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Editorial on the Research Topic 


The global threat of carbapenem-resistant gram-negative bacteria, volume II


Multidrug-resistant bacteria pose a significant threat to global public health (World Health Organization, 2017; Centers for Disease Control and Prevention, 2020). In this context, many gram-negative bacteria have developed resistance to carbapenem antibiotics, which are often considered the last resort for treating severe infections caused by these organisms (Magiorakos et al., 2012; Tacconelli et al., 2017; Van Duin and Doi, 2017). Infections caused by carbapenem-resistant bacteria are associated with higher mortality rates and longer hospital stays, leading to increased healthcare costs. The emergence and spread of carbapenem-resistant bacteria are driven by several factors, including the overuse and misuse of antibiotics, inadequate infection control measures, and the global movement of people and goods. Addressing the threat of carbapenem-resistant gram-negative bacteria requires a multifaceted approach that includes increased surveillance, prudent antibiotic use, improved infection control measures, and the development of new antibiotics and alternative therapies.

The 11 manuscripts in this research issue revolve around the topic of resistance to carbapenems. Various studies and outbreaks are discussed, highlighting the importance of monitoring and controlling the spread of carbapenem-resistant gram-negative bacteria and other multidrug-resistant organisms in hospital settings. Some studies have developed predictive models and nomograms to identify high-risk patients and personalize risk prediction. Whole-genome sequencing and plasmid characterization techniques have been utilized to analyze the genetic mechanisms of antibiotic resistance and the dissemination of carbapenemases in various bacteria. Increased surveillance and strict infection control measures have been emphasized to contain outbreaks and prevent the further spread of resistance. Overall, the articles demonstrate the urgent need for effective treatment strategies and control measures to combat the growing threat of carbapenem resistance.

The study “Carbapenem-Resistant Gram-Negative Bacterial Infection in Intensive Care Unit Patients: Antibiotic Resistance Analysis and Predictive Model Development” analyzed antibiotic resistance in carbapenem-resistant gram-negative bacteria (CR-GNB) in ICU patients and developed a predictive model (Liao et al.). A total of 309 patients with GNB infection were recruited and divided into CR and carbapenem-susceptible (CS) groups. The most prevalent CR-GNB were carbapenem-resistant Klebsiella pneumoniae, carbapenem-resistant Acinetobacter baumannii, and carbapenem-resistant Pseudomonas aeruginosa. A history of combination antibiotic treatments, hospital-acquired infection, and mechanical ventilation ≥ 7 days were independent risk factors for CR-GNB infection. These factors were used to construct a nomogram-based predictive model. The model demonstrated good performance, with an area under the ROC curve (AUC) of 0.753 and 0.718 for the experimental and validation cohort, respectively. The model could be used to guide preventive and treatment measures in identifying patients at high risk of developing CR-GNB infection in the ICU. Another outbreak of multidrug resistant Klebsiella pneumoniae was discussed in the article “Outbreak of colistin resistant, carbapenemase (blaNDM, blaOXA-232) producing Klebsiella pneumoniae causing blood stream infection among neonates at a tertiary care hospital in India”, which involved 5 out of 7 neonates (Pathak et al.). The isolates were multidrug resistant, including carbapenems and colistin, and belonged to three different sequence types. The isolates harbored carbapenemase genes and extended-spectrum β-lactamases, but colistin resistance genes could not be detected. K. pneumoniae ST101 was isolated from filtered incubator water and harbored blaNDM-5, blaOXA-232 and ESBL genes, but it was negative for mcr genes. Strict infection control measures were applied, and the outbreak was contained, emphasizing the importance of early detection, surveillance, and proper infection control practices. The study “Detection of IMP-4 and SFO-1 co-producing ST51 Enterobacter hormaechei clinical isolates” investigated the genetic characteristics of Enterobacter hormaechei YQ13422hy and YQ13530hy, two multidrug-resistant clinical isolates co-producing the antibiotic resistance genes blaIMP-4 and blaSFO-1 (Qiao et al.). Whole-genome sequencing and plasmid characterization techniques were used to identify and analyze the genes and their genetic context. The study highlights the dissemination of blaIMP-4 in E. hormaechei and the transferable IncN-type plasmid carrying the blaIMP-4 resistance gene in this bacterium. It also emphasizes the importance of understanding the genetic mechanisms of antibiotic resistance for developing effective treatment strategies.

On the other hand, the study “Development and Validation of Nomograms for Predicting the Risk Probability of Carbapenem Resistance and 28-day All-cause Mortality in Gram-negative Bacteremia among Patients with Hematological Diseases” aimed to develop two nomograms to predict mortality and carbapenem resistance in hospitalized hematological patients with gram-negative bacteria bloodstream infections (Jian et al.). The study included 244 patients, and 31.6% of them were resistant to carbapenems. The nomograms were constructed using LASSO regression analysis and multivariate logistic regression analysis, and the models were internally validated. The carbapenem resistance nomogram had a modified C-index of 0.788, while the prognosis nomogram had a modified C-index of 0.873. The decision curve analysis demonstrated that the nomograms were clinically practical for predicting high-risk patients. The study suggests that the nomogram models can be an effective tool for personalized risk prediction in clinical practice. Moreover, a carbapenem-resistant Acinetobacter pittii strain, co-producing chromosomal NDM-1 and OXA-820 carbapenemases, was characterized from a bloodstream infection in the manuscript “Emergence of uncommon KL38-OCL6-ST220 carbapenem resistant Acinetobacter pittii strain, co-producing chromosomal NDM-1 and OXA-820 carbapenemases” (Tian et al.). The strain was resistant to imipenem, meropenem, and ciprofloxacin but susceptible to amikacin, colistin, and tigecycline. Whole-genome sequencing revealed the strain contained one circular chromosome and four plasmids, with blaNDM-1 and blaOXA-820 genes located in the chromosome. The strain also contained many virulence factors and 12 prophage regions. Phylogenetic analysis showed that the strain was closely related to an A. pittii strain from Anhui, China. Increased surveillance of this species in hospital and community settings is urgently needed due to the challenge presented by the co-existence of these carbapenemases. In this same context of resistance to carbapenems, the study “Emergence of a Salmonella Rissen ST469 clinical isolate carrying blaNDM-13 in China” describes a variant of the New Delhi metallo-β-lactamase that confers resistance to carbapenems, which was identified in a patient with fever and diarrhea (Huang et al.). SR33 was found to be multidrug-resistant and carried many virulence genes. The blaNDM-13 was located in a transmissible IncI1 plasmid and had a conserved genetic context and hybrid promoter. This is the first report of blaNDM-13 in Salmonella, highlighting the need for the monitoring and control of its dissemination. IS1294 may be involved in the movement of blaNDM-13.

In terms of transmission, the study “Genomic transmission analysis of multidrug-resistant Gram-negative bacteria within a newborn unit of a Kenyan Tertiary hospital: a four-month prospective colonization study” conducted in a Kenyan tertiary hospital investigated the prevalence of multidrug-resistant organisms (MDRO) and carbapenem-resistant organisms (CRO) in a newborn unit using routine microbiology, whole-genome sequencing (WGS), and hospital surveillance data (Villinger et al.). The study included 300 mother–baby pairs and detected MDRO in 16% of neonates at admission, increasing to 44% until discharge, with K. pneumoniae harboring blaNDM-1 and blaNDM-5 being the most frequent CRO. WGS analysis revealed 20 transmission clusters, indicating independent transmission events rather than a large outbreak scenario. The high CRO rate attributed to the spread of NDM-type carbapenemases is a cause for concern.

The prevalence and encoding plasmids in hypervirulent resistant organisms was addressed in two studies: “Prevalence of carbapenem-resistant hypervirulent Klebsiella pneumoniae and hypervirulent carbapenem-resistant Klebsiella pneumoniae in China determined via mouse lethality tests” (Hu et al.) and “Hybrid plasmids encoding antimicrobial resistance and virulence traits among hypervirulent Klebsiella pneumoniae ST2096 in India” (Shankar et al.). The first study investigated the epidemiology of carbapenem-resistant hypervirulent Klebsiella pneumoniae (CR-HvKP) and hypervirulent carbapenem-resistant Klebsiella pneumoniae (Hv-CRKP) in mainland China. The study analyzed 436 Klebsiella pneumoniae strains collected from seven hospitals between 2017 and 2018, using various tests such as sequencing, serotyping, and mouse lethality tests. The study found that the exact prevalence of CR-HvKP is less than 1%, while that of Hv-CRKP is much lower. The authors recommend using mouse lethality tests to accurately determine the prevalence of CR-HvKP and Hv-CRKP.

The second study genetically characterized a collection of multidrug-resistant hypervirulent Klebsiella pneumoniae (MDR-HvKp) ST2096 isolates carrying both antimicrobial resistance (AMR) and virulence genes on a large hybrid plasmid. The hybrid plasmid carried a CRISPR-cas system, which harbored spacer regions against IncF plasmids, preventing their acquisition. This convergence of virulence and AMR in K. pneumoniae is clinically concerning and highlights the continued emergence of such genotypes globally across the species.

Biofilm formation and mortality has been investigated in “Biofilm formation is not an independent risk factor for mortality in patients with Acinetobacter baumannii bacteremia” (Chiang et al.). This retrospective study conducted in Taiwan analyzed 711 patients with Acinetobacter baumannii bacteremia, comparing the clinical features of those infected with biofilm-forming and non-biofilm-forming isolates. Multivariate analysis revealed that shock status, higher APACHE II score, lack of appropriate antimicrobial therapy, and carbapenem resistance were independent risk factors for 28-day mortality, but there was no significant difference between the biofilm-forming ability and survival. Patients infected with biofilm-forming isolates had a lower in-hospital mortality rate, and those with congestive heart failure, hematological malignancy, or who received chemotherapy were more likely to be infected with biofilm-forming isolates. Biofilm-forming ability did not influence carbapenem susceptibility.

In Argentina, where Klebsiella pneumoniae and the Enterobacter cloacae complex (ECC) are the two main CRE species, the study “Novel insights related to the rise of KPC-producing Enterobacter cloacae Complex strains within the nosocomial niche” shows that the increase in carbapenem-resistant Enterobacterales has led to the urgent need for new antibiotics (Knecht et al.). This study analyzed a patient colonized with both K. pneumoniae and ECC strains and in vitro competition assays between high-risk clones of KPC-producing ECC and K. pneumoniae. The results show that these high-risk clones can coexist in the same hospital environment, including the same patient. The findings suggest that the ability of some pandemic clones to compete and occupy a certain niche may explain the worldwide rise of KPC-ECC strains.
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Background

Hypervirulent variants of Klebsiella pneumoniae (HvKp) were typically associated with a broadly antimicrobial susceptible clone of sequence type (ST) 23 at the time of its emergence. Concerningly, HvKp is now also emerging within multidrug-resistant (MDR) clones, including ST11, ST15, and ST147. MDR-HvKp either carry both the virulence and resistance plasmids or carry a large hybrid plasmid coding for both virulence and resistance determinants. Here, we aimed to genetically characterize a collection of MDR-HvKp ST2096 isolates haboring hybrid plasmids carrying both antimicrobial resistance (AMR) and virulence genes.



Methods

Nine K. pneumoniae ST2096 isolated over 1 year from the blood sample of hospitalized patients in southern India that were MDR and suspected to be HvKp were selected. All nine isolates were subjected to short-read whole-genome sequencing; a subset (n = 4) was additionally subjected to long-read sequencing to obtain complete genomes for characterization. Mucoviscosity assay was also performed for phenotypic assessment.



Results

Among the nine isolates, seven were carbapenem-resistant, two of which carried blaNDM-5 on an IncFII plasmid and five carried blaOXA-232 on a ColKP3 plasmid. The organisms were confirmed as HvKp, with characteristic virulence genes (rmpA2, iutA, and iucABCD) carried on a large (~320 kbp) IncFIB–IncHI1B co-integrate. This hybrid plasmid also carried the aadA2, armA, blaOXA-1, msrE, mphE, sul1, and dfrA14 AMR genes in addition to the heavy-metal resistance genes. The hybrid plasmid showed about 60% similarity to the IncHI1B virulence plasmid of K. pneumoniae SGH10 and ~70% sequence identity with the first identified IncHI1B pNDM-MAR plasmid. Notably, the hybrid plasmid carried its type IV-A3 CRISPR-Cas system which harbored spacer regions against traL of IncF plasmids, thereby preventing their acquisition.



Conclusion

The convergence of virulence and AMR is clinically concerning in K. pneumoniae. Our data highlight the role of hybrid plasmids carrying both AMR and virulence genes in K. pneumoniae ST2096, suggesting that MDR-HvKp is not confined to selected clones; we highlight the continued emergence of such genotypes across the species. The convergence is occurring globally amidst several clones and is of great concern to public health.
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Introduction

Klebsiella pneumoniae (Kp) is a common cause of hospital-acquired infection (Marr and Russo, 2019). Some forms of K. pneumoniae can cause invasive diseases, affecting the liver and other internal organs, and are considered to be hypervirulent (HvKp) (Shon et al., 2013; Marr and Russo, 2019). While HvKp does not have a precise definition, it refers to isolates that carry the virulence plasmid (GenBank accession numbers CP025081, AY378100) coding for rmpA/rmpA2, iucA, iutA, and/or iroB (Marr and Russo, 2019). Although HvKp was confined to community-acquired infections, recent reports suggest that HvKp is an emerging nosocomial pathogen with the potential to cause devastating hospital outbreaks thereby establishing itself in both niches (Gu et al., 2018; Liu et al., 2020). HvKp infections are becoming prevalent globally and associated with increased mortality, and a recent study reports the gut colonization of MDR-HvKp in pregnant women (Shon et al., 2013; Marr and Russo, 2019; Huynh et al., 2020). Earlier, HvKp isolates were susceptible to the majority of clinically relevant antimicrobials as they were rarely associated with multidrug resistance plasmids (Shon et al., 2013). However, in the last decade, the organism has undergone several genomic changes and expanded its genome by acquiring multiple resistance plasmids (Lee et al., 2017; Gu et al., 2018; Liu et al., 2020).

It has been found that in the population structure of HvKp, when determined by multi-locus sequence typing (MLST) and whole-genome sequencing (WGS), most HvKp isolates belong to the clonal groups (CG) 23, 65, 86, 375, and 380 (Bialek-Davenet et al., 2014). Conversely, carbapenem-resistant K. pneumoniae (CRKp) is associated with a clonal expansion of CG258 in Europe and endemic dissemination of ST11, ST14, ST147, and ST231 clones in Asia and Europe (Qi et al., 2011; Lee et al., 2016; Navon-Venezia et al., 2017; Wyres et al., 2020). However, there have been recent reports on the the emergence of HvKp with multidrug resistance (MDR, resistant to one or more agents in ≥3 antimicrobial classes) phenotypes in divergent CGs (Lee et al., 2017; Turton et al., 2018; Lam et al., 2019), creating new strains with the ability to cause serious infection with limited treatment options (Bialek-Davenet et al., 2014; Yao et al., 2018; Yang et al., 2020). The convergence of MDR and virulence pathotypes in a single isolate occurs either by the uptake of a virulence plasmid by MDR isolate or by the uptake of plasmids carrying antimicrobial resistance genes (ARGs) by the virulent isolates (Tang et al., 2020). CRKp ST11 acquiring the pLVPK-like virulence plasmid and ST23 HvKp acquiring multiple resistance plasmids are some instances where both pathotypes have converged (Liu et al., 2020; Shankar et al., 2020).

Specifically, carbapenem-resistant hypervirulent K. pneumoniae (CR-HvKp) has arisen by the formation of mosaic plasmids and hybrid plasmids (Tang et al., 2020; Yang et al., 2021). These mosaic plasmids are typically composed of two or more different plasmid backbones and create a scenario where AMR and virulence determinants are encoded on a single large plasmid with a mosaic (medley) arrangement of resistance and virulence genes whereas the hybrid plasmids are co-integrates with two plasmid backbones (Lam et al., 2019; Turton et al., 2019). Mosaic plasmids with fragments of virulence plasmid and IncFIIK coding for resistance and virulence have been described among ST15 K. pneumoniae from Europe (Lam et al., 2019). In contrast, the hybrid plasmids with a range of replicons (IncFIB–IncHI1B, IncFIBK–IncHI1B, IncFIB–IncR) have been described in China and Europe (Lam et al., 2019; Turton et al., 2019; Li et al., 2020; Xie et al., 2020; Yang et al., 2020) and are being increasingly reported among regional MDR clones. Our understanding of these CR-HvKp hybrid plasmids is limited due to an insufficient number of complete plasmid sequences. Here, we aimed to characterize a set of MDR-HvKp belonging to ST2096, possessing hybrid plasmids that simultaneously carry both AMR and virulence genes. The complete genome sequences of four of these isolates were further generated by long-read sequencing to elucidate the detailed structure of the hybrid plasmid via comparative genomics.



Materials and Methods


Bacterial Isolates

The K. pneumoniae were isolated from patients with bacteremia admitted to the Christian Medical College, Vellore, India, in 2019. The isolates were identified using standard microbiological methods and further confirmed by VITEK MS [Database v2.0, bioMerieux, Marcy-l’Étoile, France] (Versalovic et al., 2011). The isolates were screened for hypermucoviscous phenotype using the string test (Shon et al., 2013). In addition, the mucoid phenotype-associated genes rmpA and rmpA2 were detected by PCR (Turton et al., 2010; Compain et al., 2014). The demographic and clinical details of the nine patients from whom the organisms were isolated were accessed from electronic medical records. The study was approved by the Institutional Review Board of Christian Medical College, Vellore, with minute number 9616 (01/09/2015).



Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing (AST) was performed using the Kirby-Bauer disk diffusion method according to the CLSI 2019 guidelines (Clinical and Laboratory Standards Institute, 2019). The tested antimicrobials were cefotaxime (30 µg), ceftazidime (30 µg), piperacillin/tazobactam (100/10 µg), cefoperazone/sulbactam (75/30 µg), imipenem (10 µg), meropenem (10 µg), ciprofloxacin (5 µg), levofloxacin (5 µg), gentamicin (10 µg), amikacin (30 µg), and minocycline (30 µg). The minimum inhibitory concentration (MIC) of meropenem was determined by the broth microdilution (BMD) method. Escherichia coli ATCC® 25922, Enterococcus faecium ATCC® 29212, and Pseudomonas aeruginosa ATCC® 27853 were used as controls. Data were interpreted according to the 2019 CLSI guidelines (CLSI 2019).



