus sequence typing (cgMLST), and resistome analysis.

Results: In total, 377 (93.5%) CP-Kpn and 26 (6.5%) CP-Eco isolates were collected from 62 (87.3%) hospitals in 46 (92%) provinces. CP-Kpn was more prevalent in the blood (5.8%, 50/853) than in the urine (1.4%, 201/14,464). The cumulative incidence for both CP-Kpn and CP-Eco was 0.05 per 100 admitted patients. The main carbapenemase genes identified in CP-Kpn were blaOXA–48 (263/377), blaKPC–3 (62/377), blaVIM–1 (28/377), and blaNDM–1 (12/377). All isolates were susceptible to at least two antibiotics. Interregional dissemination of eight high-risk CP-Kpn clones was detected, mainly ST307/OXA-48 (16.4%), ST11/OXA-48 (16.4%), and ST512-ST258/KPC (13.8%). ST512/KPC and ST15/OXA-48 were the most frequent bacteremia-causative clones. The average number of acquired resistance genes was higher in CP-Kpn (7.9) than in CP-Eco (5.5).

Conclusion: This study serves as a first step toward WGS integration in the surveillance of carbapenemase-producing Enterobacterales in Spain. We detected important epidemiological changes, including increased CP-Kpn and CP-Eco prevalence and incidence compared to previous studies, wide interregional dissemination, and increased dissemination of high-risk clones, such as ST307/OXA-48 and ST512/KPC-3.
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INTRODUCTION

The rapid spread of carbapenemase-producing Enterobacterales (CPE) is a threat to individual and public health worldwide; infections caused by CPE significantly increase morbidity and mortality (Barrasa-Villar et al., 2017). The World Health Organization has included CPE as a critical priority issue (Tacconelli et al., 2018). The carbapenemases most frequently found in Enterobacterales are KPC, OXA-48, VIM, IMP, and NDM, although prevalence rates differ according to the geographical area considered (Grundmann et al., 2017).

Previous studies performed in Spain revealed the rapid evolution of CPEs from isolated cases in 2009 (Miró et al., 2013) to interregional dissemination in 2013 (Oteo et al., 2015). Recent European studies have indicated epidemiological changes in CPE infections (Haller et al., 2019; Ludden et al., 2020; Oteo-Iglesias et al., 2020; Di Pilato et al., 2021). According to the first structured survey on the occurrence of carbapenemase-producing K. pneumoniae and E. coli in European hospitals (Grundmann et al., 2017), Spain had the fourth highest incidence in Europe (0.04 cases per 100 patients) after Italy, Greece, and Montenegro.

However, recent multicenter studies with adequate geographical representation are scarce, since regions with low prevalence are often underrepresented.

Accurate data collection at the national level is required for the successful implementation of CPE control measures.

The CARB-ES-19 project utilized the national antibiotic-resistance surveillance framework and was designed to provide continuity with previous national, multicenter studies (Miró et al., 2013; Oteo et al., 2015). This large-scale, nationwide, structured survey integrated whole-genome sequencing (WGS) analyses of two CPE species with high clinical and epidemiological impacts, Klebsiella pneumoniae (CP-Kpn) and Escherichia coli (CP-Eco), to (i) determine the prevalence and incidence of these microorganisms, (ii) describe their inter-regional distribution and molecular epidemiology, and (iii) describe their resistance mechanisms and susceptibility profiles.



MATERIALS AND METHODS


Study Design and Isolates

CARB-ES-19 is a prospective, multicenter study designed to identify clinical cases associated with CP-Kpn and CP-Eco. In total, 71 hospitals, representing all 50 Spanish provinces, collected the first 10 non-duplicate consecutive isolates of carbapenem non-susceptible CP-Eco or CP-Kpn isolated from clinical samples from individual consecutive patients between February and May 2019. The geographical distribution of participating hospitals is available in the free and interactive online access tool Microreact.1

Not all participating hospitals had 10 CP-Eco or CP-Kpn isolates during the study period. Isolates from rectal exudates for the detection of EPC carriers were not included. All provinces (NUTS-3 regions in Spain) were represented by at least one hospital; seven of the provinces with the largest population were represented by more than one hospital (range 2–6). A similar study design was used by the European Centre for Disease Prevention and Control (ECDC) in the European survey of carbapenemase-producing Enterobacteriaceae (EuSCAPE; Grundmann et al., 2017).

Initial assays were performed at each participating hospital using standard microbiological methods. CPE isolates were identified according to the European Committee on Antimicrobial Susceptibility Testing (EUCAST) established meropenem cutoff value for CPE (meropenem MIC > 0.12 mg/L; European Society of Clinical Microbiology and Infectious Diseases [EUCAST], 2017). Confirmation of carbapenemase production was verified using at least one EUCAST-recommended method (European Society of Clinical Microbiology and Infectious Diseases [EUCAST], 2017), such as immunochromatography, biochemical (colorimetric) tests, carbapenem inactivation, or detection of carbapenem hydrolysis with MALDI-TOF.