Mucoviscosity Assay

Overnight culture of the HvKp isolates was inoculated in Luria Bertani (LB) broth (Oxoid, Hampshire, United Kingdom) and centrifuged at 1,000 rpm for 15 min as previously described (Mike et al., 2021). Briefly, the optical density (OD) of the supernatant was measured at 600-nm wavelength in the UV spectrophotometer (1st OD). 1 ml of PBS (phosphate-buffered saline) was added, and OD600 was adjusted to 1.00. This was centrifuged again at 1,000 rpm for 5 min, and the OD600 of the supernatant (3rd OD) was measured. Non-virulent isolate K. quasipneumoniae ATCC® 700603 was used as a control for mucoviscosity assay. This assay is based on the principle that hypermucoviscous isolates do not sediment easily and hence the OD600 after centrifugation will be higher than the counterparts of control and non-hypermucoviscous isolates. Hence, hypermucoviscous isolates will have a higher SAC ratio than the rest.

Sedimentation Assay Calculation (SAC) = Reading of 3rd OD600/Reading of 1st OD600.



DNA Extraction and Genome Sequencing

The isolates studied were revived from the archive of the Department of Clinical Microbiology, and a single colony was inoculated in LB broth at 37°C. Total genomic DNA was extracted from pelleted cells using the Wizard DNA Purification Kit (Promega, Madison, WI, USA). Extracted DNA was quantified using NanoDrop One spectrophotometry (Thermo Fisher Scientific, Waltham, MA, USA) and Qubit 3.0 fluorometry (Life Technologies, Carlsbad, CA, USA) and stored at -20°C until further use.

A sequencing library was prepared using the Nextera DNA Flex Library Preparation Kit (Illumina, San Diego, CA, USA). Subsequently, the paired-end library was subjected to sequencing on a HiSeq 2500 platform (Illumina, USA) generating 2 × 150-bp reads. Sequencing reads with a PHRED quality score below 20 were discarded, and adapters were trimmed using cutadapt v1.8.1 and assessed with FastQC v0.11.4 (Andrews, 2010; Martin, 2011). For a subset of four isolates, long-read sequencing was performed using an Oxford Nanopore MinION FLO-MIN106 R9 flow cell (Oxford Nanopore Technologies, UK). The long-read DNA library was prepared using the SQK-LSK108 ligation sequencing kit (v.R9) along with the ONT EXP-NBD103 Native Barcode Expansion kit (Oxford Nanopore Technologies, Oxford, UK). The library was loaded onto flow cells, run for 48 h using the standard MinKNOW software (Guppy version 3.6).



Genome Assembly and Evaluation

Draft genome sequence data generated using Illumina were assembled using SPAdes (v.3.13.0) (Bankevich et al., 2012). A hybrid de novo assembly was generated for a subset of four isolates (Vasudevan et al., 2020). The nanopore long reads were error-corrected with the standalone Canu error correction tool (v.1.7) and assembled using the Unicycler hybrid assembly pipeline (v 0.4.6) with the default settings (Koren et al., 2017; Wick et al., 2017). The genome sequences were polished using high-quality Illumina reads, as described previously using Pilon (Walker et al., 2014). The assembled genomes were subjected to quality assessment using CheckM v1.0.5 (Parks et al., 2015) and Quast v4.5 (Gurevich et al., 2013). K. pneumoniae NTUH-K2044 (GenBank accession number AP006725) was used as the reference genome since it is a well-characterized type of strain of ST23 hypervirulent K. pneumoniae.



Genome Analysis

Genome assemblies were submitted to NCBI GenBank and annotated using the NCBI Prokaryotic Genome Annotation Pipeline [PGAP v.4.1] (Tatusova et al., 2016).

The genomes described in the study are publicly available under the Bioproject ID PRJNA613369 in GenBank with accession numbers CP053765–CP053770, CP053771–CP053780, CP058798–CP058806, JAARNO010000001.1–JAARNO010000005.1, JAAQSG000000000, JAARNJ000000000, JAARMH000000000, and JAAQTC000000000. The antimicrobial resistance profile of the assembled genome sequences was identified using ResFinder v.4.1 available from CGE server (Bortolaia et al., 2020). Similarly, the presence of plasmids in the genomes was identified and characterized using PlasmidFinder (v.1.3) available at the CGE server (Carattoli et al., 2014). MLST and virulence loci (yersiniabactin, aerobactin, and other siderophore production systems) were identified using Kleborate (v.2.0.0) (Lam et al., 2021). The presence of virulence factors was confirmed using the virulence database at Pasteur Institute for K. pneumoniae (Jolley and Maiden, 2010). YbST and AbST, typing schemes based on yersiniabactin and aerobactin loci, were deduced from the database at Pasteur Institute for K. pneumoniae (https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=profiles). The K and O antigen loci were identified using Kaptive available at Kleborate (Wyres et al., 2016; Wick et al., 2018). The final assembled circular chromosomes and plasmids were visualized using CGView server v.1.0 (Grant and Stothard, 2008) and Easyfig (Sullivan et al., 2011). CRISPR regions in the genomes were identified with the CRISPRCasTyper web server (Russel et al., 2020). The genetic distance between isolates was calculated using average nucleotide identity (ANI) available at OrthoANI (Lee et al., 2016). Pairwise distance between the nine isolates was determined with BA10835 as reference using SNP-dists v 0.6.3 (Wysocka et al., 2020) from the raw reads by aligning the short reads of each isolate against the reference. An SNP-based phylogenetic tree of the complete hybrid plasmids with IncHI1B–IncFIB (pNDM-MAR) replicon types which are mentioned in Table S1 was constructed using CSI phylogeny (https://cge.cbs.dtu.dk/services/CSIPhylogeny/).




Results


Clinical Manifestations and Microbiological Characteristics of the Isolates

During the routine surveillance of HvKp, we identified isolates that were negative for the string test, positive for rmpA2 as determined by PCR, and carbapenem-resistant as determined by AST. These isolates were chosen for whole genome sequencing, and we identified nine ST2096 (a single-locus variant of ST14) K. pneumoniae associated with bacteremia in our hospital (Table 1). These nine K. pneumoniae ST2096 were resistant to all tested antimicrobials by disk diffusion assay and were initially considered to be extensively drug-resistant (XDR, non-susceptible to at least one agent in all but ≤2 classes of antimicrobials). However, upon MIC testing, two isolates were found to be susceptible to meropenem (MIC ≤0.5 µg/ml). The results of the mucoviscosity assay are mentioned in Figure S1. The isolates showed significantly higher OD600 when compared to the control strain indicating the lack of sedimentation by the hypervirulent isolates.


Table 1 | The demographic and clinical details of the patients with bacteremia caused by hypervirulent K. pneumoniae ST2096.



From the resulting nine genome sequences, the surface capsule (K) loci were predicted to be K64 whereas the O-antigen encoding loci was determined to be O1v1 in all isolates (Tables 2 and 3). The pairwise average nucleotide identity (ANI) among the nine draft genomes was >99.8% (Figure S2A). The pairwise SNP difference among the nine isolates segregated them into two clusters, with BA10835 and BA27935 being >260 SNPs from the remaining seven sequences (Figure S2B). Within the major cluster (7 isolates), BA10334 and BA1602 were highly related (2 SNPs), and similarly, BA25425 and BP3636 (6SNPs) were related. Since this is a retrospective study, other specimen sources were not investigated to determine if there was an outbreak of ST2096 in the hospital and hence the dissemination of the plasmid cannot be explained.


Table 2 | Phenotypic and genotypic characteristics obtained using hybrid genome assembly of four Indian MDR hypervirulent K. pneumoniae ST2096.




Table 3 | Genotypic characteristics of multidrug-resistant hypervirulent K. pneumoniae belonging to ST2096 obtained from short read assembly.





Characterization of the HvKp ST2096 Chromosomes

Typically, K. pneumoniae chromosomes are characterized by the presence of blaSHV and fosA. In addition to these resistance genes, surprisingly, we found that three of the four MDR-HvKp isolates with complete genomes had the aac(6′)-lb-cr, blaOXA-1 and dfrA1 genes integrated into chromosome on mobile genetic elements. Specifically, aac(6′)-lb-cr and blaOXA-1 were inserted by IS26 in the central region of the chromosome at ~2.3 Mbp with a 7-bp flanking region (AGTCCGT) (Figure 1A). The dfrA1 gene was associated with ISKpn26 and a class 1 integron, intI1, at position ~5.3 Mbp. From the nine draft genome sequences, we identified a type I-E CRISPR located on the chromosome, characterized by 7–12 spacers of 32 bp and an adjacent ISKpn26 (Figure 1B).




Figure 1 | Circular genome map of four MDR hypervirulent K. pneumoniae ST2096 chromosomes. (A) Circles from the outside to the inside show the CDS region of BA10835 (blue), BA27935 (cyan), BP3636 (green), BA32040 (yellow), GC skew (dark green and purple), and GC content (black). Linear view of the IS26 mediated trans locatable units carrying aac(6′)-Ib-cr (fluoroquinolones and aminoglycosides), blaOXA–1 (ampicillin), and catB3 (chloramphenicol) inserted to the chromosome. A repeat region of 7 bases read as AGTCCGT was present on either ends where the insertion was observed. Map generated using CGView server (Grant and Stothard, 2008). (B) Type I-E CRISPR-Cas system identified in the chromosomes with repeat region of 28 bases.



The key virulence determinant carried by the chromosome of K. pneumoniae is the ybt locus, which is mobilized by ICEKp. ybt14 was carried on ICEKp5 and integrated into the chromosome in all nine sequenced isolates. The fyuA and irp1 yersiniabactin receptors were also present on the chromosome, along with a kfu gene cluster encoding for iron uptake and the mrk gene cluster, which facilities biofilm formation. YbST, typing based on yersiniabactin loci, classified all the isolates as belonging to YbST140.

The genomes of BP3636 (5,352,701 bp) and BA32040 (5,298,155 bp) were smaller than the genomes of BA10835 (5,355,460 bp) and BA27935 (5,356,693 bp) and lacked some of the iron transporters and metal transporter-encoding genes on the chromosomes. In addition, BA32040 lacked some of the genes coding for ABC transporter, MFS transporter, and LysE and LysR family transcriptional regulators when compared to the other three complete genomes (data not shown).



Characterization of the Plasmids Among HvKp ST2096

The nine HvKp isolates were found to possess an array of AMR genes associated with 4–5 plasmids per genome, including the virulence plasmid (Tables 2 and 3). Notably, blaNDM-5 was carried on the IncFII plasmid (~97 kbp) along with aadA2, rmtB, ermB, mphA, sul1, dfrA12, and blaTEM-1B (Figure 2). We also found a 293-bp segment of an IS30 family transposase, with similarity to the ISAba125, adjacent to blaNDM-5. The closest matching plasmid from the global database was from K. pneumoniae JUNP055 (GenBank accession no. LC506718), which also harbored blaNDM-5 but lacked a few IS elements (ISEc23 and IS6 family) when compared to IncFII of the ST2096 isolates (Figure 2). These pJUNP055 and IncFII plasmids from the present study shared ~80% sequence identity to those of E. coli M105 from Myanmar (GenBank accession no. AP018136), which lacked blaNDM-5. As predicted, the blaOXA-232 carbapenemase was encoded by a small 6Kb ColKP3 plasmid and was adjacent to a truncated ISEcp1 (207 bp). Notably, the two isolates (BA32040 and BA1602) that were susceptible to meropenem lacked a carbapenemase-encoding gene. Additionally, a large (~307-kbp) plasmid was present in all four of the assembled genomes and was found to be a fusion of IncFIB and IncHI1B plasmid backbones, carrying both AMR genes and virulence genes which will be referred to as p2096_hyb (Table 2). The isolates also harbored several small plasmids (<8 kbp), such as ColRNAI and Col(BS512), which did not encode either AMR or virulence genes.




Figure 2 | Alignment of IncFII plasmids of three MDR hypervirulent K. pneumoniae belonging to ST2096. Circles from the outside to the inside show the CDS region of BA10835 (blue), BA27935 (cyan), BA32040 (green), and nearest matching reference plasmids that belong to K. pneumoniae pCC1410-1 (yellow; KT725788) and E. coli pM214 (red; AP018144). GC skew (dark green and magenta) and GC content (black) of the plasmid are represented in the inner circles. Maps were generated using the CGView server.





Hybrid Plasmid Coding for Virulence and Antimicrobial Resistance

A large hybrid virulence plasmid, p2096_hyb, of ~307 kbp was the hallmark of all ST2096 isolates, and they carried a frameshifted rmpA2 and the aerobactin siderophore, encoded by iucABCD. The hybrid plasmid in the four isolates BA10835, BA27935, BP3636, and BA32040 will be referred to as p10835_hyb, p27935_hyb, p3636_hyb, and p32040_hyb, respectively. This plasmid carried both IncHI1B and IncFIB replicons on the pNDM-MAR backbone and hence was called a hybrid plasmid. This plasmid-encoded several AMR genes as listed in Table 2. The backbone of the plasmid consisted of genes related to replication, toxin–antitoxin system, conjugative transfer, DDE transposase, transcriptional regulators, and tyrosine-specific recombinases. Notably, dfrA12, aadA2, and sul1 genes were inserted into the virulence plasmid through a class 1 integron, intI1. The insertion of blaOXA-1, catB, and aac(6′)-lb-cr5 on the hybrid plasmid was through IS26, comparable to the arrangement observed in the chromosome (Figures 1A, B). A Tn3 transposon contained several AMR genes including msrE, mphE, sul1 and β-lactamases, such as blaOXA-1, blaCTX-M-15, and blaTEM-1. In addition to Tn3, blaCTX-M-15 and blaTEM-1 were associated with ISEc9, a resolvase, and IS91 insertion sequence. The hybrid plasmid in BA32040 was shorter (272 kbp) and lacked aadA2, armA, blaOXA-1, msrE, mphE, sul, dfrA14 and the CRISPR array in comparison to plasmids found in the other three genomes.

Besides the virulence genes, p2096_hyb also carried genes encoding heavy metal tolerance such as merARCTP (mercury) and terBEDWXZ (tellurium) that were possibly inserted through the Tn3 transposon, as shown in Figure 3A. Notably, a frameshift mutation was observed in rmpA2 among all the isolates, which we presumed to be associated with the negative string test results as has been previously described (Yu et al., 2015; Shankar et al., 2021b). The frameshift occurred due to the deletion of an adenine base at the 346th base in rmpA2. Non-functional rmpA2 and the absence of rmpA in these isolates contribute to the loss of a hypermucoid phenotype resulting from the decreased extracellular polysaccharide production. Aerobactin typing (AbST), a typing method using aerobactin alleles (iucA, iucB, iucC, iucD, and iutA), revealed all the study isolates that belonged to AbST-1. A type IV-A3 CRISPR-Cas system located on the hybrid plasmid of three isolates (BA10835, BA27935, BP3636) was characterized by the presence of 5–12 spacers and a 29-bp repeat region. One spacer each from the hybrid plasmid of the three isolates was comparable to traL of IncF plasmids that were found in K. pneumoniae, which may act as a potential obstacle in acquiring IncF plasmids and thereby limit the number of plasmids carried by these isolates.




Figure 3 | Maps of ST2096 mosaic plasmids in comparison to previously reported IncHI1B-IncFIB virulence plasmids. (A) Circular genome comparison map of IncFIB–IncHIB mosaic plasmids from outer to inner rings-BA10835 (light green), BP3636 (teal), BA813 (red), BA27935 (orange), and BA32040 (black). All the isolates belong to ST2096 and mosaic plasmid from BA813 (MK649825) was isolated during 2017 from the same study center. It lacks the heavy metal resistance encoding region when compared to other plasmids that were isolated during 2019. (B) Linear alignment of the mosaic plasmids obtained K. pneumoniae ST2096 using Easyfig. (C) Circular genome comparison map of IncHI1B–IncFIB mosaic plasmids from outer to inner rings-BA10835 (light green), BP3636 (teal), CP034201 (navy blue), NZ_CP023723 (indigo), NZ_CP025462 (pink), NZ_CP050380 (red), NZ_CP035384 (orange), NZ_CP040726 (yellow), and NZ_CP039526 (dark green). NZ_CP035384 shows the least similarity to the plasmids from the present study. Details of resistance and virulence genes carried by these plasmids are detailed in Supplementary Table 1.



Figures 3A, B show the BLAST comparison of the hybrid plasmids from the present study to another hybrid plasmid, MK649825, from ST2096 isolated from the same center earlier in 2017 (Wyres et al., 2020). The plasmid, MK649825, was much smaller (273 kbp) than the plasmids isolated during 2019 and lacked the genes encoding mercury and tellurite tolerance. p2096_hyb of ~307 kbp showed ≤50% sequence identity with the pLVPK (Chen et al., 2004) reference virulence plasmid having in common with the region coding for virulence genes (Figure S3). p2096_hyb showed about 60% similarity to the IncHI1B virulence plasmid of K. pneumoniae SGH10 (Lam et al., 2018) and ~70% sequence identity with the first identified IncHI1B pNDM-MAR plasmid, a 267-kbp plasmid (GenBank accession no. JN420336.1) from a K. pneumoniae ST15 (Villa et al., 2012) carrying blaNDM-1 (Figure S3; Figure 4). While the p2096_hyb among HvKp ST2096 retained the regions coding for mercury, tellurite, β-lactam (blaOXA-1 and blaCTX-M-15), chloramphenicol, and aminoglycoside resistance, it had lost the segment carrying blaNDM-1 when compared to the pNDM-MAR plasmid. The insertion of the virulence-encoding region into the pNDM-MAR plasmid is possibly through the insertion mediated by IS3 and IS66 family proteins (ISEc23) (Figure 3A). Figure 4 shows the circular comparison of two-hybrid plasmids of ST2096 to pLVPK (GenBank accession no. AY378100.1), IncHI1B (pNDM-MAR) [GenBank accession no. JN420336.1], and pittNDM (GenBank accession no NZ_CP006799.1) plasmids. The latter two plasmids lack the virulence genes but encode antimicrobial resistance genes with IncHI1B backbone.




Figure 4 | Maps of ST2096 mosaic plasmids in comparison to previously reported reference plasmids. Circular comparison map of plasmids from outer to inner rings—BA10836, BP3636, IncHI1B (pNDM-MAR, JN420336.1), PittNDM (NZ_CP006799.1), and pLVPK (AY378100.1) plasmids.



Figure 3C shows the BLAST comparison between the hybrid plasmid from the present study and the previously reported K. pneumoniae hybrid plasmids comprising IncHI1B (pNDM-MAR)–IncFIB (pNDM-MAR) replicon types. The complete sequences of these plasmids have been reported from 2015 till date among diverse clones of K. pneumoniae such as ST11, ST383, ST15, ST147, and ST23 and vary in size ranging from 261 to 396 kbp. The particulars of antimicrobial resistance and virulence genes carried by these plasmids are mentioned in Table S1. Interestingly, apart from the hybrid plasmid in the present study, another plasmid obtained in China, p44-1, from ST11 carried frameshifted rmpA2. Hybrid plasmids of HvKp ST2096, p10835_hyb (307 kbp), and p3636_hyb (317 kbp) showed high similarity to pKpvST383L (372 kbp) and pHB25-1-vir (396 kbp) which were isolated in England and China, respectively.

An SNP-based phylogenetic tree of the complete hybrid plasmids is shown in Figure S4. The tree was rooted at pAP855 since it was distant from the others and belonged to an ST23 isolate, lacking rmpA2 (Tian et al., 2021). All the other plasmids belonged to MDR clones such as ST11, ST15, ST147, ST383, and ST2096. The plasmids from the present study formed a separate cluster coding for mercury and tellurite tolerance, truncated rmpA2, and lacking carbapenemase. This group is closely related to two plasmids from China isolated during 2015 and 2016, one of which also carries a truncated rmpA2 (Table S1). The plasmids from England and Prague formed a separate group, and these carried rmpA and functional rmpA2 and also encoded tellurite resistance determinants (Table S1).




Discussion

MDR-Kp or CR-Kp isolates are clinically challenging, and specific carbapenemases are associated with regional/endemic clones in various regions (Lee et al., 2016; Shankar et al., 2021a). Recent reports describing the independent emergence of convergent HvKp isolates with hybrid and mosaic plasmids in multiple geographical locations make these organisms a major concern (Lam et al., 2019; Turton et al., 2019). Studies have described the acquisition of MDR plasmids by HvKp clones (ST23) and the acquisition of the pLVPK-like virulence plasmid by classical K. pneumoniae (cKp) causing invasive infections (Cejas et al., 2014; Chen and Kreiswirth, 2017; Xu et al., 2019; Shankar et al., 2020). This bidirectional convergence has resulted in the emergence of MDR-HvKp/CR-HvKp isolates within the nosocomial clones. Consequently, the circulation of nosocomial clones carrying a virulence plasmid is a matter of major public health concern (Zhan et al., 2017; Gu et al., 2018; Zhao et al., 2019; Liu et al., 2020). We report the acquisition of virulence factors among MDR clones, ST2096, crafting CR-HvKp in India.

In the present study, the ~307-kb hybrid plasmid was comparable to previously reported fusion plasmids including pKpvST147L [GenBank accession no. CM007852], pKpvST383L [GenBank accession no. CP034201], pKpvST147B [GenBank accession no. CP040726], and pBA813_1 GenBank accession no. [MK649825] (Turton et al., 2019; Wyres et al., 2020). Remarkably, these reference plasmids are associated with a diverse collection of clones, which were found to harbor blaNDM and blaOXA-48 carbapenemase genes. Moreover, the insertion of resistance cassettes carrying aadA2, armA, blaTEM-1B, blaCTX-M-15, mphE, msrE, sul1, and dfrA12 into hybrid plasmids of independent origin may accelerate the spread of MDR-HvKp. To date, the reports of hybrid plasmids are from clinical isolates indicating that the antimicrobial pressure present in this niche not only selects such plasmids but also aids in their persistence and dissemination. Here, the hybrid plasmids were a merger of IncFIB/IncHI1B (pNDM-MAR) backbones leading to convergence of AMR and virulence on a single plasmid. In India, blaNDM is endemic and widespread among several bacteria especially E. coli and K. pneumoniae and this gene is often carried on the pNDM-MAR plasmid. Under pressure and for persistence, CR-HvKp can integrate segments of virulence plasmid into the endemic plasmid types to obtain the two-fold advantage of coding antimicrobial resistance and virulence. Similar plasmids, which were the result of the fusion between IncFIB/IncHI1B and IncFIIK/IncFIBK backbones, have been reported from other regions (Lam et al., 2019; Turton et al., 2019), highlighting the susceptibility of IncF and IncH plasmids to undergo recombination to form co-integrates in K. pneumoniae. Among these HvKp with mosaic plasmids, the mosaic structures were likely formed by the integration of the virulence region from the virulence plasmid into IncFIB and IncFIIK resistance plasmids (Lam et al., 2019; Tang et al., 2020).

Furthermore, we found that the MDR-HvKp clones carrying a hybrid virulence plasmid possessed a frameshift variant of rmpA2 without rmpA. Mutations in rmpA and rmpA2 led to a lack of hypermucoviscous phenotypes (Yu et al., 2015; Shankar et al., 2021b). The effect of inactivation of rmpA2 and its stability on the hybrid plasmids carried by nosocomial clones of K. pneumoniae needs further investigation. In contrast, the hybrid plasmid in ST15 reported by Lam and colleagues carried only rmpA (Lam et al., 2019). The virulence plasmids described here also carried genes encoding heavy metal tolerance, such as tellurium and mercury. Similar hybrid plasmids, reported by Turton and colleagues, lacked the genes encoding for mercury tolerance (Turton et al., 2019). Given the community origin of HvKp, the co-occurrence of heavy-metal tolerance may provide an additional survival mechanism in harsh ecological niches found in the community and hospitals (Furlan et al., 2020).

The presence of CRISPR-Cas systems in MDR plasmids in K. pneumoniae has not been extensively studied. Recent reports of the type IV CRISPR-Cas system in K. pneumoniae mega plasmids/co-integrate plasmids suggest that these systems aid competition between plasmids (Kamruzzaman and Iredell, 2020; Newire et al., 2020). In the present study, the CRISPR-Cas system in the large co-integrate plasmid has acquired a spacer sequence identical to IncF-traL, which implies specific targeting for further gene invasion of plasmids (Kamruzzaman and Iredell, 2020). This might probably play a role in homologous recombination and integration of AMR and virulence determinants onto a single plasmid by preventing the entry of other plasmids such as IncF. The attainment of specific plasmid CRISPR spacers targeting different conjugative plasmids appears to be advantageous in K. pneumoniae to mitigate the fitness cost associated with carrying multiple AMR plasmids. Notably, the majority of the plasmids that carry plasmid-targeting spacers are co-integrate plasmids carrying IncFIB and IncHI1B replicons (Kamruzzaman and Iredell, 2020; Newire et al., 2020). This observation suggests that the plasmid-mediated CRISPR spacers not only target other plasmids but also may aid the formation of co-integrate/mega plasmids for improved stability and compatibility.

Globally, the prevalence of MDR-HvKp or CR-HvKp appears to be increasing (Siu et al., 2014; Gu et al., 2018; Liu et al., 2020). Given the large burden of MDR-HvKp and CR-HvKp infections in China, India, and Southeast Asia, these regions represent the most likely hotspot of MDR-virulence intersection and subsequent spread. Similarly, the spontaneous emergence of hybrid plasmids in these regions and their potential for clonal spread in healthcare settings represent a major focus of nosocomial outbreaks and their containment. If the incidence of the convergent clones with fusion plasmid continues, these pathotypes may replace the currently circulating CRKp clones (Liu et al., 2020). Continuous genome surveillance of MDR-HvKp would help in determining this niche shift from community to hospital. In China, ST11 was known to carry complete pLVPK with capsule-type K64 (clade1) while ST11 with K47 carried a shorter virulence plasmid with only rmpA2 and aerobactin (clade3) (Dong et al., 2018; Liu et al., 2020; Zhang et al., 2020). These MDR-HvKp infections were predominantly associated with nosocomial infections, and the sub-lineages among ST11 with different capsule types were identified only through genomic studies. Although MDR-HvKp belonged to ST11 in the study described by Dong and colleagues, there are several differences concerning the virulence profile of the two clades which comprised MDR-HvKp which can only be identified through genome surveillance (Dong et al., 2018). There can also be a selection of one of the clades of MDR-HvKp ST11 over time which has a better fitness, thereby eliminating the other two clades.



Conclusion

India has exceptionally high rates of AMR infections as stated by the annual report of the Antimicrobial Resistance Research and Surveillance Network during the year 2020 by the Indian Council of Medical Research (https://main.icmr.nic.in/sites/default/files/guidelines/AMRSN_annual_report_2020.pdf; accessed on November 15, 2021). The further generation of HvKp carrying carbapenemases on a virulence plasmid would be a potential catastrophe. The acquisition of AMR genes on the chromosome creates the further possibility of increased baseline resistance among the K. pneumoniae isolates. It is apparent that MDR-HvKp is no longer confined to selected clones and the containment of such isolates with the mosaic plasmid is very challenging. The presence of AMR and virulence among diverse Klebsiella clones present a global threat to the rapid spread of these emerging superbugs.
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Objective

To investigate the epidemiology of carbapenem-resistant hypervirulent Klebsiella pneumoniae (CR-HvKP) and hypervirulent carbapenem-resistant Klebsiella pneumoniae (Hv-CRKP).



Methods

Totally 436 K. pneumoniae strains were collected from 7 hospitals in mainland China between 2017.01 and 2018.02. Sequence types, serotypes, antimicrobial-resistance and virulence genes were analyzed. Additionally, string test, capsule stain, Periodic Acid Schiff stain, fitness analysis, quantitative real-time PCR and mouse lethality test were also performed. Molecular combinations were used to screen putative blaKPC(+)-HvKP and Hv-blaKPC(+)-KP, followed by the confirmation of mouse lethality test.



Results

Diverse detection rates were found for the virulence genes, ranging from c-rmpA (0.0%) to entB (100.0%). According to the molecular criteria, 127, 186, 9 and 26 strains were putatively denoted as HvKP, blaKPC(+)-KP, blaKPC(+)-HvKP and Hv-blaKPC(+)-KP. Mouse lethality test confirmed 2 blaKPC(+)-HvKP strains (JS184 and TZ20) and no Hv-blaKPC(+)-KP. JS184 showed K2 serotype, thin capsule, positive exopolysaccharid and string test. TZ20 presented K20 serotype, thin capsule, negative exopolysaccharide and string test. Compared with the positive control NTUH-K2044, equal galF expression and growth curves were confirmed for JS184 and TZ20.



Conclusions

Molecular determination of CR-HvKP and Hv-CRKP brings remarkable bias compared with mouse lethality test. The exact prevalence of CR-HvKP is less than 1.0%, which of Hv-CRKP is much lower.
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Introduction

Klebsiella pneumoniae is a gram-negative and rod-shaped bacterium that belongs to the Enterobacteriaceae family (Adeolu et al., 2016), and was first described by Carl Friedlander in 1882. K. pneumoniae is considered a prominent nosocomial pathogen worldwide, and is a member of the “ESKAPE” (Enterococcus faecium, Staphylococcus aureus, K. pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species) pathogens (Pendleton et al., 2013). General nosocomial infections caused by K. pneumoniae include pneumonia, bacteraemia, and urinary tract infections (UTIs) (Paczosa and Mecsas, 2016). The frequent use of antimicrobials has resulted in the development of carbapenem-resistant K. pneumoniae (CRKP) strains which first emerged in 1996 (Yigit et al., 2001). CRKP strains generally contain mobile genetic elements harbouring a variety of antimicrobial resistance genes, including beta-lactamase K. pneumoniae carbapenemase gene (blaKPC), New Delhi metallo-β-lactamase gene (blaNDM), and oxacillinase-48 gene (blaOXA-48) (Lee et al., 2016; Zhang et al., 2015), among which blaKPC has been found to be shared in approximately 78.6% (44/56) (Lin et al., 2020) and 89.5% (34/38) of isolates in two studies (Lin et al., 2018). CRKP strains account for over 30.0% of K. pneumoniae strains and present great challenges in clinical practice (Effah et al., 2020). CRKP is associated with mortality rates of 34.7% (17/49) for pneumonia, 37.8% (34/90) for bacteraemia, and 7.4% (9/121) for UTI (Hauck et al., 2016). Furthermore, CRKP treatment is associated with a higher medical cost than that of carbapenem-susceptible K. pneumoniae (Huang et al., 2018). CRKP constitutes a major public health issue, especially in endemic countries (Karampatakis et al., 2016). Therefore, CRKP control is considered a priority by the World Health Organization (World Health Organization, 2017). CRKP is usually denoted as classical K. pneumoniae (cKP) regarding its virulence (Russo and Marr, 2019; Zhang et al., 2020).

Hypervirulence in K. pneumoniae represents another major concern. Hypervirulent K. pneumoniae (HvKP) was first reported to cause pyogenic liver abscess (PLA) and septic endophthalmitis in seven healthy individuals (Liu et al., 1986). HvKP, which has a considerably lower median lethal dose (LD50) than that of cKP in mouse model, generally produces various virulence factors such as hypercapsules, excessive siderophores, exopolysaccharides, and fimbriae (Paczosa and Mecsas, 2016; Russo and Marr, 2019). Apart from PLA, HvKP can also cause multiple invasive infectious diseases such as endogenous endophthalmitis, necrotising fasciitis, and meningitis, and the infection can undergo metastatic spread. PLA is endemic to East Asia and associated with a morbidity rate of 15.45 per 100,000 person-years in 2011 and a mortality rate of 8.2% (Chen et al., 2016; Siu et al., 2012). It has been estimated that 60% of endogenous endophthalmitis cases are associated with PLA caused by K. pneumoniae (Wong et al., 2000). Even with intravenous and intravitreal antimicrobial treatment, 89% of endophthalmitis cases show visual acuity of light perception or worse, and over 40% of affected eyes require evisceration or enucleation (Yang et al., 2007).

Recently, a combination of hypervirulence and extreme drug resistance has been reported in K. pneumoniae, thereby exacerbating the scarcity of effective treatments and resulting in high mortality (Zhang et al., 2015; Gu et al., 2018). The prevalence of infections caused by carbapenem-resistant hypervirulent K. pneumoniae (CR-HvKP) and hypervirulent carbapenem-resistant K. pneumoniae (Hv-CRKP) presents a global concern and a great challenge in clinical practice. However, the epidemiology of CR-HvKP and Hv-CRKP has not been extensively studied. The estimated prevalence of CR-HvKP/Hv-CRKP strains ranges among 5.0–15.0% among CRKP strains in mainland China, based on molecular determination or the Galleria mellonella (greater wax moth) lethality test (Zhang et al., 2020; Zhan et al., 2017). The gold standard method for evaluating the virulence of K. pneumoniae involves the use of mouse models, rather than the G. mellonella lethality test (Russo and MacDonald, 2020). Here, we analysed 436 clinical K. pneumoniae strains using molecular techniques and mouse lethality tests to elucidate the prevalence of CR-HvKP and Hv-CRKP strains.



Materials and Methods


K. pneumoniae Strains

In this study, 436 non-duplicate and consecutive K. pneumoniae isolates were collected from seven hospitals across six provinces in China (Huashan Hospital, 180 strains; Jinshan Hospital, 28 strains; Taizhou Municipal Hospital, 84 strains; The First Affiliated Hospital of Guangxi Medical University, 20 strains; Kunming Yan’an Hospital, 34 strains; Sixth Hospital of Shanxi Medical University, 60 strains; Shandong Provincial Hospital Affiliated to Shandong University, 30 strains) from January 2017 to February 2018. The 436 isolates were collected from diverse sources: 255 isolates (58.5%) were obtained from sputum samples, 98 isolates (22.5%) from urine samples, 29 isolates (6.7%) from blood samples, and 54 isolates (12.4%) were obtained from other sources. All the isolates were cultured on sheep blood agar plates and kept at -80°C prior to use. Identification of K. pneumoniae was performed using a matrix-assisted laser desorption/ionization time-of-flight mass spectrometry system (Bruker Daltonics Inc., Fremont, CA, USA) using the standard strains P. aeruginosa ATCC 27853, K. pneumoniae ATCC 700603, and E. coli ATCC 25922 as controls.

K. pneumoniae NTUH-K2044 (Accession number: AP006725.1) obtained from the Department of Internal Medicine, National Taiwan University Hospital, Taipei, Taiwan, is a typical hypervirulent K. pneumoniae serotype K1 strain (Fang et al., 2004). K. pneumoniae HS11286 (Accession number: CP003200.1) isolated from the Department of Laboratory Medicine, Huashan Hospital, Fudan University, Shanghai, China, is a K. pneumoniae serotype K47 strain containing blaKPC and low virulence (Liu et al., 2012).

All the K. pneumoniae strains were investigated as the flow chart in Figure 1.




Figure 1 | Experimental methodology of the study. KP, Klebsiella pneumoniae; HvKP, hypervirulent KP; blaKPC, beta-lactamase K. pneumoniae carbapenemase gene.





Multilocus Sequence Typing

DNA was extracted from the 436 K. pneumoniae strains using the QIAamp DNA mini kit (QIAGEN, Düsseldorf, Germany) according to the manufacturer’s protocol. Seven housekeeping genes (gapA, infB, mdh, pgi, phoE, rpoB, and tonB) were amplified via polymerase chain reaction (PCR) (Diancourt et al., 2005) and then sequenced using an ABI 3730XL DNA Analyser (Applied Biosystems, San Ramon, CA, USA), and then compared with sequences available on the K. pneumoniae MLST database (http://www.pasteur.fr/recherche/genopole/PF8/mlst/Kpneumoniae.html). The primers used are shown in Table S1.