In total, 10 hospitals and the Spanish National Centre of Microbiology (CNM) acted as node centers, performing molecular confirmation of standard carbapenemase genes using PCR (Supplementary Table 1). Confirmed CPE isolates were submitted to the Antibiotic Reference Laboratory of the CNM for WGS. Prevalence was estimated as the proportion of CP-Kpn and CP-Eco isolates relative to the total collected clinical K. pneumoniae and E. coli isolates, respectively. Overall cumulative incidence and incidence density estimates are reported as the number of admitted patients diagnosed with either CP-Kpn or CP-Eco per 100 admitted patients and per 1,000 patient-days, respectively. The denominators for the incidence and prevalence estimates were adjusted to the date on which the last isolate included in the study was collected in each hospital.



Drug Susceptibility Testing

Antibiotic susceptibility testing was performed using the broth microdilution susceptibility method (DKYMGN SensititreTM panels, Thermo Fisher Scientific, United States) (International Organization for Standardization [ISO], 2006). Antibiotic gradient strips were used to study susceptibility to meropenem/vaborbactam and cefepime (bioMérieux, Marcy-l’Étoile, France) and to imipenem/relebactam, plazomicin, and cefiderocol (Liofilchem, Roseto degli Abruzzi, Italy) in Mueller Hinton agar (bioMérieux, Marcy-l’Étoile, France). EUCAST v12.0 clinical breakpoints and guidelines for Enterobacterales were used for interpretation. An FDA-approved susceptibility breakpoint of ≤ 2 mg/L was used for plazomicin.



Genomic Library Preparation and Sequence Analysis

Genomic DNA paired-end libraries were generated using the Nextera XT DNA Sample Preparation Kit (Illumina Inc., San Diego, CA, United States). These libraries were sequenced using the Illumina HiSeq 500 next-generation sequencer with 2 × 150 bp paired-end reads (Illumina Inc.) Raw sequence data were submitted to the European Nucleotide Archive (PRJEB50822). The quality of short reads was assessed using FASTQC, and assembly into contigs was performed with Unicycler 0.4.8 (Wick et al., 2017). The quality of the assembly was assessed with QUAST.2 Prokka v1.14-beta (Seemann, 2014) was used for automatic de novo assembly annotation.



Phylogenetic Analysis

Assembly contigs were used as input for Roary version 3.13.0 (Page et al., 2015). An alignment of 2,645 core genes (present in > 99% of isolates), comprising 2,415,034 bp, was generated for K. pneumoniae. Variable positions were extracted (85,696 single-nucleotide polymorphisms [SNPs]), and a maximum-likelihood phylogenetic tree of SNPs was constructed using RAxML version 7.0.4 (Stamatakis, 2006) with a general time-reversible model and gamma correction for site variation. The phylogenetic tree and associated metadata were visualized using Microreact and iTOL.3

Sequence types (STs) were calculated according to multilocus sequence typing (MLST) schemes of the Institut Pasteur and the University of Warwick for K. pneumoniae and E. coli, respectively, using Ariba version 2.6.2 (Hunt et al., 2017). A simple diversity index (SDI; Gastmeier et al., 2006) was applied to analyze population diversity. Core genome MLST (cgMLST) was performed, consisting of 2,538 K. pneumoniae targets provided by SeqSphere + version 3.5.0 (Ridom, Münsten, Germany).



Analysis of Antimicrobial Resistance, Virulence Genes, and Capsular Locus

Antibiotic resistance genes were analyzed by SRST2 (Inouye et al., 2014) using the ARG-ANNOT database (Gupta et al., 2014) and ResFinder (CGE server4), with ID thresholds of 100% for β-lactamase variants and 98% for other genes. The K-locus and virulence genes were characterized using Kleborate.5 The presence of ybt, clb, and iuc was used to assign a virulence score, as described by Lam et al. (2021).



Characterization of Plasmids Carrying Carbapenemase Genes

The plasmids carrying the carbapenemase genes in six representative K. pneumoniae isolates (ST307/KPC-3, ST512/KPC-3, ST512/KPC-23, ST147/NDM-1, ST307/OXA-48, and ST11/VIM-1) were reconstructed by the in-house script (PlasmidID6). PlasmidID was used to (i) map reads over a plasmid curated database to find those with the higher coverage and de novo assembly of these reads and (ii) make local alignments to localize resistance and replicative genes (Pérez-Vázquez et al., 2019a).



Ethics Statement

This study was authorized by the Spanish Agency for Medicines and Health Products (code JOI-AVI-2019-01). The Research Ethics Committee of the University Hospitals Virgen Macarena and Virgen del Rocio (Sevilla, Spain) approved this study.




RESULTS


Bacterial Isolates, Prevalence, Incidence, and Carbapenemase Types

Of 403 CPE cases, 377 (93.5%) were identified as CP-Kpn and 26 (6.5%) as CP-Eco. Patients were mainly men (211, 52.4%) older than 65 years (280, 69.5%). CPE isolates were collected from urine (215, 53.3%), wounds and abscesses (61, 15.1%), blood (52, 12.9%), respiratory samples (47, 11.7%), and other locations (28, 6.9%).

At least one case was identified in 62 (87.3%) of participating hospitals and in 46 (92%) of 50 Spanish provinces. Participating hospitals isolated a total of 15,100 and 70,760 isolates of K. pneumoniae and E. coli, respectively. The average CP-Kpn prevalence was 2.5% (377/15100; interprovincial range: 0–17.3%), with 16 (22.5%) hospitals reporting prevalences greater than 5%. The average prevalence of CP-Eco was 0.04% (26/70,760; interprovincial range: 0–0.5%; Supplementary Table 2). The prevalence distribution by province is detailed in Figure 1 and Supplementary Table 2. CP isolates were more prevalent in blood (CP-Kpn: 5.8%, 50/853; CP-Eco: 0.06%, 2/3,353) than in urine (CP-Kpn: 1.4%, 201/14,464; CP-Eco: 0.02%, 14/56,848).
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FIGURE 1. Geographical distribution of the prevalence of carbapenemase-producing Klebsiella pneumoniae according to carbapenemase groups.


Overall, cumulative incidence and incidence density estimates were 0.05 per 100 admitted patients (interprovincial range: 0–0.34) and 0.08 per 1,000 patient-days (interprovincial range: 0–0.58), respectively (Supplementary Table 2).

The carbapenemase genes detected in CP-Kpn were blaOXA–48 (263 isolates, 69.8%), blaKPC–3 (62, 16.4%), blaVIM–1 (28, 7.4%), blaNDM–1 (12, 3.2%), blaKPC–23 (7, 1.9%), blaKPC–2 (5, 1.3%), blaOXA–245 (3, 0.8%), with blaIMP–8, blaGES–2, blaNDM–3, blaNDM–23, and blaOXA–505 in one isolate each (0.3%). In CP-Eco, blaOXA–48 (19, 73.1%) was predominant, followed by blaVIM–1 (5, 19.2%), blaKPC–3 (2, 7.7%), and blaNDM–5 (1, 3.8%). Eight CP-Kpn (two OXA-48 + VIM-1, two OXA-48 + KPC, and one each of OXA-48 + NDM-1, VIM-1 + NDM-1, NDM-1 + GES-2, and VIM-1 + NDM-3) and one CP-Eco (OXA-48 + VIM-1) isolates co-produced two carbapenemase types.

The Canary Islands and northern Spain had more OXA-48-producing CP-Kpn, whereas southern Spain had more KPC-producing CP-Kpn (Figure 1, Supplementary Table 2).



Antibiotic Susceptibility Testing

The antibiotic susceptibilities of CP-Kpn isolates are listed in Tables 1 and 2. The overall rates of susceptibility to carbapenems were 54.6% for imipenem, 52.3% for meropenem, and 3.4% for ertapenem (Table 1A), with all isolates non-susceptible to at least one carbapenem.


TABLE 1. Antibiotic susceptibility of 377 carbapenemase-producing Klebsiella pneumoniae isolates as determined by the microdilution method and antibiotic gradient strips (antibiotics with *) according to EUCAST clinical breakpoints: (A) General results. (B) Results according to carbapenemase groups.
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TABLE 2. High-risk carbapenemase-producing Klebsiella pneumoniae clones defined according to combinations of sequence type/carbapenemase.
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The most active antibiotics in vitro were cefiderocol (93.9% susceptibility), plazomicin (93.4%), colistin (90.5%), meropenem/vaborbactam (89.4%), ceftazidime/avibactam (84.1%), and imipenem/relebactam (78%; Table 1A). However, these numbers varied significantly depending on the carbapenemase type (Table 1B).

In general, CP-Eco isolates were more susceptible to antibiotics (Supplementary Table 3) than CP-Kpn isolates, with the greatest differences observed for tigecycline (84.6% in CP-Eco vs. 29.2% in CP-Kpn).