Determination of Serotypes, Antimicrobial-Resistance, and Virulence Genes

The capsule type was determined via PCR amplification and sequencing of the wzi loci (Brisse et al., 2013), followed by comparison with sequences on the database of Institute Pasteur (https://bigsdb.pasteur.fr/klebsiella/klebsiella.html).

The antimicrobial resistance gene (blaKPC) and virulence genes (wzy-K1, allS, entB, irp2, iroN, iucA, fimH, mrkD, p-rmpA2, c-rmpA, p-rmpA, peg-344, and wzi) (Compain et al., 2014; Gu et al., 2018; Russo et al., 2018) were analysed via PCR amplification, using an Applied Biosystems Veriti PCR system (Applied Biosystems). The primers used are shown in Table S1.



Determination of Putative HvKP, cKP, Hv-blaKPC(+)-KP, and blaKPC(+)-HvKP Strains

On the basis of molecular characteristics, HvKP and cKP were putatively defined as a reference (Hu et al., 2021) (Figure 1). Hv-blaKPC(+)-KP was defined as blaKPC-positive cKP which acquired key virulence genes that conferred hypervirulence. blaKPC(+)-HvKP (K1, K2, K5, K10, K20, K25, K27, and K57) (Chen et al., 2016; Siu et al., 2012) was defined as HvKP that acquired a blaKPC gene.



String Test

Overnight cultured K. pneumoniae colonies on sheep blood agar plates were stretched outward using an inoculation loop as described previously (Shon et al., 2013). The string test was considered positive when a viscous string produced was over 5 mm in length. Strain NTUH-K2044 was used as a positive control and HS11286 was used as a negative control.



Capsule Staining

Capsule staining of K. pneumoniae strains was performed according to the manufacturer’s instructions (catalog number: BA-4039; BASO, Zhuhai, China). NTUH-K2044 was used as a positive control and HS11286 was used as a negative control.



Periodic Acid-Schiff Staining

Periodic acid-Schiff staining was performed according to the manufacturer’s protocol (catalog number: BA4080A; BASO, Zhuhai, China). Strains NTUH-K2044 and HS11286 were used as positive and negative controls, respectively.



Fitness Analysis

A growth curve was generated to evaluate the fitness of K. pneumoniae strains (Liu et al., 2016). These strains were cultured overnight in Luria-Bertani broth, diluted to an optical density at 600 nm (OD600) of 0.001, and cultured at 37°C under aerobic conditions (BioTek Synergy H1, Winooski, VT, USA). The OD600 values were measured every 30 min and plotted as a curve. Strains NTUH-K2044 and HS11286 were used as positive and negative controls, respectively.



Quantitative PCR Analysis

Quantitative PCR analysis of galF mRNA together with 16S rRNA was performed using an Applied Biosystems 7500 system (Applied Biosystems, San Ramon, CA, USA). The primers used are shown in Table S1. Strains NTUH-K2044 and HS11286 were used as positive and negative controls, respectively. The analyses were performed according to the manufacturer’s protocol (catalog number: FS-Q1002; FOREVER STAR, Beijing, China).



Mouse Lethality Test

Mouse experiments were approved by the Institutional Animal Care and Use Committee of the School of Pharmacy, Fudan University (Shanghai, China) (ethical approval document NO. 201603-TY-MQ-01). Pathogen-free female BALB/c mice (age, 6 weeks), four per group, were intraperitoneally inoculated with 100 μL of K. pneumoniae strains at the mid-logarithmic growth phase (Mizuta et al., 1983). Before inoculation, K. pneumoniae strains were washed twice with normal saline and centrifuged at 10,621 × g for 4 min. A 0.6 McFarland standard equivalent to 2.0 × 108 colony forming units (CFU)/mL was prepared. The final inoculation was 102–107 CFU/mL. The mice were observed for 14 d after inoculation. LD50 was determined according to a previous study (Reed and Muench, 1938). Strains NTUH-K2044 and HS11286 were used as positive and negative controls. K. pneumoniae strains with LD50 ≤ 10 times of that of NTUH-K2044 were regarded as hypervirulent; those with LD50 > 10 times of that of NTUH-K2044 were denoted as hypovirulent.



Statistical Analysis

GraphPad Prism 8 software (GraphPad Software Inc., Sand Diego, CA, USA) was used to perform Chi-square test, one-way ANOVA, and Kruskal-Wallis test between groups; p < 0.05 was considered significant.




Results


Distribution of Key Virulence Genes

A varying distribution of virulence genes was observed, ranging from 0.0% (c-rmpA) to 100.0% (entB) (Figure 2). The 13 virulence genes could be classified into 4 categories based on rates of distribution: ≤ 10.0% (allS, wzy-K1, and c-rmpA), approximately 11.0–30.0% (peg-344, p-rmpA, p-rmpA2, iucA, and iroN), approximately 50.0–80.0% (irp2), and approximately 81.0–100.0% (fimH, mrkD, entB, and wzi).




Figure 2 | Distribution of 13 key virulence genes among the Klebsiella pneumoniae isolates.





Distribution of Predicted HvKP, blaKPC(+)-KP, blaKPC(+)-HvKP, and Hv-blaKPC(+)-KP

In total, 127 (29.1%), 186 (42.7%), 9 (2.1%), and 26 (6.0%) strains were putatively denoted as HvKP, blaKPC(+)-KP, blaKPC(+)-HvKP, and Hv-blaKPC(+)-KP strains, respectively.



Distribution of Key Virulence Genes in Putative blaKPC(+)-HvKP and Hv-blaKPC(+)-KP

The distribution of 13 key virulence genes among the putative blaKPC(+)-HvKP and Hv-blaKPC(+)-KP strains is shown in Figure 3. The 13 virulence genes were classified into four categories based on the rates of distribution: ≤ 10.0% (allS, wzy-K1, and c-rmpA), approximately 31.0–50.0% (p-rmpA and iroN), approximately 51.0–80.0% (peg-344 and p-rmpA2), and approximately 81.0–100.0% (fimH, mrkD, iucA, irp2, entB, and wzi).




Figure 3 | Distribution of key virulence genes among putative blaKPC(+)-HvKP and Hv-blaKPC(+)-KP strains. blaKPC, beta-lactamase K. pneumoniae carbapenemase gene; blaKPC(+)-HvKP, blaKPC(+) hypervirulent K. pneumoniae; Hv-blaKPC(+)-KP, hypervirulent blaKPC(+) K. pneumoniae.





Morphological Characteristics

In total, 34 putative blaKPC(+)-HvKP and Hv-blaKPC(+)-KP strains, except for blaKPC(+)-HvKP strain JS184, demonstrated negative string test results. No hypercapsule was found among the 35 putative blaKPC(+)-HvKP and Hv-blaKPC(+)-KP strains (Figure 4). No exopolysaccharides were found to be produced by the putative blaKPC(+)-HvKP and Hv-blaKPC(+)-KP strains, except for JS184 (Figure 5).




Figure 4 | Capsule staining of 35 putative blaKPC(+)-HvKP and Hv-blaKPC(+)-KP strains. (A) Klebsiella pneumoniae NTUH-K2044, (B) K. pneumoniae HS11286, (C) JS184, and (D) TZ20. K. pneumoniae strains are purple and rod-shaped, and their transparent surroundings are hypercapsules (×1000). blaKPC, beta-lactamase K. pneumoniae carbapenemase gene; blaKPC(+)-HvKP, blaKPC(+) hypervirulent K. pneumoniae; Hv-blaKPC(+)-KP, hypervirulent blaKPC(+) K. pneumoniae.






Figure 5 | Periodic acid-Schiff staining of 35 putative blaKPC(+)-HvKP and Hv-blaKPC(+)-KP strains. (A) Klebsiella pneumoniae NTUH-K2044, (B) K. pneumoniae HS11286, (C) JS184, and (D) TZ20. K. pneumoniae strains were purple/red and rod-shaped; the red fluffy masses were exopolysaccharides. blaKPC, beta-lactamase K. pneumoniae carbapenemase gene; blaKPC(+)-HvKP, blaKPC(+) hypervirulent K. pneumoniae; Hv-blaKPC(+)-KP, hypervirulent blaKPC(+) K. pneumoniae.





Fitness Analysis

Among the 9 putative blaKPC(+)-HvKP and 26 Hv-blaKPC(+)-KP strains, 8 strains were chosen to represent each serotype: JS184 (K2, ST65), JS185 (K2, ST977), JS210 (K47, ST11), TZ16 (K64, ST11), TZ19 (K20, ST81), TZ20 (K20, ST81), TZ58 (K57, ST not defined), and JSH17 (K24, ST15). One-way ANOVA analysis indicated F = 0.9081 and p = 0.5178, which demonstrated similar growth and no fitness cost for the 8 strains (Figure 6).




Figure 6 | Growth curves of 10 putative blaKPC(+)-HvKP and Hv-blaKPC(+)-KP strains. blaKPC, beta-lactamase K. pneumoniae carbapenemase gene; blaKPC(+)-HvKP, blaKPC(+) hypervirulent K. pneumoniae; Hv-blaKPC(+)-KP, hypervirulent blaKPC(+) K. pneumoniae; OD600, optical density at 600 nm.





Expression of galF

Figure 7 shows the relative expression of galF in the putative strains compared to that in the control strains NTUH-K2044 and HS11286. JS184, TZ20, JSH17, and HS11286 showed high galF expression.




Figure 7 | Expression of galF among 35 putative blaKPC(+)-HvKP and Hv-blaKPC(+)-KP strains. Klebsiella pneumoniae NTUH-K2044 was used as the standard to which others were compared. Kruskal-Wallis test was used for comparison. blaKPC, beta-lactamase K. pneumoniae carbapenemase gene; blaKPC(+)-HvKP, blaKPC(+) hypervirulent K. pneumoniae; Hv-blaKPC(+)-KP, hypervirulent blaKPC(+) K. pneumoniae; ns, not significant; ****, p < 0.0001; *, p < 0.05.





Mouse Lethality Tests

The survival curve for mice inoculated (106 CFU) with the two blaKPC(+)-HvKP strains, JS184 and TZ20, is shown in Figure 8. Log-rank (Mantel-Cox) test yielded values of χ2 = 11.4286, p = 0.0096 for the four groups (JS184, TZ20, HS11286, and NTUH-K2044); χ2 = 1.5521, p = 0.4602 for three groups (JS184, TZ20, and NTUH-K2044). Therefore, the virulence of JS184 and TZ20 was similar to that of NTUH-K2044, and was higher than that of HS11286. The LD50 values were 106 CFU for NTUH-K2044, 103 CFU for JS184, < 106 CFU for TZ20, > 107 CFU for HS11286 and the other 33 putative blaKPC(+)-HvKP/Hv-blaKPC(+)-KP strains.




Figure 8 | Survival curves of mice inoculated with two blaKPC(+)-HvKP strains. blaKPC(+)-HvKP, beta-lactamase K. pneumoniae carbapenemase gene-positive hypervirulent Klebsiella pneumoniae.





Traits of Confirmed blaKPC(+)-HvKP Strains

The two confirmed blaKPC(+)-HvKP strains, JS184 and TZ20, showed differences in ST, irp2 expression, and serotype (Table 1).


Table 1 | Traits of confirmed blaKPC(+)-HvKP strains.






Discussion

A combination of carbapenem resistance and hypervirulence in õõõõõK. pneumoniae strains has been recently reported (Gu et al., 2018). However, the epidemiology of CR-HvKP and Hv-CRKP has not been extensively studied. To our knowledge, this is the first epidemiological surveillance study on blaKPC(+)-HvKP and Hv-blaKPC(+)-KP strains in China using a mouse lethality test to evaluate their prevalence.

In total, 13 key virulence genes in K. pneumoniae were investigated in this study; Figure 2 shows a remarkable divergence in their distribution. The extremely high detection rates of fimH, mrkD, entB, and wzi indicate ubiquitous production of type 1 fimbriae, type 2 fimbriae, enterobactins, and capsules. Another siderophore gene irp2 was present in a large proportion of the strains (76.1%), and is typically carried by ICEKp1 in the chromosome; The remaining 2 siderophore genes iucA and iroN showed detection rates of approximately 20.0–30.0%, and are usually harboured by pK2044 and pLVPK-like virulence plasmids (Struve et al., 2015). The virulence genes peg-344, p-rmpA, and p-rmpA2 are also present in pK2044- and pLVPK-like virulence plasmids (Russo and Marr, 2019), and therefore yielded similar detection rates to those of iucA and iroN (p > 0.05). The c-rmpA gene is present in the chromosome and often found in PLA specimens (Hsu et al., 2011). No such specimens were included in this study, which may explain the detection rate of 0.0%. The low detection rate of wzy-K1 (6.4%) suggests the rarity of K1 K. pneumoniae in clinical practice.

Various molecular factors were evaluated to screen for CR-HvKP and Hv-CRKP. Zhang et al. previously evaluated iucA, iroN, rmpA, and rmpA2 to check for the presence of virulence plasmids, and performed the G. mellonella lethality test to identify CR-HvKP, which yielded a rate of 5.2% (55/1052) for CR-HvKP (Zhang et al., 2020). We previously defined HvKP as: positive wzy-K1, ≥3 positive siderophore genes (entB, irp2, iroN, and iucA), or ≥1 positive capsule-regulating genes (p-rmpA2, c-rmpA/A2, and p-rmpA), and estimated a rate of 5.6% (29/521) for Hv-blaKPC(+)-KP (Shon et al., 2013), which was also applied in this study. Harada et al. defined HvKP as strains carrying virulence genes, rmpA, rmpA2, iroBCDN, iucABCD, or iutA (Harada et al., 2019). Russo et al. confirmed that the G. mellonella lethality experiment cannot accurately differentiate HvKP from cKP (Russo and MacDonald, 2020). Thus, the mouse lethality test may represent the only approach to determine the exact prevalence of CR-HvKP/Hv-CRKP. In this study, only two blaKPC(+)-HvKP strains, but no Hv-blaKPC(+)-KP strains, were eventually confirmed using a mouse lethality test, showing a rate of 0.5% (2/436) for CR-HvKP which was far lower than that reported in other studies (Zhang et al., 2020; Hu et al., 2021). Owing to the predominance of KPC-induced carbapenem resistance (Lin et al., 2018), the actual prevalence of CR-HvKP should be approximately 0.5–1.0% in mainland China in 2017. The considerable difference in prevalence rates determined between this study and other reports highlights the need to elucidate why such biomarkers are not reliable and the difference between mouse and G. mellonella lethality tests. Zhang et al., reported that only one K. pneumoniae strain has been confirmed as CR-HvKP among three strains that harbour rmpA based on a mouse lethality test (Zhang et al., 2015). The fact that rmpA genes are non-functional in cKP may be attributed to different genetic backgrounds, although rmpA-related genes, such as kvrA, kvrB, and rcsB (Palacios et al., 2018; Walker et al., 2019), were found to be widely distributed in both cKP and HvKP (data not shown).

Although Hv-CRKP and CR-HvKP strains are currently emerging worldwide (Gu et al., 2018; Karlsson et al., 2019), our study revealed that the emergence of CR-HvKP is a relatively greater concern owing to its prevalence. In this study, two confirmed blaKPC(+)-HvKP strains were found, including JS184 (K2) and TZ20 (K20), which showed no fitness cost, no hypercapsule production, and high expression of galF which is responsible for the synthesis of capsule precursor (Peng et al., 2018; Walker et al., 2019). However, JS184 showed a positive string test and exopolysaccharide production in contrast to TZ20. The reason for this is not known. In addition, JS184 and TZ20 also showed different ST and irp2 expression.

This study had a few limitations. First, only typical siderophore genes were referred to, but not their expression. Second, capsule staining is not sufficient to differentiate capsules of various thicknesses, which may impact virulence.

Taken together, our findings indicate that CR-HvKP may emerge more often than Hv-CRKP; the former accounted for less than 1.0% of the strains evaluated via mouse lethality tests among clinical K. pneumoniae strains in mainland China in 2017.
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New Delhi metallo-β-lactamase-13 (NDM-13) is an NDM variant that was first identified in 2015 and has not been detected in Salmonella species prior to this study. Here we describe the first identification of a Salmonella Rissen strain SR33 carrying blaNDM-13. The aim of this study was to molecularly characterize SR33’s antimicrobial resistance and virulence features as well as investigate the genetic environment of blaNDM-13. The Salmonella Rissen SR33 strain was isolated from a patient with fever and diarrhea. SR33 belonged to ST469, and it was found to be multidrug-resistant (MDR) and to carry many virulence genes. Phylogenetic analysis showed that SR33 shared a close relationship with most of the Chinese S. Rissen ST469 strains. blaNDM-13 was located in a transmissible IncI1 plasmid pNDM13-SR33. Sequence analysis of blaNDM-13-positive genomes downloaded from GenBank revealed that a genetic context (ΔISAba125-blaNDM-13-bleMBL-trpF) and a hybrid promoter (consisting of −35 sequences provided by ISAba125 and −10 sequences) were conserved. ISAba125 was truncated by IS1294 in three plasmids carrying blaNDM-13, including pNDM13-SR33. To our knowledge, this is the first report of blaNDM-13 carried by Salmonella. The emergence of blaNDM-13 in a clinical MDR S. Rissen ST469 strain highlights the critical need for monitoring and controlling the dissemination of blaNDM-13. blaNDM-13 carried by a transmissible IncI1 plasmid may result in an increased risk of blaNDM-13 transmission. IS1294 may be involved in the movement of blaNDM-13.
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Introduction

Carbapenems have been used for decades to treat severe gram-negative bacterial infections, particularly in resistant and multidrug-resistant (MDR) infections (Hansen, 2021). According to the World Health Organization’s Global Priority List, carbapenem-resistant Enterobacteriaceae (CRE) pose a growing threat to public health worldwide (Tacconelli et al., 2018). New Delhi metallo-β-lactamase (NDM) is a subclass B1 metallo-β-lactamase that is capable of hydrolyzing almost all β-lactams including carbapenems (Yong et al., 2009; Nordmann et al., 2011). Worse still, clinically available β-lactamase inhibitors are ineffective in preventing carbapenem hydrolysis by NDM enzymes (Wu et al., 2019). NDM-positive strains are usually resistant to most of antimicrobial agents, due to coexistence of other resistance mechanisms (Nordmann et al., 2011), leading to a variety of infections that are associated with high mortality (Guducuoglu et al., 2017). Since NDM-1 was first identified in clinical isolates in India in 2008 (Yong et al., 2009), 31 variants have been reported worldwide, representing a significant challenge for public health and clinical management (Moellering, 2010; Dortet et al., 2014; Li et al., 2021). Of these, NDM-13 is a variant that has two amino acid substitutions (D95N and M154L) compared with NDM-1, resulting in the increased hydrolytic activity against cefotaxime (Shrestha et al., 2015). NDM-13 has been detected in five Escherichia coli strains obtained from Nepal (n = 1) (Shrestha et al., 2015), China (n = 3) (Lv et al., 2016), and Korea (n = 1) (Kim et al., 2019). Here we aim to characterize a blaNDM-13-positive Salmonella Rissen strain SR33 isolated in China. To our knowledge, this is the first report of blaNDM-13 detected in Salmonella.