High-Risk Clones of Carbapenemase-Producing Klebsiella pneumoniae

CP-Kpn isolates were grouped into 48 STs (SDI: 12.7; mean: 7.8 isolates per ST; range: 1–82). A new ST was detected in an OXA-48-producing K. pneumoniae strain. The most prevalent STs (≥10 isolates) were ST307 (82, 21.7%), ST11 (68, 18%), ST258/512 complex (4/48, 13.8%), ST15 (48, 12.7%), ST147 (36, 9.5%), and ST392 (15, 4%), accounting for 79.7% of all CP-Kpn isolates. ST307 and ST11 expressed four different carbapenemase types (OXA-48, KPC, VIM-1, and NDM-1), but ST258/512 only expressed KPC. Among CP-Eco isolates, 21 different STs were identified (SDI: 80.8; mean: 1.2 isolates per ST; range: 1–4), with only ST131 (4 isolates, 15.4%) expressing more than two carbapenemases.

Considering ST/carbapenemase combinations, eight high-risk CP-Kpn clones (≥ 7 isolates) were detected, with ST307/OXA-48 (16.4%), ST11/OXA-48 (16.4%), ST512-ST258/KPC (13.8%), and ST15/OXA-48-like (11.4%) as the most common combinations (Table 2). These high-risk clones were detected in at least four hospitals and two autonomous communities, suggesting interregional dissemination (Table 2). ST512-258/KPC and ST15/OXA-48-like were the most frequent bacteremia-producing clones, responsible for 24 and 16% of CP-Kpn–induced bacteremia, respectively (Table 2).



Phylogenetic Analysis of Carbapenemase-Producing Klebsiella pneumoniae

A total of 92,608 high-quality SNPs, identified by referencing the sequence of K. pneumoniae strain NTUH-K2044, were used to construct a maximum-likelihood phylogenetic tree (Figure 2). The median pairwise distance between isolates was 9,678 SNPs (range: 0–13,254 SNPs). CP-Kpn isolates were grouped into six major clusters (clusters 1–6; Figure 2). The main characteristics of these six clusters are detailed in Supplementary Table 4. The average difference between isolates from different clusters was 10,580 SNPs.


[image: image]

FIGURE 2. Population structure of carbapenemase-producing Klebsiella pneumoniae isolates: maximum-likelihood tree showing the relationship between isolates, with more frequent STs displayed in the inner ring and labeled. The inner ring colors indicate the carbapenemase type (CP type); the outer ring colors indicate geographical distribution (CCAA: autonomous communities); and branch lengths are indicative of the number of SNPs.


Genome assemblies of all CP-Kpn isolates, analyzed using the gene-by-gene approach and allelic distance from cgMLST, are reflected in a minimum-spanning tree (Figure 3). The average allelic distances in pairwise comparisons of isolates were 45 alleles in cluster 1 (range: 0–235 alleles), 68 alleles in cluster 2 (range: 0–49), 64 alleles in cluster 3 (range: 0–139), 21 alleles in cluster 4 (range: 0–43), 30 alleles in cluster 5 (range: 0–106), and 39 alleles in cluster 6 (range: 0–64).
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FIGURE 3. Population structure of carbapenemase-producing Klebsiella pneumoniae: minimum-spanning tree. Distances shown are based on cgMLST of 2,358 genes using the parameter “pairwise ignoring missing values.” Colors in each circle indicate carbapenemase type. Red ovals represent clusters. Circles can correspond to more than one isolate, indicating that they are identical. Gray shadows represent clusters of strains, applying a threshold of both 5 SNPs and 10 alleles.


Applying a threshold of both 5 alleles and 10 SNPs, 12 groups with more than four closely related isolates were detected, with ST512 (4), ST11 (4), and ST307 (3) commonly identified (Figure 3).



Identification and Distribution of Resistance and Virulence Genes

An average of 7.9 acquired resistance genes (ARGs) were detected in CP-Kpn isolates (range: 1–20 ARGs), and 5.5 ARGs were detected in CP-Eco isolates (range: 1–18 ARGs). The most frequent extended-spectrum β-lactamase (ESBL) gene was blaCTX–M–15 (247 overall, 61.3%), detected in 240 CP-Kpn (63.7%) and 7 CP-Eco (26.9%). Other ESBL genes identified were blaCTX–M–9 (7, 1.7%), blaSHV–12 (4, 1%), blaCTX–M–3 (2, 0.5%), blaCTX–M–88 (2, 0.5%), and blaCTX–M–65 (1, 0.25%).

The predominant aminoglycoside resistance genes encoded N-acetyltransferases aac(6’)-Ib-cr (189, 46.9%), aac(3)-IIa (141, 35%), and aac(6’)-Ib (70, 17.4%). Acquired 16S rRNA methyltransferase rmtF1 was detected in 19 CP-Kpn (5%) isolates, all belonging to ST147 and encoding blaOXA–48 (14) or blaNDM–1 (5).