Materials and methods


Bacterial strain

Strain SR33 was isolated from a fecal sample of an old patient. This patient was hospitalized due to occasional fever and diarrhea. During hospitalization, cefixime was ineffective against this infection, but it improved after treatment with levofloxacin. SR33 was identified by the VITEK-2 COMPACT automatic microbial identification system (bioMérieux, Marcy-l’Étoile, France), and its serotype was confirmed by slide agglutination technique (Kauffmann-White-Le Minor scheme) (Grimont and Weill, 2007)



Antimicrobial susceptibility testing

The minimum inhibitory concentrations (MICs) for imipenem, ertapenem, ceftazidime, ceftriaxone, cefepime, amoxicillin/clavulanic acid, piperacillin/tazobactam, trimethoprim/sulfamethoxazole, levofloxacin, ampicillin, tetracycline, ciprofloxacin, chloramphenicol, and azithromycin were determined by broth microdilution following the CLSI guidelines, and MIC results were interpreted according to the CLSI breakpoints (Wayne, 2021).



Whole-genome sequencing and bioinformatics analysis

The genomic DNA of SR33 was extracted by the bacterial genomic DNA extraction kit (Tiangen, Beijing, China) and sequenced on an Oxford Nanopore platform (Novogene, Tianjin, China). Sequence reads were assembled by Unicycler 0.4.8 (Wick et al., 2017) and annotated by Prokka 1.14.5 (Seemann,, 2014). The serotype was further confirmed by SISTR 1.1.1 (Yoshida et al., 2016), and the sequence type (ST) was determined using MLST 2.18.0 (Larsen et al., 2012). The distance matrix based on the core-genome single-nucleotide polymorphism (SNP) profiles of 37 Chinese S. Rissen ST469 isolates was generated using Parsnp and HarvestTools (Treangen et al., 2014). The phylogenetic tree was constructed by MEGA X (Kumar et al., 2018). Resistance genes and plasmid replicons were identified using Abricate (https://github.com/tseemann/abricate) with the ResFinder (Zankari et al., 2012) and PlasmidFinder (Carattoli et al., 2014) databases, respectively. The filtering criteria of antimicrobial resistance genes were >90% identity and >90% coverage. The virulence genes were analyzed by the database of Virulence Factors of Pathogenic Bacteria (VFDB) using BLASTn with a threshold of >70% identity and >70% coverage (Chen et al., 2016). The presence of Salmonella pathogenicity islands (SPIs) was explored by SPIFinder (https://cge.cbs.dtu.dk/services/SPIFinder/). Circular maps of plasmids were generated using the BLAST Ring Image Generator (BRIG) tool (Alikhan et al., 2011). Transposon and insertion sequence (IS) elements were scanned using the ISFinder database (Siguier et al., 2006). BLASTn (Altschul et al., 1990) was used to determine the identity of the genetic environment between NDM-13-positive sequences. The genetic environment was visualized by EasyFig (Sullivan et al., 2011).



Plasmid conjugation experiments

Transferability of plasmid harboring blaNDM-13 was assessed by the conjugation experiment, using rifampin-resistant E. coli C600 as the recipient strain. Transconjugants were selected on Luria-Bertani agar plates containing rifampin (100 µg/ml) and imipenem (2 µg/ml). Transconjugants containing the blaNDM-13 gene were verified by PCR sequencing (forward primer sequence: ATGGAATTGCCCAATATTATGCAC and reverse primer sequence: TCAGCGCAGCTTGTCGGC). The antimicrobial susceptibility of the transconjugant was confirmed by the broth microdilution method.



Nucleotide sequence accession number

The whole-genome sequence of SR33 has been submitted to the GenBank database with accession numbers CP092911–CP092914. The nucleotide sequence of plasmid pNDM13-SR33 has been deposited under accession number CP092912.




Results


Antimicrobial susceptibility testing and antimicrobial resistance genes

As shown in Table 1, SR33 was multidrug resistant to all tested β-lactams, trimethoprim/sulfamethoxazole, and tetracycline and was susceptible to quinolones (levofloxacin and ciprofloxacin), azithromycin, and chloramphenicol. In addition to blaNDM-13, SR33 carried genes that mediate resistance to β-lactams (blaTEM-1), bleomycin (bleMBL), streptomycin (aadA1, aadA2), chloramphenicol (cmlA1), trimethoprim (dfrA12), sulfonamide (sul3), and tetracycline [tet(A)]. The information of resistance genes detected in SR33 is listed in Supplementary Table S1.


Table 1 | MIC values of antimicrobials for SR33 and its transconjugant.



Whole-genome sequencing (WGS) showed that blaNDM-13 and bleMBL were located on an IncI1 plasmid designated as pNDM13-SR33, which is 88,258 bp in length with an average GC content of 50.37%. The other resistance genes were found on the chromosome. pNDM13-SR33 was successfully self-transferred into C600, and the transconjugant SR33-C600 was resistant to all tested β-lactams (Table 1).



Characterization of the SR33 strain and phylogenetic analysis of Chinese S. Rissen ST469 isolates

The serotype and sequence type of SR33 were determined to be serovar Rissen and ST469. Phylogenetic analysis of SR33 with other 36 Chinese S. Rissen ST469 isolates (retrieved and downloaded from EnteroBase in February 2022, https://enterobase.warwick.ac.uk/species/index/senterica) revealed that SR33 differed from the other isolates by 41–418 SNPs (Figure 1). The information of these strains is listed in Supplementary Table S2. Besides, these strains were mainly isolated from food, poultry, and humans. Meanwhile, the majority of Chinese S. Rissen ST469 strains were MDR. The drug resistance profiles of these MDR strains were similar, and common drug resistance genes include aadA1, aadA2, blaTEM-1, cmlA1, sul3, dfrA12, and tet(A). Since the common drug resistance genes in SR33 were located on chromosomes, and 29/37 Chinese S. Rissen ST469 isolates did not carry resistance plasmids, we speculated that the antimicrobial resistance genes were mainly located on the chromosomes of these closely related MDR strains.




Figure 1 | Phylogenetic distribution of antimicrobial resistance genes of SR33 of this study and other Chinese S. Rissen ST469 isolates. Antimicrobial resistant genes are represented by colored squares, genes with partial deletions are marked with black squares. The source of each isolate is shown with colored triangles. Bars represent unit distance of 50 SNPs.





Salmonella pathogenicity islands and virulence-associated genes

According to SPIFinder, SR33 contained SPI-1 to SPI-5, SPI-8, and SPI-9. All VFDB-annotated genes are listed in Table 2. Based on the annotation of the VFDB database, SR33 harbored 124 virulence genes. The virulence genes are involved in adhesion systems, iron uptake, magnesium uptake, macrophage, flagella, type III secretion systems (T3SS), and serum resistance.


Table 2 | Virulence-associated genes in SR33.





Plasmid analysis of blaNDM-13-positive isolates

NDM-13 has been identified in plasmids of three E. coli stains, including an IncX3 plasmid pNDM13-DC33(accession no. KX094555), an IncFIB plasmid pSECR18-0956 (accession no. MK157018), and an IncI1 plasmid pHNAHS65I-1 (accession no. MN219406). Of note, pNDM13-SR33 shared 99% coverage and 100% identity with an IncI1-blaNDM-13 plasmid pHNAHS65I (accession no. MN219406) of E. coli discovered in 2020 (Figure 2), which has a truncated bleMBL.




Figure 2 | Genetic map of pNDM13-SR33 (no. CP092912) and pHNAHS65I-1 (no. MN219406). The repA, IS elements, resistance genes are annotated by green, black, red fonts, respectively.





Comparative analysis of the genetic environment of blaNDM-13

As shown in Figure 3, the blaNDM-13-producing strains shared a conserved genetic structure (ΔISAba125-blaNDM-13-bleMBL-trpF). The conserved region was found involved in various genetic contexts with different insertion sequences. The genetic context of blaNDM-13 in SR33 was highly similar to pHNAHS65I-1 (no. MN219406) with ΔISAba125 truncated by the insertion of an IS1294 upstream, which was also detected in pSECR18-0956 (no. MK157018). In L704 (no. RIZT01000075) and pSECR18-0956 (no. MK157018), the blaNDM-13 region was adjacent to an ISCR1 complex class 1 integron (ISCR1-sul1-qacEΔ1-IntI1). The sequences of L704 and IOMTU558 (accession no. LC012596) were flanked by IS26 and IS3000, respectively. In addition, a cluster (IS3000-ΔISAba125-IS5-ΔISAba125) was found upstream of blaNDM-13 in pNDM13-DC33 (no. KX094555). Moreover, a hybrid promoter (consisting of −35 sequences within the inverted repeat left of ISAba125 and −10 sequences) located upstream of blaNDM-13 was conservative in blaNDM-13-producing strains.




Figure 3 | blaNDM-13 flanking sequence of pNDM13-SR33 (no. CP092912), pHNAHS65I-1 (no. MN219406), L704 (no. RIZT01000075), pSECR18-0956 (no. MK157018), IOMTU558 (no. LC012596), and pNDM13-DC33 (no. KX094555). The blaNDM-13 gene, ISAba125, other insertion sequences, integron elements, and genes encoding hypothetical proteins are shown in red, green, blue, brown, and gray, respectively. The rest of genes are colored in orange. Δ; indicates a truncated gene or mobile element. The percentages signify the genetic identity between these sequences.






Discussion

To date, New Delhi metallo-β-lactamase-13 (NDM-13) has been detected in five E. coli stains with different genetic backgrounds. Here, we report the emergence of an NDM-13-positive Salmonella strain SR33. The serotype of SR33 was determined to be serovar Rissen, which is regarded as one of the 20 most common serovars to cause human salmonellosis (European Food Safety Authority, E.C.f.D.P.a.C, 2017). SR33 was assigned to ST469, an MDR clone that has been reported in multiple countries (Campos et al., 2019).

SR33 was found to be MDR and to harbor nine resistance genes. These resistance genes were consistent with the phenotypes except for cmlA1. SR33 remained sensitive to chloramphenicol, which might be due to the fact that the cmlA1 gene had a sequence deletion of 96 bp. Since SR33 was resistant to all β-lactams and susceptible to quinolones, it explains well why cefixime was ineffective against this infection and levofloxacin was effective.

Based on phylogenetic analysis, SR33 was closely related to the majority of the Chinese S. Rissen ST469 strains downloaded from EnteroBase. Since the available 37 Chinese S. Rissen ST469 isolates were mostly isolated from food, poultry, and humans, it is in agreement with the idea that S. Rissen infection occurs in humans as a zoonosis through food chain transmission (Xu et al., 2020). Therefore, it is possible that this patient had a foodborne infection. Another important finding is that most Chinese S. Rissen ST469 strains were MDR and shared similar drug resistance profiles. Since the antimicrobial resistance genes were mainly located on chromosomes, we should pay close attention to the vertical transmission of MDR S. Rissen ST469 strains. These observations emphasize the necessity of the surveillance of S. Rissen ST469 pathogens.

SPIs are gene clusters located on chromosomes and encode various virulence components (Foley et al., 2008). SR33 contained five important SPIs (SPI-1 to SPI-5) that are correlated with the pathogenesis of Salmonella (Cui et al., 2021) and additional two SPIs (SPI-8, SPI-9). Based on the annotation of the VFDB database, most of the virulence genes carried by SR33 are associated with flagella, type III secretion systems (T3SS), and adhesion systems, which have been demonstrated to play a variety of roles in the pathogenesis of Salmonella (Jajere, 2019). Of these, T3SS is regarded as the most important virulence factor of Salmonella (Lou et al., 2019). In general, MDR strain SR33 possessed important pathogenicity islands and many virulence-associated genes, which highlights the pathogenesis of SR33.

NDM-13 was first identified on the chromosome of E. coli IOMUT558 (ST101) from Nepal (Shrestha et al., 2015), and it was subsequently detected in four E. coli stains, namely, an IncFIB plasmid pSECR18-0956 of SECR18-0956 (ST8499) from Korea (Kim et al., 2019), an IncX3 plasmid pNDM13-DC33 carried by DC33 (ST5138) (Lv et al., 2016), an IncI1 plasmid pHNAHS65I-1 of AHS8C65RI, and L704 strain (the location of blaNDM-13 is unclear) from China. In our study, blaNDM-13 was found in a transmissible IncI1 plasmid pNDM13-SR33 of S. Rissen (ST469). The high coverage and identity between pNDM13-SR33 and pHNAHS65I-1 suggest that cross-species dissemination of blaNDM-13 plasmids had occurred. The blaNDM-carrying plasmids mostly belong to IncX3, IncFII, and IncC replicon types (Wu et al., 2019), indicating that the vector of NDM-13 may be different from the other variants. Previous studies showed that the IncI1 plasmids are often associated with clinically relevant strains (García-Fernández et al., 2008) and it is the major vehicle of extended spectrum β-lactamase (Carattoli et al., 2021). Thus, blaNDM-13 in SR33 carried by an IncI1 transmissible plasmid may result in an increased risk of blaNDM-13 transmission.

Comparative analysis of the blaNDM-13 genetic contents revealed that blaNDM-13 was bracketed by multi-insertional sequences. Of these, ISAba125 was conservative in blaNDM-13-positive isolates. It is consistent with the finding that ISAba125 (intact or truncated) upstream of blaNDM is common in blaNDM genetic contexts (Ahmad et al., 2018; Pérez-Vázquez et al., 2019; Das et al., 2019; Wu et al., 2019), implying a role in the transmission of blaNDM. IS3000, IS26, and IS5 have also been reported to be associated with dissemination of NDM-encoding genes, while the role of IS1294 is still unclear (Zhao et al., 2021; Acman et al., 2022). IS1294 belongs to the IS91 family, and previous reports demonstrated that the disruption of the ISEcp1 element by IS1294 was linked to the promotion of blaCMY-2 (Sidjabat et al., 2014; Tagg et al., 2014) and blaCTX-55 (Pan et al., 2013; Hu et al., 2018) gene dissemination. In this study, ΔISAba125 truncated by IS1294 was found in three blaNDM-13-harboring plasmids including pNDM13-SR33. We thus suspected that IS1294 may be involved in the mobilization and dissemination of blaNDM-13.

Expression of the blaNDM-1 gene is under the control of a hybrid promoter (consisting of −35 sequences within the inverted repeat left of ISAba125 and −10 sequences) located upstream of blaNDM-1 (Poirel et al., 2011). BLASTn analysis revealed that this hybrid promoter was also conservative in blaNDM-13-producing strains. This finding further supports that blaNDM-13 is derived from blaNDM-1 (Lv et al., 2016; Wu et al., 2019).



Conclusion

To the best of our knowledge, this study first reports an NDM-13-producing Salmonella isolate. The emergence of blaNDM-13 in a clinical MDR Salmonella Rissen ST469 strain poses a significant threat to public health. Most of the S. Rissen ST469 strains isolated from China were MDR, which highlights the importance of the surveillance for S. Rissen ST469. The blaNDM-13 carried by a transmissible IncI1 plasmid may cause an increased risk of blaNDM-13 transmission. IS1294 may be involved in the mobilization and dissemination of blaNDM-13.
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Objective

To characterize one KL38-OCL6-ST220 carbapenem-resistant Acinetobacter pittii strain, co-producing chromosomal NDM-1 and OXA-820 carbapenemases.



Methods

A. pittii TCM strain was isolated from a bloodstream infection (BSI). Antimicrobial susceptibility tests were conducted via disc diffusion and broth microdilution. Stability experiments of blaNDM-1 and blaOXA-820 carbapenemase genes were further performed. Whole-genome sequencing (WGS) was performed on the Illumina and Oxford Nanopore platforms. Multilocus sequence typing (MLST) was analyzed based on the Pasteur and Oxford schemes. Resistance genes, virulence factors, and insertion sequences (ISs) were identified with ABRicate based on ResFinder 4.0, virulence factor database (VFDB), and ISfinder. Capsular polysaccharide (KL), lipooligosaccharide outer core (OCL), and plasmid reconstruction were tested using Kaptive and PLACNETw. PHASTER was used to predict prophage regions. A comparative genomics analysis of all ST220 A. pittii strains from the public database was carried out. Point mutations, average nucleotide identity (ANI), DNA–DNA hybridization (DDH) distances, and pan-genome analysis were performed.



Results

A. pittii TCM was ST220Pas and ST1818Oxf with KL38 and OCL6, respectively. It was resistant to imipenem, meropenem, and ciprofloxacin but still susceptible to amikacin, colistin, and tigecycline. WGS revealed that A. pittii TCM contained one circular chromosome and four plasmids. The Tn125 composite transposon, including blaNDM-1, was located in the chromosome with 3-bp target site duplications (TSDs). Many virulence factors and the blaOXA-820 carbapenemase gene were also identified. The stability assays revealed that blaNDM-1 and blaOXA-820 were stabilized by passage in an antibiotic-free medium. Moreover, 12 prophage regions were identified in the chromosome. Phylogenetic analysis showed that there are 11 ST220 A. pittii strains, and one collected from Anhui, China was closely related. All ST220 A. pittii strains presented high ANI and DDH values; they ranged from 99.85% to 100% for ANI and from 97.4% to 99.9% for DDH. Pan-genome analysis revealed 3,200 core genes, 0 soft core genes, 1,571 shell genes, and 933 cloud genes among the 11 ST220 A. pittii strains.