ARGs encoding resistance to chloramphenicol, sulfonamides, trimethoprim, and tetracyclines were detected in 261 [64.7%; mainly catB3 (46.2%)], 280 [69.5%; sul1 (36.2%) and sul2 (40.9%)], 252 [62%; mainly dfrA14 (42.7%)], and 106 [26.3%, mainly tetA (23.1%)] isolates, respectively. Plasmid-mediated quinolone resistance qnr-like determinants were detected in 202 (50.1%) isolates, with qnrB1-like (37.7%) as the most frequent.

Seven isolates contained colistin ARGs; mcr-9 in four CP-Kpn and two CP-Eco and mcr-1 in one CP-Eco. However, all six isolates harboring mcr-9 were susceptible to colistin, as previously described (Macesic et al., 2021). There were 36 colistin-resistant CP-Kpn isolates, all of them showing amino acid substitution in both proteins of the PhoQ/PhoP regulatory system: D1509G and H406Y in PhoQ protein and R114A and L26Q in PhoP (Elias et al., 2021). Additional MgrB mutations were detected in four isolates: stop codon in L4 (3 ST512/KPC-3 isolates) and W47C (1 ST307/OXA-48 isolates).

The most prevalent ARGs associated with high-risk CP-Kpn clones are detailed in Table 2. blaSHV–28 allele was detected in 96.3% of ST307 but only in 21.1% of other clones. Additionally, the association of the rmtF and arr genes with ST147 was detected in 52.8 and 66.7%, respectively, compared with 0 and 6.2% in other clones.

CP-Kpn isolates belonged to 46 capsular polysaccharide loci (K-loci); 24 K-loci contained more than one isolate, and six included 78.3% of isolates, namely, KL102 (80), KL24 (75), KL107 (56), KL64 (39), KL112 (29), and KL27 (17). High correlations between K-loci and STs were observed: all KL102 isolates were ST307, all KL112 isolates were ST15, 92% of KL24 isolates were ST11, 87% of KL64 isolates were ST147, and 94.5% of KL107 isolates were ST512-258.

The yersiniabactin-encoding locus (ybt) was detected in 43% of CP-Kpn isolates, particularly ST11 (40.2%), ST147 (15.9%), and ST15 (14.6%). Nine different ybt lineages were identified, with ybt10, associated with ICEKp4 and ST11, being the most frequent (58.5%; Supplementary Figure 1). Colibactin (clb) and aerobactin (iuc) loci were detected in two isolates each (Supplementary Figure 1). One ST147/NDM-1 isolate contained the rmpA2 gene associated with a hypermucoid/hypervirulent phenotype.



Characterization of Plasmids Harboring Carbapenemases Genes

The plasmidID mapping tool reconstructed three IncFIB plasmids carrying blaKPC genes, all of them highly similar to NZ_CP027056 of ∼90,000 bp (average identity > 95 and 99.9% coverage). In these three plasmids, blaKPC genes were carried in the transposon Tn4401b, which was modified by the insertion of Tn5403, similar to that previously described (Rada et al., 2020).

In the ST147/NDM-1 isolate, blaNDM–1 was carried by an IncFIB plasmid of ∼105,000 bp (highly similar to NZ_CM008884, average identity > 95% and 99.82% coverage). The largest genetic environment constructed for this gene was 5,943 bp, with the sequence groL-groS-nagA-trpF-ble-blaNDM–1-(trun)ISAba, which is similar to the previously described pNDM-11_IncFIB_KPN_Spain (Pérez-Vázquez et al., 2019a).

The plasmids detected carrying blaOXA–48 (ST307/OXA-48 isolate) and blaVIM–1 (ST11/VIM-1 isolate) were IncL. The first one was highly similar to NZ_CP023251 (∼63,000 bp, average identity > 95% and 100% coverage) and the other to NZ_CP023419 (∼70,000 bp, average identity > 95% and 100% coverage). The blaOXA–48 gene was located in a Tn1999 in which lysR and blaOXA–48 were flanked by two copies of IS1999 (Mairi et al., 2018). The blaVIM–1 gene was located in the class 1 integron In624, showing the sequence Int1-blaVIM–1-aacA4-dfrB1-aadA1-catB2-qacEdelta1-sul1 (Villa et al., 2014).




DISCUSSION

We conducted a comprehensive analysis using WGS in CP-Kpn and CP-Eco isolates in Spain, revealing an overall cumulative incidence of 0.05 per 100 admitted patients and the wide interregional dissemination of high-risk clones. The study’s strengths include representation of all Spanish provinces, application of population denominators for prevalence and incidence calculations, and the possibility of establishing evolutionary trends compared with previous studies using a similar methodology conducted by the same research team (Miró et al., 2013; Oteo et al., 2015; Grundmann et al., 2017). Although the use of only 10 strains per hospital might be a limitation, this approach aligns with ECDC strategies (Grundmann et al., 2017), avoiding the overrepresentation of geographical regions/clones observed in other studies.

The overall incidence of CP-Kpn and CP-Eco increased by 25%, from 0.04 cases per 100 patients in 2014 (Grundmann et al., 2017), with 13 provinces reporting incidences at least 2.5-fold higher in this study than the general one found in 2014. Compared with the 2.5% CP-Kpn prevalence reported here, the prevalences detected in 2009 and 2013 in Spain were significantly lower, at 0.2% (Miró et al., 2013) and 1.7% (Oteo et al., 2015), respectively. Increased prevalence was accompanied by a wide geographical spread, with strains detected in 92% of the 50 Spanish provinces and the presence of seven “high-risk clones” in at least three provinces. In a recent Italian study (Di Pilato et al., 2021), 80% of 30 participating hospitals reported CP-Kpn cases. The large difference in CP-Kpn prevalences between provinces detected in this study (four provinces had prevalences > 10%, Supplementary Table 2) highlights the importance of designing a study with representation from all geographical regions and with a design that minimizes the possible overrepresentation of a specific clone or a region due to the existence of an outbreak. In this sense, our study provides a realistic and representative view of the Spanish situation, minimizing possible biases.

Our results confirm previous reports of the preponderance of OXA-48 carbapenemase in Spain (detected in 82% of Spanish provinces; Oteo et al., 2015; Grundmann et al., 2017; Vázquez-Ucha et al., 2021). The blaOXA–505 gene (OXA-48 family, GenBank number: NG_049783) was detected in a carbapenem non-susceptible isolate with a positive colorimetric lacking other genes encoding carbapenemases, so it was included in the study despite the absence of published evidence on its carbapenemase activity.

New to this study was the observation of significant epidemiological evolution among CP-Kpn strains, from the predominance of the OXA-48–producing ST11 and ST405 (Oteo et al., 2015) to the emergence of ST307/OXA-48 and the dispersion of ST512/KPC (detected in seven provinces in Southern Spain). Compared with a multicenter study conducted in 2013 (Oteo et al., 2015), our study shows a significant increase in all high-risk clones, except ST11/OXA-48, which decreased in frequency from 24.1 to 16.4%, and ST15, which remained stable (Table 2). The frequency of ST307 increased from 1.4% in 2013 (Oteo et al., 2015) to 16.4%, making it the predominant clone with a wide geographical distribution. Other recent studies also have identified that ST307 is an emerging clone worldwide (Wyres et al., 2019; Di Pilato et al., 2021), and the hyperepidemic clonal complex ST258/ST512 is widely predominant in Italy and Greece (David et al., 2019; Di Pilato et al., 2021). This epidemiological shift is associated with the increased CP-Kpn population diversity, from an SDI of 10.6 in 2013 (Oteo et al., 2015) to 12.7 in this study. Regarding the NDM-producers, the main high-risk K. pneumoniae clone ST147/NDM-1 detected in this study (Table 2) was the cause of one of the great NDM-1-producing K. pneumoniae outbreaks previously described in Spain (Pérez-Vázquez et al., 2019b).

CPE bacteremia is associated with high mortality (Tamma et al., 2017), mainly associated with delays in adequate treatment (Gutiérrez-Gutiérrez et al., 2017). This study showed a significantly higher prevalence of CP-Kpn in bacteremia than in the total infections considered altogether (more than double) or urinary tract infections (more than fourfold), with ST512/KPC and ST15/OXA-48 causing 40% of CP-Kpn–induced bacteremia. Accurate and timely diagnosis could be critical in providing effective care.

Regarding the level of resistance to carbapenem antibiotics as the main target of carbapenemases, it should be noted that the susceptibility profile of meropenem and/or imipenem susceptibility with ertapenem resistance was frequently detected in this study. This profile was mainly due to the high prevalence of OXA-48 isolates, although it can also be found in VIM-1 producers (Oteo et al., 2015; Vázquez-Ucha et al., 2021).

Vaborbactam and relebactam do not inhibit metallo-β-lactamases; however, differences in susceptibility were observed between imipenem/imipenem-relebactam and meropenem/meropenem-vaborbactam in this collection (Table 1B). These discrepancies were due to the different cutoff points established by EUCAST in the case of meropenem-vaborbactam and to the five isolates that had MICs of 4 mg/L and 2 mg/L for imipenem and imipenem/relebactam, respectively.