Conclusions

The coexistence of chromosomal NDM-1 and OXA-820 carbapenemases in A. pittii presents a huge challenge in healthcare settings. Increased surveillance of this species in hospital and community settings is urgently needed.





Keywords: Acinetobacter pittii, chromosomal NDM-1, OXA-820, Tn125, ST220, BSI



Introduction

The genus Acinetobacter is ubiquitous in diverse environments and clinical settings. The species belonging to the Acinetobacter calcoaceticus–Acinetobacter baumannii complex (ACB complex) including A. calcoaceticus, A. baumannii, A. dijkshoorniae, A. lactucae, A. nosocomialis, A. pittii, and A. seifertii are of great importance (Sarshar et al., 2021). Among these species, A. pittii is an important opportunistic pathogen that mainly causes healthcare-associated infections, including bloodstream infections (BSIs), pneumonia, and urinary tract infections (UTIs) (Pailhories et al., 2018; Chopjitt et al., 2021). One important contributing factor to these nosocomial infections is their ability to survive in stressful environments and, consequently, how difficult they are to eradicate (Chapartegui-Gonzalez et al., 2022). These difficult to eradicate strains then lead to nosocomial infections, particularly in immunocompromised patients in intensive care units (Ding et al., 2022).

Carbapenems are still the main antimicrobial agents for the treatment of infections with multidrug-resistant Acinetobacter spp., including A. pittii (Hirschberg and Kopple, 1989; Bassetti et al., 2021). However, reports of carbapenem resistance are increasing recently and have created a huge therapeutic challenge for clinicians (Bonnin et al., 2014; Wang et al., 2016). Comprehensive understanding of these resistance mechanisms has been accelerated by advancements in whole-genome sequencing (WGS) technologies (Javkar et al., 2021).

Carbapenem resistance in A. pittii is mainly caused by class D carbapenemases such as OXA-23, OXA-40, and OXA-58 and, in some cases, by metallo-b-lactamases (MBLs), including the New Delhi metallo-β-lactamase (NDM) (Kaase et al., 2014). NDM could mediate resistance to most β-lactam antimicrobial agents, including penicillins, cephalosporins, and carbapenems (Feng et al., 2021). NDM in A. pittii strains was relevant to sporadic human infection with high mortality rates and hospital transmissions in various countries, and serves as a potential reservoir for the blaNDM-1-carrying plasmids. However, co-harboring of blaNDM-1 and blaOXA-820 in the chromosome of A. pittii has not been reported until now.

Apart from resistance, virulence also plays a key role in environmental persistence and the epidemic spread of disease (Chin et al., 2018). However, A. baumannii is commonly considered to be a low virulent pathogen (Chapartegui-Gonzalez et al., 2021), and studies regarding the virulence attributes of A. pittii are rarer (Cosgaya et al., 2019). Recently, a study from France described one case of A. pittii community-acquired pneumonia with a low virulence profile (Larcher et al., 2017). Considering the fact that various virulence factors can be found in A. pittii strains, studying its virulence and discussing its pathogenesis are still crucial in the pursuit of treating patients.

In this study, we investigate the characteristics of one sequence of type 220 A. pittii strain isolated from a bloodstream infection (BSI) in China. To the best of our knowledge, this is the first description of an ST220 A. pittii strain in which co-harboring blaNDM-1 and blaOXA-820 carbapenemase genes resided on the chromosome. A combination of Illumina and MinION whole-genome sequencing was conducted to provide comprehensive insight into the genomic and chromosome structure features.



Materials and methods


Flow chart indicating the process of this study

A flow chart (Figure 1) was built to show all the experiments and employed procedures of this study using CmapTools v6.04 (https://cmap.ihmc.us) (Behzadi and Gajdacs, 2021). Based on the different parts of the experiments, sequencing, and bioinformatic sections, this study was divided into two parts (Ranjbar et al., 2017).




Figure 1 | Flow chart of all experiments and employed procedures in this study. The flow chart was built using CmapTools v6.04. It is divided into an experimental section and a bioinformatic section.





Bacterial isolation, identification, and characterization of A. pittii isolate

A. pittii TCM strain was isolated from a BSI during routine diagnostic analysis on 19 January 2018 in Hangzhou, China. Isolate identification to species level was conducted by matrix-assisted laser desorption ionization–time of flight mass spectrometry (MALDI-TOF MS, Bruker Daltonik GmbH, Bremen, Germany) and confirmed by 16S rRNA gene-based sequencing (Nagy et al., 2009; Nagy et al., 2012).



Antimicrobial susceptibility testing

Minimum inhibitory concentrations (MICs) for A. pittii TCM strain against multiple antibiotics were tested by using disk diffusion and broth microdilution. It interpreted breakpoints for Acinetobacter spp. according to the recommendations from the Clinical and Laboratory Standards Institute (CLSI), 2021 guidelines and European Committee on Antimicrobial Susceptibility Testing (EUCAST), 2021. Because there is no tigecycline breakpoint for Acinetobacter, MIC was interpreted according to the guidelines of EUCAST for Enterobacterales (with MIC breakpoint value ≤0.5 mg/L denoting susceptibility and >0.5 mg/L denoting resistance). The antibiotic disks used in this study included imipenem (IPM, 10 µg, Oxoid, Cheshire, UK), meropenem (MEM, 10 µg, Oxoid, Cheshire, UK), Amikacin (AMI, 30 µg, Oxoid, Cheshire, UK), and ciprofloxacin (CIP, 5 µg, Oxoid, Cheshire, UK) in a Mueller-Hinton agar (MHA) culture medium (Oxoid, Cheshire, UK). In addition to the antibiotics mentioned above, colistin (COL, Sigma-Aldrich, St. Louis, MO, USA) and tigecycline (TGC, Sigma-Aldrich, St. Louis, MO, USA) were also investigated using broth microdilution. Escherichia coli ATCC 25922 served as the quality control strain.



Stability experiments of blaNDM-1 and blaOXA-820 carbapenemase genes

A. pittii TCM strain was grown overnight in three separate cultures at 37°C in 2 ml of Luria broth (LB) without antibiotics, followed by serial passage of 2 µl of overnight culture into 2 ml of LB daily, yielding 10 generations each lasting 7 days (Lv et al., 2020). On the last day, samples were collected and streaked on antibiotic-free MHA plates. Colonies were selected randomly, and the presence of blaNDM-1 and blaOXA-820 was confirmed via PCR. Primers were designed based on the full-length sequences of blaNDM-1 and blaOXA-820 on the A. pittii TCM chromosome (GenBank accession number: CP095407) using Snapgene (Dotmatics, USA) BLAST (NCBI, USA) 2.3.2 and BLAST software. Primers are listed in Table S1.



Whole-genome sequencing and bioinformatics analysis

Genomic DNA was extracted from the A. pittii TCM strain using a Qiagen minikit (Qiagen, Hilden, Germany) in accordance with the manufacturer’s recommendations. Whole-genome sequencing was performed using both the Illumina HiSeq platform (Illumina, San Diego, CA, USA) and the Oxford Nanopore MinION platform (Nanopore, Oxford, UK). De novo assembly of the reads of Illumina and MinION was constructed using Unicycler v0.4.8 (Wick et al., 2017). The prediction and annotation of genome sequences were performed using the National Center for Biotechnology Information’s (NCBI) Prokaryotic Genome Annotation Pipeline (PGAP) updated in 2018 (Tatusova et al., 2016); Prokka v.1.13 (Seemann, 2014) and rapid annotations were done using the subsystems technology (RAST) server (Overbeek et al., 2014). Antimicrobial resistance genes were identified using the ABRicate v0.8.13 program (https://github.com/tseemann/abricate) based on ResFinder 4.0 updated in 2020 (http://genomicepidemiology.org/) (Zankari et al., 2012; Bortolaia et al., 2020). The point mutations were identified using the fIDBAC server and manual comparison (Liang et al., 2021). Bacterial virulence factors were identified through the virulence factor database updated in 2019 (VFDB 2019, http://www.mgc.ac.cn/VFs/) (Liu et al., 2022). Insertion sequences (ISs) were identified using the Isfinder updated in 2022 (Siguier et al., 2006). Capsular polysaccharide (K locus, KL) and lipooligosaccharide (OC locus, OCL) were tested using Kaptive v2.0.0 updated in 2021 (Wyres et al., 2020; Lam et al., 2022). Multilocus sequence typing (MLST) was performed via the Center for Genomic Epidemiology (CGE) website updated in 2020 (https://cge.cbs.dtu.dk/services/MLST/). The Phage Search Tool (PHASTER) updated in 2016 was used for the prediction of bacteriophages (Zhou et al., 2011; Arndt et al., 2016).

Plasmid reconstruction was conducted using the PLACNETw tool (Vielva et al., 2017). Plasmid structure was visualized using Proksee (https://proksee.ca/) (Stothard et al., 2019). Comparative genomics analysis of all 11 ST220 A. pittii strains from the PubMLST database (https://pubmlst.org/) was further performed using the Bacterial Isolate Genome Sequence Database (BIGSdb) (Jolley et al., 2018). The generation tree file was visualized using the Interactive Tree of Life updated in 2021 (iTOL v5, https://itol.embl.de/) (Letunic and Bork, 2021). Default parameters were used for all software packages.

The taxonomic relationships among these isolates were further evaluated using the average nucleotide identity (ANI) (Luis and Konstantinos, 2016) and DNA–DNA hybridization (DDH) distances (Meier-Kolthoff et al., 2013), with A. pittii HUMV-6483 as the reference strain and species positive control (Chapartegui-Gonzalez et al., 2017). Pan-genome analysis was performed via the Roary software (Page et al., 2015) and visualized using Phandango (https://jameshadfield.github.io/phandango/#/main).




Results


Genome annotations and subsystem categories

The genome and protein-coding sequences (CDS) were annotated and predicted using PGAP and RAST. According to PGAP annotation, there are 4,330 genes, of which 4,102 are protein-coding genes, 131 are pseudogenes, and the remaining 97 are predicted RNA-coding genes, composed of 74 tRNAs, 18 rRNAs and 5 ncRNAs.

In contrast to PGAP, 4,280 genes that belonged to 313 subsystems were annotated using RAST. The subsystem each CDS was classified into is shown in Figure 2. Most of them belonged to metabolism (443) and amino acids and derivatives (307). Additionally, 45 CDS were sorted into virulence, disease, and defense categories.




Figure 2 | Counts of protein-coding sequences distributed in each subsystem feature based on RAST annotation. The number of each subsystem category is shown on the right of each column.





Susceptibility to antimicrobial agents

The antimicrobial susceptibility testing results revealed the A. pittii TCM strain possessed a multidrug-resistant (MDR) profile when both CLSI and EUCAST breakpoints were used. The inhibition zone diameters of imipenem, meropenem, ciprofloxacin, and amikacin were 17 mm (R), 13 mm (R), 7 mm (R), and 21 mm (S), respectively. The broth microdilution results showed that the MICs of imipenem and meropenem were 8 and 16 mg/L, respectively. A. pittii TCM strain also exhibited a resistance to ciprofloxacin (32 mg/L). In our case, A. pittii TCM was still susceptible to amikacin (2 mg/L), colistin (1 mg/L), and tigecycline (0.5 mg/L). The susceptibility of the A. pittii TCM strain against the antimicrobial agents above was consistent when the isolate was classified as resistant or susceptible using CLSI and EUCAST breakpoints.



Antimicrobial resistance determinants, point mutations, and virulence profiles

Analysis of the genome of the A. pittii TCM strain revealed that in addition to co-harboring blaNDM-1 and blaOXA-820, a series of genes conferring resistance to β-lactams (blaADC-43), bleomycin (ble-MBL), streptomycin [ant(2’’)-Ia], sulfonamides (sul2), and macrolide [msr(IE) and mph(E)] were also identified (Table 1). Regarding fluoroquinolones resistance, serine by lysine at position 81 (S81L) in the gyrA (DNA gyrase) was found. However, no pmrAB and lpxACD mutations were identified in this strain. Based on these results, the genotype and the phenotype were consistent.


Table 1 | Molecular characterization of genomes from the A. pittii TCM strain.



Many virulence factors were identified in the A. pittii TCM strain. One was the outer membrane protein ompA gene pga operon (pgaABCD) encoding poly-β-1,6-N-acetyl-d-glucosamine (PNAG), which is important for biofilm development. Others were csu operon encoding Csu pili and pbpG encoding PbpG for serum resistance—a quite important two-component regulatory system bfmRS involved in Csu expression. Then, finally, there were lpxABC and lpxL encoding lipopolysaccharide (LPS) and many genes (bauABCDEF, basABCDEFGHIJ, and barAB) encoding Acinetobactin for iron uptake.



Stability of blaNDM-1 and blaOXA-820

The stability assays revealed that blaNDM-1 and blaOXA-820 were quite stable even after 70 samples under antibiotics-free condition. These results were confirmed with PCR (Supplementary Figure 1).



Multilocus sequence typing, lipooligosaccharide outer core, and capsular polysaccharide

Based on the Pasteur MLST scheme, the A. pittii TCM strain was typed into a sequence type 220 (cpn60-45, fusA-20, gltA-44, pyrG-16, recA-20, rplB-29, rpoB-20). According to the Oxford MLST schemes, it belonged to ST1818 (cpn60-52, gdhB-141, gltA-62, gpi-247, gyrB-129, recA-7, rpoD-10). The specific positions of all housekeeping genes are shown in Figure 3A.

Kaptive showed that the A. pittii TCM strain contains OC locus 6 (OCL-6), matching the 98.98% coverage of reference sequence with 80.55% nucleotide identity. The K locus in the A. pittii TCM strain is KL38. It matches 100% of the locus with an overall nucleotide identity of 96.89%.



Chromosome and Tn125 composite transposon structure

The hybrid assembly of Illumina and MinION reads showed that the A. pittii TCM strain had a 4,250,902-bp circular chromosome (Figure 3A) with guanine cytosine (GC) content of 39.00% (Table 1).




Figure 3 |  A. pittii TCM strain chromosome circular map and Tn125 composite transposon structure. (A) Circular map of the A. pittii TCM chromosome. Housekeeping genes of Pasteur and Oxford schemes are indicated by various colors. On the right panel of (A), A. baumannii plasmid pDETAB2 and Tn125 composite transposon structure are shown. (B) Structure of Tn125 composite transposon compared with plasmid pDETAB2 (CP047975). Horizontal arrows represent the direction of the genes, with black arrows indicating resistance genes. Light blue shades indicate regions with 99.99%–100% identity. Target site duplication (TSD) is shown as flag in black.



The blaNDM-1 gene cluster was arranged sequentially as ISAba125, blaNDM-1, and ble-MBL elements (Figure 3B). The blaNDM-1 gene was embedded in the composite transposon Tn125, bracketed by two copies of the ISAba125 orientated in the same direction, and flanked by 3-bp (AAG) possible target site duplications (TSDs). Moreover, the composite transposon structure of Tn125 with another 3-bp (AAA) TSD in the plasmid pDETAB2 (GenBank accession number: CP047975), which was isolated from a rectal swab sample in China, is identical to this Tn125 with a percentage of 99.99% (Figure 3B).



Plasmid prediction and genetic analysis of plasmids

To identify the contigs that may belong to a plasmid, the PLACNETw software was used based on the Illumina sequencing data. Result showed that the A. pittii TCM strain had a chromosome of 3.9 Mb and three predicted plasmids with 20.22, 11.45, and 6.27 kb, respectively (Figure 4).




Figure 4 | PLACNETw was used for plasmid reconstruction from the A. pittii TCM strain draft genomes. The contigs node’s sizes are proportional to their length. Blue nodes represent contigs of A. pittii TCM genomes, and orange nodes indicate the reference genomes. Contigs nodes’ sizes are proportional to their length. Color nodes represent contigs with special function proteins: yellow-green (replication initiation protein), red (relaxases), and green represents both. The green-dotted line shows the chromosome and the three blue-dotted lines show the plasmids.



We further assembled the complete genome with both short-read Illumina sequencing data and long-read Oxford Nanopore sequencing data. To visualize the plasmid maps of the A. pittii TCM strain, a member of the CGView (Circular Genome Viewer) software family, Proksee, was utilized for generating high-quality, navigable maps of circular genomes. This tool is a Java program and originally intended for bacterial genomes. In our case, four plasmids were identified in the A. pittii TCM strain, namely pTCM-1 to pTCM-4, with sizes between 6,078 and 84,108 bp and GC contents ranging from 33.29% to 39.54% (Table 1). Different kinds of resistance genes were carried by pTCM-1, pTCM-3, and pTCM-1 and showed in the plasmid maps (Figures 5A, C, D). However, pTCM-2 does not carry any resistance genes (Figure 5B).




Figure 5 | Four circular plasmid maps in A. pittii TCM strain. Red arrows indicate the antimicrobial resistance genes. Pink arrows indicate the other open reading frames (ORFs). Antimicrobial resistance genes carried by the plasmid are labeled. (A) Circular plasmid map of pTCM-1. (B) Circular plasmid map of pTCM-2. (C) Circular plasmid map of pTCM-3. (D) Circular plasmid map of pTCM-4.





Prophage regions in the chromosome

Prophage regions were predicted by the PHASTER tool. The results showed six intact, four questionable, and two incomplete regions in the chromosome (Figure 6A). Regions 3, 5, 7, 10, 11, and 12 were 71.5, 39.1, 50.8, 43.4, 22.5, and 30.8 kb long with GC contents of 39.27%, 40.92%, 38.10%, 39.60%, 38.25%, and 40.27%, respectively. Based on the PHASTER tool, all six regions above were predicted to be intact due to having scores of >90. The gene function of the six intact prophage regions, known to be essential for phage activity such as specifying attachment, structural components, phage integration, and cell lysis were identified (Figure 6B). In addition, regions 1, 6, 8, and 9 were classified as questionable due to their scores of 70 or 80. However, there were also two incomplete prophage regions with scores of 20 and 30, respectively.