New antibiotics (cefiderocol, plazomicin, meropenem/vaborbactam, and imipenem/relebactam) have significantly improved the treatment options for CPE infections (Doi, 2019). In our study, all CP-Kpn isolates showed > 75% susceptibility to these antibiotics. In accordance with previous studies (Doi, 2019), plazomicin was not active against ST147 isolates carrying rmtF1 (OXA-48 or NDM-1 producers), and meropenem/vaborbactam and imipenem/relebactam activities were higher in KPC-producers compared with OXA-48 and metallo-β-lactamases producers. As previously described (Yamano, 2019), cefiderocol showed good activity in vitro against CP-Kpn, irrespective of the carbapenemase types. The seven KPC-23-producing isolates were resistant (CMI > 16 mg/L) to ceftazidime/avibactam. This carbapenemase was previously associated with a decrease in ceftazidime/avibactam susceptibility (Galani et al., 2019). Overall susceptibility to colistin and meropenem decreased from 95.5 to 81.3%, respectively, in 2013 (Oteo et al., 2015) to 90.5% and 52.3% in this study, due primarily to the rise in KPC and NDM. The rate of colistin resistance was lower than previously reported, associated with KPC-producers (Di Pilato et al., 2021) but was consistent with the rate reported in a recent Spanish study (Vázquez-Ucha et al., 2021).

The increasing worldwide dispersion of carbapenemases is due to a mixed spread: i) clonal, with the existence of high-risk clones predominant in the carbapenemase-producing K. pneumoniae population, and ii) polyclonal, with the spread of conjugative epidemic plasmids capable of carrying the different carbapenemases genes (Villa et al., 2014; Mairi et al., 2018; Pérez-Vázquez et al., 2019a; Kraftova et al., 2021).

Our study elucidates the epidemiology of CP-Kpn and CP-Eco in Spain using WGS in 403 clinical isolates, representing a first step toward the integration of WGS in CPE surveillance in Spain, compliant with the high-priority recommendations of the ECDC (ECDC, 2019). Our findings will aid in the development of the Network of Laboratories for the Surveillance of Resistant Microorganisms (RedLabRA; Cañada-García et al., 2021). The data generated by this study may serve as a reliable benchmark for CP-Kpn status in Spain in the year before the COVID-19 pandemic, facilitating implementation of control measures.
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Evolution trends Representation in Carbapenemase Other prevalent acquired resistance

(n) (n) distribution* (%) bacteremia (%) genes (%) genes (%)
2013—2019**
ST307/0XA-48 (62) 23 Andalucia, Castilla La 1.4—16.4 14 blaoya—ag (100)  blagpy_2s (95.1), blactx_m— 15 (88.5),
Mancha, Castillay Ledn, aac(6’)-Ib-cr (78.7), qnrB1 (78.7), ant(3’)-la
Extremadura, Catalufia, (75.4), sul2 (73.8), blagxa—1 (73.8),
Galicia, Canarias, Pais aph(38”)-Ib (73.8), aph(6)-Id (73.8), catB3
Vasco, Comunidad (73.8%), dfrA14 (73.8), aac(3)-lla (72.1),
Valenciana, Madrid blatem—1p (70.5).
ST11/0OXA-48 (62) 22 Andalucia, Castilla La 241—-16.4 12 blaoxa—ag (100),  blactx—m—15 (96.7), blashy— 182 (95.1),
Mancha, Castillay Ledn, blapxa—1 (60.7), aac(6’)-Ib-cr (63.9), catB3
Cantabria, Cataluna, La (63.9), aac(3)-lla (65.7), qnrB1-like (57.4).
Rioja, Canarias, Pais Vasco,
Madrid
ST512-ST258/KPC 10 Andalucia, Castilla La 0—13.8 24 blakpc—3 (86.5)  blagny—1s2 (97.9), aph(3”)-la (95.8),
(52) Mancha, Comunidad blakpc—_23 (13.5)  blapxa_g (95.8), aac(6’)-Ib (93.8), ant(3’)-la
Valenciana, Catalufia, (98.8), sul? (93.8), dfrA12 (93.3), catA1
Madrid (91.7), dfrA12 (91.7), mphA (91.7),
blatem-1s7 (64.6).
ST15/0XA-48 like 16 Andalucia, Castilla La 8.2—11.4 16 blaoxa—a4g (93)  blaghv—2g (100), ant(3’)-la (83.7), blaoxa—1
43 Mancha, Madrid, Aragon, blagya—_zas5 (7)  (74.4%), blactx_m—15 (72.1), aac(6’)-Ib-cr
Cataluna, Canarias, Pais (76.7), catB3 (74.4), dffA14 (74.4),
Vasco, Galicia aph(38”)-Ib (60.5), aph(6)-Id (58.1), sul2
(58.1), blatem—1b (63.5).
ST147/0XA-48 (22) 10 Andalucia, Catalufia, 2558 0 blaoya—_as (95.5) ant(3’)-la (90.9), blactx_m—15 (86.4),
Galicia, Pais Vasco, blapya_5s05(4.5)  blagny_s7 (86.4), aac(6’)-Ib (72.7), AAR-2
Asturias, Navarra (72.7), rmtF (63.6), gnrB1 (47.6), dfrA14
(68.2), mphA (63.6), dfrA12 (59.1), sull
(59.1).
ST307/KPC-3 (15) 4 Madrid, Extremadura, 0—4 4 blagpc_3 (100)  blactx_m—15 (100), blagxa—1 (100),
Castilla La Mancha blapxa—g (100), aac(6’)-Ib-cr (100),
aac(3)-lla (100), ant(3’)-la (100), aph(3”)-Ib
(100), aph(6)-Id (100), catB3 (100), dfrA14
(100), blagpy—_s7 (100), sul2 (100),
gnrB1-like (71.4).
ST392/0XA-48 (14) 11 Andalucia, Castilla La 0—-3.7 4 blaoya—_ag (100).  blagmy_e7 (100), aph(3”)-Ib (92.9), aph(6)-Ib
Mancha, Madrid, Catalufia, (92.9), sul2 (86.7), blatem1—b (85.7),
Comunidad Valenciana, blactx—m—15 (78.6), dfrA14 (50), gnrB1
Galicia (40), aac(6’)-Ib-cr (57.1), blagxa—1 (50),
catB3 (50).
ST147/NDM-1 (7) 4 Catalufa, Galicia 0—1.9 2 blanpm—1 (100)  aadA1(100), ARR(100), blactx—m—1—group