Figure 6 | Predicted prophage regions within the A. pittii TCM chromosome. (A) A total of 12 prophage regions are positioned in the chromosome. Green means the intact prophage regions (score >90), blue means the questionable prophage regions (score 70–90), and red means the incomplete prophage regions (score <70). (B) Structure of six intact prophage regions. Genes are colored based on predicted functions.





Comparative genomics analysis of all ST220 A. pittii strains in public database

We further queried the PubMLST database, and the information of 10 other ST220 A. pittii strains was obtained. Strains were collected from several different sources, including blood, sputum, abscesses, and the upper respiratory tract of patients and environmental sinks (Figure 7). Their hosts were isolated in various cities in the USA, Japan, China, and Thailand. Comparative genomics analysis showed that there is a very close relationship between the A. pittii strain YB45 and the A. pittii TCM strain used in this study. Moreover, the A. pittii AP864 and AP984 strains collected from Thailand were of the same branch. Furthermore, three strains isolated from Chengdu in China, namely WCHAP100010, WCHAP100007, and WCHAP100022, were closely related.




Figure 7 | Phylogenetic analysis of 11 ST220 A. pittii strains based on the public database. The tree was built via the PubMLST database and visualized with iTOL v5. Isolates name, isolation date, country, and collection sources are shown in each isolate. The filled boxes reveal the different countries or sources based on different colors. The PubMLST ID and GenBank accession numbers of 10 ST220 A. pittii strains are shown as follows: AS012594 (ID: 6032, GenBank accession number: VLVU00000000), SU1805 (ID: 5840, GenBank accession number: JACWEV000000000), YB45 (ID: 5339, GenBank accession number: CP029610), AP984 (ID: 5927, GenBank accession number: JAEHOG000000000), AP864 (ID: 5924, GenBank accession number: JAEFCW000000000), NBRC110506 (ID: 5858, GenBank accession number: BBTY00000000), WCHAP100010 (ID: 5991, GenBank accession number: SGTJ00000000), WCHAP100007 (ID: 6001, GenBank accession number: SGTM00000000), WCHAP100022 (ID: 6006, GenBank accession number: SGSZ00000000), and NBRC110505 (ID: 5861, GenBank accession number: BBTX00000000).





Taxonomic relationship and pan-genome analysis

Public genomes were reannotated using Prokka, and then a gene presence/absence analysis was performed on the basis of the annotated protein sequences. As shown in Figure 8A, 3,200 core genes, 0 soft core genes, 1,571 shell genes, and 933 cloud genes were defined. The presence/absence of all the genes were further visualized with the phylogenetic tree (Figure 8B). From that tree, the close relationship between A. pittii strain YB45 and A. pittii TCM strain was also observed.




Figure 8 | Pan-genome analysis of ST220 A. pittii strains using Roary. (A) Number of genes belonging to the core, the shell, or the cloud is shown as a pie chart. (B) Matrix of the presence/absence of genes generated with Roary and the phylogenetic tree of 11 ST220 A. pittii strains is also shown. The figure was visualized using Phandango. (C) Matrix distance values among A. pittii strains. The upper part shows average nucleotide identity (ANI) values; the lower part indicates DNA–DNA hybridization (DDH) values. A reference strain, namely A. pittii HUMV-6483, is also included to confirm the bacterial species. The threshold to belong to the same species is considered to be 95% for ANI values, whereas >70% is the threshold for DDH values. Diagonal 100% means the same strain.



To further compare the taxonomic relationship among all ST220 A. pittii strains and A. pittii HUMV-6483 reference strain, both ANI and DDH distances were calculated. All ST220 A. pittii strains presented high ANI and DDH values, ranging from 99.85% to 100% for ANI and from 97.4% to 99.9% for DDH (Figure 8C). Furthermore, the reference strain averaged 96.47% for ANI and 70.9% for DDH among the isolates used in this study (Figure 8C).




Discussion

The presence of carbapenemase-producing Acinetobacter spp., including A. baumanii, A. lwoffii, and A. pittii, has become dominant in several countries, and they are increasingly being considered quite important nosocomial pathogens (Wisplinghoff et al., 2012; Mohd Rani et al., 2017; Mulani et al., 2019; Kiyasu et al., 2020). Although carbapenemases (especially for OXA-23, OXA-24/40, OXA-58) are widely disseminated among Acinetobacter species, few data are available for pathogenic A. pittii strains harboring carbapenemase except for sporadic reports (Sung et al., 2015).

Metallo-ß-lactamases (MBLs) (e.g., NDM-1) could neutralize the activity of ß-lactam antibiotics via hydrolyzing amide bonds. The spread of MBLs worldwide is the result of the lack of appropriate inhibitors and the transfer of the resistance genes that are located in the composite transposon structure. Hence, MBLs are known to support bacterial survival as powerful weapons against antibiotics (Behzadi et al., 2020). In previous studies, Yang et al. (2012) found MBL-producing A. pittii (NDM-1-positive) disseminated predominantly within the ICU in China. However, limited data and knowledge concerning NDM-1-positive A. pittii-causing BSI have been acquired to date in China (Yang et al., 2021). Authors’ study, one carbapenem-resistant A. pittii strain from BSI was isolated. To promote understanding regarding the genomic function of our A. pittii strain, the RAST software was utilized to classify the different CDS into subsystems according to their function (Aziz et al., 2008). Consistent with other published studies, the majority of the genes belong to “Metabolism,” followed by features with cellular components (amino acids, carbohydrates) (Chapartegui-Gonzalez et al., 2022).

Regarding the carbapenem-resistant A. pittii isolates, an outbreak of ST63 clone that carried a 45-kb blaNDM-1-bearing plasmid was reported in an ICU in China (Yang et al., 2012). In addition, Chopjitt et al. (2021) reported the ST63, ST396, and ST220 carbapenem-resistant A. pittii strains from the perspective of clinical characteristics and genome-based single nucleotide polymorphism (SNP). However, no studies completely clarify the chromosome and plasmid structures of blaNDM-1-positive carbapenem-resistant A. pittii strain. Few studies highlight the importance of mobile genetic elements (MGEs) in A. pittii. MGEs, including insertion sequences (ISs), integrons, and transposons, play a particularly important role in the resistance gene transfer between plasmid and chromosomes (Gorbunova et al., 2021). One study from Chapartegui-González et al. (2022) revealed that various ISs were found in all five A. pittii isolates. In particular, ISAba125 was found in a HUMV0315 A. pittii strain that was collected from Santander, Spain. In the current study, we, for the first time, found blaNDM-1 in the chromosome that mediated two ISAba125-based Tn125 composite transposons, highlighting the importance of ISAba125-mediated transfer of resistance determinants. The genetic structure of Tn125 composite transposon was highly related (99.99% identity) to a previously described blaNDM-1-blaOXA-58-harboring plasmid from an A. baumannii strain isolated from the rectal swab of a hospitalized patient in an ICU in Hangzhou, China (Liu et al., 2021a). Considering that these two strains had the same geographic location, there is a possibility that Tn125 transfers between the chromosomes and plasmids of two species via one translocation event. In addition to resistance gene transfer mediated by composite transposons, XerC, and XerD, site-specific tyrosine recombinases (XerC/D-like sites) and a 28-bp recombination site dif, could play key roles in the resistance genes transfer of blaOXA-40-like, blaOXA-499, and blaOXA-58 (Cameranesi et al., 2018). A. pittii could be a crucial source of resistant genes and lead to the dissemination of resistant genes among species.

The degree of A. pittii virulence remains poorly understood. ompA, pgaABCD, and bfmRS are identified in our strain, which are able to promote adhesion and biofilm formation (Geisinger et al., 2018). This is a crucial pathogenic feature of many bacteria, facilitating colonization on the surface of biological materials, leading to further medical device-associated infections and promoting the evasion of the host immune system in vivo (Gordon and Wareham, 2010; Harding et al., 2018). More importantly, many virulence factors encoding Acinetobactin were found. Conde-Pérez et al. (2021) uncovered the essential role of Acinetobactin in the pathogenicity. Additionally, OCL and KL gene clusters, which also represent the virulence factor and are responsible for the biosynthesis of the outer core of lipooligosaccharide and capsules, are potentially useful epidemiological markers and may perform a key role in vaccine and biomarker development (Wyres et al., 2020). In our study, KL38 had a quite high identity. Whether all blaNDM-1-positive carbapenem-resistant A. pittii strains belong to this kind of KL type still needs further study. There are 12 prophage regions identified in the chromosome. A previous study from Krahn et al. (2016) demonstrated that transposon Tn125, which embedded the blaNDM-1 gene, could transfer via phage-mediated transduction within the species of A. baumannii. Thus, prophages may play a key role in the horizontal gene transfer (HGT) of carbapenems resistance genes, such as blaNDM-1 and blaOXA-23 (Krahn et al., 2016; Abouelfetouh et al., 2022). Another study from Loh et al. (2020) in China showed a wide variation in the number of prophages in A. baumannii genomes. Several phages carry carbapenems resistance genes, including blaNDM-1 and blaOXA-23, demonstrating the importance of lysogenic phages in the transfer of resistance genes. However, an important limitation of our study is that the activities of these prophages were not confirmed through induced experiments for prophages.

Acinetobacter spp. have a relatively small genome size compared to the other Gram-negative pathogens Therefore, there are fewer CDS (Chapartegui-Gonzalez et al., 2021; Chapartegui-Gonzalez et al., 2022). We further analyzed the genome features of all ST220 A. pittii strains based on the public database, in particular with the NDM-1 type carbapenemase. Zhang and Zhou (2018) reported the draft genome sequence of an NDM-1-, OXA-421-, and AmpC-producing ST220 A. pittii YB45 strain in Anhui Province, China. Based on the comparative genomics analysis, there is a very close relationship between A. pittii strain YB45 and A. pittii TCM strain. These strains may be spreading among different provinces in China, and they require early recognition and detection of carbapenemases. All AP864, AP984, and SU1805 isolates collected from Thailand and Japan carried NDM-1. Therefore, we speculated that carbapenem-resistant A. pittii strains, which were isolated in Asia, seemed to be more likely to harbor NDM-1. These genome data might facilitate further understanding of the genomic feature of NDM-1-positive A. pittii strains.

This study provides a comprehensive pan-genome analysis. Among the analyzed strains, all ST220 strains have high ANI and DDH values, suggesting a close genetic relationship. The numerous genes on the core genome compared with the pan-genome also highlight the similarity among these sequenced strains. In other studies, pan-genome and core-genome sizes vary and possess pan-genome values between 3,000 and 6,500, similar to our genome data (Chapartegui-Gonzalez et al., 2021).

It is worth noting that current treatment options for carbapenem-resistant Gram-negative infections are limited and need new antibiotics (Bassetti et al., 2021; Tamma et al., 2021). Novel therapeutic options against resistant microorganisms such as cefiderocol, GSK-3342830, eravacycline, WCK 5153 with sulbactam, apramycin, and bacteriophage therapy should be considered to overcome the problematic Gram-negative pathogens (Isler et al., 2019). Additionally, high-dose sulbactam combined with either levofloxacin, minocycline, or tigecycline may promote superior rates of clinical improvement and clinical cure, especially for multidrug-resistant or extensively drug-resistant Acinetobacter spp. (Liu et al., 2021b).



Conclusion

This study is the first to report co-producing chromosomal NDM-1 and OXA-820 carbapenemases in A. pittii collected from a BSI patient in China. This discovery highlights the clinical importance of this species. The complete structures of the chromosome and plasmids were analyzed. Tn125 composite transposon could transfer via a translocation event, and this species also may disseminate among different provinces in China. Therefore, surveillance is warranted, and early detection of carbapenemase genes is recommended to avoid a major spread in healthcare settings, especially in the ICU.
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Objective

Multidrug-resistant organisms (MDRO), especially carbapenem-resistant organisms (CRO), represent a threat for newborns. This study investigates the colonization prevalence of these pathogens in a newborn unit at a Kenyan tertiary hospital in an integrated approach combining routine microbiology, whole genome sequencing (WGS) and hospital surveillance data.



Methods

The study was performed in the Kenyatta National Hospital (KNH) in 2019 over a four-month period and included 300 mother-baby pairs. A total of 1,097 swabs from newborns (weekly), mothers (once) and the hospital environment were taken. Routine clinical microbiology methods were applied for surveillance. Of the 288 detected MDRO, 160 isolates were analyzed for antimicrobial resistance genes and phylogenetic relatedness using whole genome sequencing (WGS) and bioinformatic analysis.



Results

In maternal vaginal swabs, MDRO detection rate was 15% (n=45/300), including 2% CRO (n=7/300). At admission, MDRO detection rate for neonates was 16% (n=48/300), including 3% CRO (n=8/300) with a threefold increase for MDRO (44%, n=97/218) and a fivefold increase for CRO (14%, n=29/218) until discharge. Among CRO, K. pneumoniae harboring blaNDM-1 (n=20) or blaNDM-5 (n=16) were most frequent. WGS analysis revealed 20 phylogenetically related transmission clusters (including five CRO clusters). In environmental samples, the MDRO detection rate was 11% (n=18/164), including 2% CRO (n=3/164).



Conclusion

Our study provides a snapshot of MDRO and CRO in a Kenyan NBU. Rather than a large outbreak scenario, data indicate several independent transmission events. The CRO rate among newborns attributed to the spread of NDM-type carbapenemases is worrisome.
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Introduction

Neonatal mortality rates in sub-Sahara Africa, including Kenya, continue to be among the highest worldwide (Gage et al., 2021) and severe newborn infections are accountable for 37% of these deaths (Ahmed et al., 2018). Due to limited medical infrastructure, reduced treatment options and high patient vulnerability (Laxminarayan and Bhutta, 2016), patients in newborn units (NBU) are at high risk for infections with multidrug-resistant organisms (MDRO). A WHO-report of 2017 classifies certain Gram-negative bacteria as critical priority (World Health Organization, 2017) with carbapenem-resistant Acinetobacter baumannii, carbapenem-resistant or 3rd generation-cephalosporin resistant Enterobacteriaceae and carbapenem-resistant Pseudomonas aeruginosa as highest concern. Especially, carbapenem-resistant A. baumannii and Enterobacteriaceae are prone to cause long-lasting outbreaks in hospital settings (Khalid et al., 2020). Methicillin-resistant Staphylococcus aureus (MRSA) are other pathogens often involved in hospital-acquired infections (Schuetz et al., 2021). Surveillance data of MDRO, MRSA and their transmission routes is scarce in low-and middle-income countries (Huynh et al., 2015) but knowledge about it is essential to initiate appropriate infection control measures. In this study, we identified clusters of MDRO and carbapenem-resistant organisms (CRO) at the NBU of the Kenyatta National Hospital (KNH) in Nairobi, Kenya, by an integrated approach combining patient data, routine microbiology results, bacterial genome sequences and infection epidemiology analysis.



Material and methods


Study design

This was a prospective study conducted in a newborn unit at KNH between January and April 2019. Rectal swabs from newborns, vaginal swabs from mothers and environmental samples from surfaces and medical equipment (on study days d55-57 and d89) were taken over a period of four months. These samples were analyzed for the presence of MDRO (Department of Medical Microbiology, University of Nairobi (UoN) and the Department of Laboratory Medicine, KNH). For a subset of MDRO, whole-genome-sequencing was performed, and phylogenetic relatedness of the bacterial isolates was assessed (Institute of Medical Microbiology and Infection Control, University Hospital Frankfurt am Main, Germany). Clusters were analyzed by integrated metadata analysis (sampling, location within the hospital).



Study participants

In this study, 300 mother-newborn pairs over a period of 110 days were included. Inclusion criteria were (i) admission to the NBU and (ii) given informed consent. Exclusion criteria was any given medical or ethical contradiction to rectal swabs of newborns or vaginal swabs of mothers. Ethical approval was given by KNH – UoN Ethics & Research Committee (KNH/UoN-ERC: P208/04/2018; University of Nairobi, Kenya, College of Health Sciences, July 11th, 2018) and by the Ethics Committee of the Medical Faculty Goethe University Frankfurt am Main, Germany (FKZ 01KA1772; 15/05/2018).



Study site

At KNH NBU, 200 to 300 newborns per month receive medical care. NBU is organized into nine sub-units. At admission, newborns are examined in the admission room. Medical care is provided in newborn intensive care units (NICU1, NICU2, NICU3), in nurseries (nursery B1, nursery B2, nursery B3) or in an isolation room. Nursery D is reserved for newborns with improved health condition. The delivery ward is separated from NBU by two floors. Mothers stay in different post-natal wards and visit the NBU every three hours to (breast-)feed their babies.



Sample collection

Vaginal swabs (MK Plast, New Delhi, India) were collected from mothers once at the day their newborns were admitted (according to the ethics proposal KNH/UoN-ERC: P208/04/2018). Rectal swabs of newborns were taken at the day of admission, weekly during their stay at NBU and at discharge from the NBU. Due to ethical reasons, no sample was taken from deceased newborns. Environmental samples were categorized as (i) medical devices (e.g., ventilators, ultrasound transducer), (ii) near patient (e.g., cots, incubators), (iii) far from patient (e.g., desks, computer equipment) or (iv) unclean areas (e.g., surfaces, sinks), and were taken on d55-57 and d89.



Routine microbiology testing

Bacterial cultures were incubated for 24 hours at 35-37°C on selective chromogenic ESBL agar (CHROMagar, Mast, Paris, France). Identification (ID) and antimicrobial susceptibility testing (AST) was done via VITEK-2 (bioMérieux SA, Marcy-l’Étoile, France) using GN83 and P580 cards and imipenem E-test strips (Liofilchem, Roseto degli Abruzzi, Italy) according to Clinical Laboratory Standards Institute (CLSI) guidelines (Clinical and Laboratory Standards Institute (CLSI), 2019). Each ID and AST included a purity control on Columbia blood agar. All MDRO isolates were stored at -80°C in CRYOBANK™ medium (Mast).