(85.7), blagy—s7 (100), sul1 (100),
aac(’)-Ib (71.4), dfrA12 (71.4), dfA14
(71.4), gnrB1 (71.4), rmtF1 (71.4),
aph(3’)-Ib (57.1), aph(6)-1d (57.1).

*Autonomous Communities in which the high-risk clones were detected.
**Evolution trends detected based on the results of a previous Spanish study conducted in 2013 (Oteo et al., 2015) relative to the study in 2019.
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Antibiotics S (%) R (%) MIC5? MICgp? Range?
Cefiderocol* 93.9 6.1 0.12 1 <0.015-16
Plazomicin* 93.4 6.1 1 2 0.25 to >256
Colistin 90.5 9.5 1 2 0.5t0 >8
Meropenem/vaborbactam*® 89.4 10.6 0.5 16 <0.015t0 >128
Ceftazidime/avibactam 84.1 15.9 2 >16 <0.5t0 >16
Imipenem/relebactam* 77.4 22 1 8 0.12t0 >32
Amikacin 72.9 271 8 >32 <4to >32
Imipenem 54.6 36.9 2 >16 <0.5t0 >16
Meropenem 52.3 28.4 2 >16 0.25t0 >16
Gentamicin 45.6 54.4 4 >8 <0.5t0 >8
Trimethoprim/sulfamethoxazole 26.8 711 >8 >8 <1to>8
Tobramycin 25.7 74.3 >8 >8 <1t0>8
Aztreonam 14.9 83.3 >32 >32 <0.5t0 >32
Cefepime* 11.9 84.1 32 >256 0.12to >256
Ceftazidime 10.6 85.9 >16 >16 <0.5t0 >16
Ceftolozane/tazobactam 9.8 80.2 >32 >32 <0.51t0 >32
Cefotaxime 6.1 805 >8 >8 <0.5t0 >8
Ciprofloxacin 5.6 94.2 >2 >2 <0.06 to >2
Ertapenem 3.4 96.6 2 =2 0.25t0 >2
B
Antibiotic Susceptibility (%)
OXA-48-group- KPC-group- MBL-group-
producing isolates producing isolates producing isolates
(n = 262) (n=72) (n=37)

Cefiderocol* 95.8 86.1 94.6
Plazomicin* 93.5 98.6 86.5
Colistin 92.4 81.2 g1.9
Meropenem/vaborbactam* 89.3 100 73
Ceftazidime/avibactam 95.4 90.3 0
Imipenem/relebactam* 75.2 100 56.7
Amikacin 86.6 33.3 56.8
Imipenem 68.3 188 43.2
Meropenem 64.9 188 459
Gentamicin 47.3 48.6 32.4
Trimethoprim/sulfamethoxazole 34.7 6.9 135
Tobramycin 32.8 9.7 8.1
Aztreonam 17.6 0 27
Cefepime* 16.8 0 0
Ceftazidime 183 0 0
Ceftolozane/tazobactam 141 0 0
Cefotaxime 8.4 0 0
Ciprofloxacin 7.6 1.4 0
Ertapenem 2.3 0 16.2

S, susceptible, standard dosing regimen; R, resistant; MIC, minimum inhibitory concentrations.

aExpressed in mg/L.

Isolates with two carbapenemases of different groups are excluded.
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