Sequencing

Due to the agreements of the ethics proposal (KNH/UoN-ERC: P208/04/2018), 160 bacterial isolates (including 51/63 CRO) were selected from 288 detected MDRO for whole genome sequencing (WGS) prioritized by the following criteria: (i) carbapenem-resistant phenotype, (ii) culturable bacterial status upon arrival in Germany and (iii) likeliness of transmission onto or among newborns. Isolates were shipped on dry ice in CRYOBANK medium to Frankfurt am Main, Germany and were phenotypically re-assessed upon arrival using routine microbiology methods. Identification and AST were confirmed using Vitek-2, ID MALDI-ToF MS (bioMérieux SA, Nürtingen, Germany) according to European Committee on Antimicrobial Susceptibility Testing (EUCAST) guidelines version 8.0 (accessible via https://www.eucast.org/clinical_breakpoints/). Lateral flow assays (Hardy, Santa Maria, USA) were used to detect the following carbapenemases: NDM, KPC, OXA-48, VIM and IMP. All laboratory testing was performed under strict quality control criteria (laboratory accreditation according to ISO 15189:2011 standards) at the Institute for Medical Microbiology and Infection Control, University Hospital Frankfurt am Main, Germany. Isolates with inconsistent AST, unclear documented origin and copy strains (meaning that the same pathogen was detected in the same newborn multiple times) were excluded from further analysis.

DNA of cultured bacteria was extracted using DNeasy UltraClean 96 Kit (Qiagen, Venlo, Netherlands). Library preparation and sequencing was performed by a commercial service provider (Novogene, Cambridge, UK) using Illumina chemistry. Sequencing was carried out on a NovaSeq 6000 flow cell using a paired-end sequencing strategy of 2x150 bp. Details for in silico-sequence analysis is described in the Supplementary Information.



Software/Statistics

Research Electronic Data Capture software (REDCap, Vanderbilt University, Nashville, USA) was used to capture and store sample metadata (e.g., sample type, sampling date and time, location) and resistance phenotype (including ID, AST and subcultures). Confidence intervals (CI) were calculated using Newcombe-Wilson (Newcombe, 1998) method and the Relative Risk (RR) was determined using the Armitage -Berry Methods (Armitage et al., 2008).




Results


Sample collection and phenotypic determination of antimicrobial resistance

A total of 300 mother-newborn pairs were included in this study. The median age of the mothers was 27 years, and the range of newborn gestation age was between 25 weeks+6 days to 42 weeks+0 days. These newborns were admitted to the NBU at the day of delivery (or immediately after referral from other hospitals).

In total, 1,097 swabs were obtained, including 164 environmental samples (Figure 1A). Among the 288 detected MDRO, the most frequent species was K. pneumoniae (n=155) followed by E. coli (n=83) and A. baumannii (n=7). Multidrug-resistant P. aeruginosa isolates were not detected in any sample. Furthermore, 63 bacterial isolates were identified as CRO (K. pneumoniae: n=35; E. coli: n=13; A. baumannii: n=5).




Figure 1 | Results of the surveillance study. (A) Study design including the respective sample numbers (MDRO, multidrug-resistant organisms; CRO, carbapenem-resistant organisms). (B) Total prevalence of the identified bacteria grouped by sample type. “Admission” and “discharge” refer to the particular hospital stays of patients. Column sizes indicate absolute numbers, while percentages of MDRO and CRO are given next to the respective columns.



At admission to NBU (after delivery or after referral from another hospital), MDRO were detected from 16% of newborns (n=48/300; 16%; CI 12-21%), including 3% CRO (n=8/300; 3%; CI 1-5%). Among mothers, a 15% MDRO rate (n=45/300; 15%; CI 11-19%), including 2% CRO (n=7/300; 2%; CI 1-5%) was observed. The rates for mothers and newborns at admission were similar (MDRO: RR 0.94; CI 0.65-1.36; CRO: RR 0.88; CI 0.32-2.38). For newborns, the rate of MDRO increased from admission to discharge from 16% to 44% (n=97/218; 44%; CI 38-51%), and for CRO from 3% to 14% (n=29/218; 14%; CI 9-18%) indicating that 49 newborns became colonized with MDRO and of these, 21 newborns with CRO. This represents a three-fold increase of MDRO and a five-fold increase of CRO (MDRO: RR 2.78; CI 2.06-3.75; CRO: RR 4.99 CI 2.33-10.70). The highest increase was observed in the first week after admission to NBU (see Figure 1B).

MDRO and CRO isolates were obtained from medical devices (n=9), unclean areas (n=6) and near patient areas (n=3). Rates in NBU-environmental samples were 11% (n=18/164; 11%; CI 7-17%) for MDRO and 2% (n=3/164; 2%; CI 1-5%) for CRO.



Genomic characterization and phylogenetic analysis of MDRO and CRO

Of all sequenced Enterobacteriaceae, 89% (n=137/154) harbored an extended spectrum β‐lactamase (ESBL) type blaCTX-M-15. For 42/51 sequenced CRO, a blaNDM-type carbapenemase gene was identified. These were distributed among K. pneumoniae (n=25; blaNDM-1: n=14, blaNDM-5: n=10, blaNDM-7: n=1), E. coli (n=11; blaNDM-5: n=6, blaNDM-7: n=5) and other Enterobacteriaceae (n=6; all harboring blaNDM-1). For all four A. baumannii isolates, a blaOXA‐23 carbapenemase was detected; one of those additionally harbored blaOXA‐66, two others blaOXA‐69 and one blaOXA‐365. Other detected carbapenemases include blaOXA‐232 and blaOXA‐181 (each found in one K. pneumoniae isolate, respectively). Detailed information regarding sequence type and antimicrobial resistance genes is given in Supplementary Table 1.

A phylogenetic analysis of the 160 selected isolates was carried out. Copy strains (n=17) were excluded once confirmed by sequence analysis. Results revealed 20 clusters of closely related isolates, including five CRO clusters. Of these, 19 were formed by K. pneumoniae (CRO clusters: n=4) and one cluster was formed by E. coli (see Figure 2 and Supplementary Table 2).




Figure 2 | Phylogenetic analysis of the 160 sequenced isolates. Phylogenetic analysis revealed 20 clusters (I-XX) depicted as circles. (A) K. pneumoniae, (B) E. coli, (C) A. baumannii. Circle areas represent the number of patients and environmental samples forming the cluster, while the circle color indicates the respective sample types (rose, maternal; light blue, neonatal; green, environmental). Multilocus sequence types (ST) of clusters are shown below each cluster. Non-typable sequence types are designated as “ST-”. Sequence types of all particular isolates are given in Supplementary Table 1.



Among these clusters, cluster I and II as well as cluster VI, VII and VIII consist of isolates of the same sequence type. The median difference between isolates of cluster VI and VII is 132 SNVs (min: 130; max: 133), of cluster VI and VIII 182 SNVs (min: 175; max: 184) and of cluster VII and VIII 191 SNVs (min: 183; max: 193), respectively. Similarly, cluster I and II both belong to ST39, with a median difference between the isolates of 2,380 SNVs (min: 2,380, max: 2,384). These results demonstrate that these clusters VI, VII and VIII are distinguishable within ST 17 and clusters I and II within ST 39.

Cluster I, which consist of K. pneumoniae ST39 with blaCTX-M-15, represents the largest cluster (n=15). The isolates spanned the complete investigated period (d14 until d106) and were obtained from 15 neonates in seven of the nine NBU-subunits (except isolation room and NICU3).

Cluster VIII, formed by K. pneumoniae isolates of ST17 carrying blaNDM-5, was the largest CRO cluster (Figure 3). The respective isolates derived from nine different newborns and were obtained from three different subunits (Supplementary Figure 1). The initial isolate was sampled on Nursery B3 on d46. Six isolates were detected in Nursery D (on d74 (n=2), d82, d85 (n=2) and d96) and two in NICU2 on d90 and d95, respectively.




Figure 3 | Surveillance timeline of CRO over 110 study days. From 51 detected CRO, seven copy strains were excluded resulting in 44 unique isolates. In separate rows, the K. pneumoniae clusters IV, VIII, XIII, XV and the E. coli cluster XX are displayed.



Clusters indicating transmissions among mothers and newborns were rarely found (only cluster XIII and XIV). Only in three cases, bacteria of the same species (K. pneumoniae with MDRO status) were detected in mothers and their respective newborns but none of these bacteria were phylogenetically closely related (pairwise SNP distance: 16,780, 16,583 and >133k SNPs, respectively) excluding vertical transmission from mother to child. Clusters consisting of isolates obtained from the NBU-environment and among newborn samples (cluster IX) as well as clusters consisting exclusively of samples from mothers (cluster XIX) were detected. Besides the already mentioned ST39 (n=26; cluster I: n=15, cluster II: n=9; no cluster: n=2), ST17 (n=17; including the NDM-5-positive cluster VIII: n=9) and ST348 (n=13; no carbapenemase detected) were the most frequently found K. pneumoniae sequence types.

Plasmid MLST analysis and genomic assessment of those regions flanking carbapenemase genes indicate that transmission of bacteria rather than plasmid hospitalism is the dominant mechanism for the spread of carbapenemases and the occurrence of CRO (see Supplementary Figure 2, Supplementary Figure 3).




Discussion

This report focusses on MDRO colonization prevalence among newborns in a tertiary hospital in Kenya with a special emphasis on carbapenem resistance. Data revealed a five-fold increase of CRO from 3% at admission to 14% at discharge underlining the need for appropriate infection control actions. Genomic analysis revealed 20 MDRO clusters and, in particular, five heterogeneous CRO clusters (clusters: VIII: n=9 isolates; XV: n=5; IV: n=3; XX: n=3; XIII: n=2; see Supplementary Table 2) within the relatively short study period. These results indicate not one ongoing outbreak scenario but several individual transmissions and emphasize a need for multiform counteractions which are not easy to implement in clinical routine patient care.

Data on MDRO colonization prevalence among NBUs in low- and middle-income countries is limited (Huynh et al., 2015) and studies are often focussed on clinical infections while the colonisation status (a prerequisite for infection) is not reported. The most prevalent sepsis-causing pathogens in NBUs in sub-Saharan Africa are S. aureus, Klebsiella spp. and E. coli (Okomo et al., 2019). In our study, screening did not detect any MRSA (data not shown). While similar to our findings, a previous study from two hospitals in Nairobi, Kenya (Omuse et al., 2015) reported only a low MRSA prevalence (3.7%), in our study only vaginal and rectal swabs were included, which are known to be of limited sensitivity for MRSA detection (Bitterman et al., 2010). The absence of multidrug-resistant P. aeruginosa in other sub-Saharan NBUs (Ghana) is also consistent with our results (Labi et al., 2020).

An earlier Kenyan study reported ESBL colonization rates of 10% at admission to NBU with an incidence of acquisition of 21.4% per day resulting in more than half of the neonates to be colonized with ESBL within the first three days upon admission (Kagia et al., 2019). In Ghana (Labi et al., 2020), 75% of the Klebsiella spp. from NBUs were ESBL positive and the carriage rate of carbapenemase-producing Klebsiella spp. was 8%. This shows that, the MDRO colonization rate among newborns in this study is high but within the reported range from sub-Saharan Africa (Kagia et al., 2019; Labi et al., 2020). In contrast, a study from a German NBUs disclosed Denkel et al., 2014 (Rettedal et al., 2015) found 2.9% of mothers to be colonized with ESBL.

The high rate of CRO-colonized newborns at discharge (14%) is alarming but in range with results from other sub-Saharan studies (8-9% in South Africa (Ballot et al., 2019) and Ghana (Labi et al., 2020)). Consistently, when looking at neonatal sepsis, an increase of CRO from about 3% (2013) to 9% (2015) was detected in South Africa due to NDM-producing K. pneumoniae (Ballot et al., 2019) but the underlying NDM-subtype remained unreported. Also, high CRO rates (e.g. 24% carbapenem resistance among K. pneumoniae) in clinical isolates at KNH have been described earlier (Wangai et al., 2019). These reports indicate that CRO represent a significant threat for patients and, in particular, for newborns in Kenya and other sub-Saharan African countries.

K. pneumoniae NDM-1 was initially detected in Nairobi in the year 2007 (Poirel et al., 2011). Among more than 200 studies from 2010 to 2019 analysing the prevalence of NDM in Africa, NDM-1 was dominating by far (93%) with much lower rates for NDM-5 (4%) and NDM-7 (2%) (Safavi et al., 2020). Enterobacteriaceae from Kenyan hospitals were reported earlier to harbor NDM-1 and NDM-5 and for A. baumannii OXA-23 was found to be most prevalent (Musila et al., 2021). This carbapenemase pattern is widely reflecting the distribution of CRO characterized in our study.

MDRO outbreaks in NBUs are frequently reported and whole genome sequence analysis has proven a powerful tool for outbreak analysis (Mammina et al., 2007; Dramowski et al., 2017; Johnson and Quach, 2017; Brinkac et al., 2019; Okomo et al., 2020). Usually, problems in basic hygiene and increased exposure to medical procedures are significantly associated with MDRO infections (Haller et al., 2015). Such basic hygiene problems (possibly originating from medical staff or mothers, or visitors) are reflected by the high rate of MDRO/CRO detections from environmental samples (MDRO: n=18/164; CRO: n=3/164) and are difficult to overcome.

Shortcomings in basic hygiene contributed, e.g., to a K. pneumoniae ST39 outbreak in Gambia (Okomo et al., 2020) and this sequence type was also the prevalent among MDRO isolates (cluster I and II; n=25) in our study. In KNH, we found 20 different clusters suggesting several independently occurring transmission events over all NBU subunits with MDRO isolates from mothers and environmental samples (see Supplementary Figure 1). Unfortunately, exact transmission routes could not be reconstructed as this topic was not part of the initial study protocol. Clearly, the high MDRO entry by mothers (15% MDRO, 2% CRO) and newborns (16% MDRO, 3% CRO) at admission is a challenge for any infection control team.

To mitigate against this threat to newborns, staff at the KNH NBU have implemented multiple infection control measures (e.g., infection control team with weekly ward rounds, antibiotic stewardship team with daily consultations) and supported the analysis of the MDRO/CRO prevalence and transmission events strongly. Also, transmission events were clearly detected at the NBU, the successful work of the team is reflected by the fact that 56% of the newborns were not colonized with MDRO at discharge.

The herein described MDRO and CRO prevalence at the NBUs of KNH is worrisome and needs further attention (i) to clarify transmission routes and (ii) to implement further infection control measures. Generally, the limited MDRO surveillance data from sub-Saharan Africa indicate an increase of CRO infections in recent years but studies analysing colonization rather than infections are scarce (Okomo et al., 2019). It must be assumed that the extend of antibiotic resistance in Kenya is underestimated.
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In the past decades, due to the high prevalence of the antibiotic-resistant isolates of Acinetobacter baumannii, it has emerged as one of the most troublesome pathogens threatening the global healthcare system. Furthermore, this pathogen has the ability to form biofilms, which is another effective mechanism by which it survives in the presence of antibiotics. However, the clinical impact of biofilm-forming A. baumannii isolates on patients with bacteremia is largely unknown. This retrospective study was conducted at five medical centers in Taiwan over a 9-year period. A total of 252 and 459 patients with bacteremia caused by biofilm- and non-biofilm-forming isolates of A. baumannii, respectively, were enrolled. The clinical demographics, antimicrobial susceptibility, biofilm-forming ability, and patient clinical outcomes were analyzed. The biofilm-forming ability of the isolates was assessed using a microtiter plate assay. Multivariate analysis revealed the higher APACHE II score, shock status, lack of appropriate antimicrobial therapy, and carbapenem resistance of the infected strain were independent risk factors of 28-day mortality in the patients with A. baumannii bacteremia. However, there was no significant difference between the 28-day survival and non-survival groups, in terms of the biofilm forming ability. Compared to the patients infected with non-biofilm-forming isolates, those infected with biofilm-forming isolates had a lower in-hospital mortality rate. Patients with either congestive heart failure, underlying hematological malignancy, or chemotherapy recipients were more likely to become infected with the biofilm-forming isolates. Multivariate analysis showed congestive heart failure was an independent risk factor of infection with biofilm-forming isolates, while those with arterial lines tended to be infected with non-biofilm-forming isolates. There were no significant differences in the sources of infection between the biofilm-forming and non-biofilm-forming isolate groups. Carbapenem susceptibility was also similar between these groups. In conclusion, the patients infected with the biofilm-forming isolates of the A. baumannii exhibited different clinical features than those infected with non-biofilm-forming isolates. The biofilm-forming ability of A. baumannii may also influence the antibiotic susceptibility of its isolates. However, it was not an independent risk factor for a 28-day mortality in the patients with bacteremia.




Keywords: Acinetobacter baumannii, bacteremia, biofilm, carbapenem resistance, mortality



Introduction

Acinetobacter baumannii is an important pathogen responsible for various nosocomial infections and leads to high rates of mortality and morbidity in the infected patients (Cisneros et al., 1996; Dijkshoorn et al., 2007). Its emergence as a drug-resistant pathogen has made the treatment of infected patients difficult (Dijkshoorn et al., 2007; Peleg et al., 2008). Moreover, A. baumannii has been found to have the ability to form biofilms, which is another effective way for the bacteria to survive in the presence of antibiotics (Villegas and Hartstein, 2003; Martí et al., 2011). Biofilm, a three-dimensional structure constructed by the bacterial community, is encased in an extracellular polymeric matrix (Hall-Stoodley et al., 2004). Biofilms may act as a barrier against the penetration of antimicrobials, to alter their metabolism and effects, resulting in antimicrobial resistance (Harrison et al., 2007). However, some studies have shown that biofilm-forming isolates exhibit variations in drug resistance (Rodríguez-Baño et al., 2008; Qi et al., 2016; Donadu et al., 2021). These findings suggest that the biofilm-forming ability of bacterial isolates may contribute to differences in drug resistance. Moreover, biofilm- and non-biofilm-forming isolates could show different virulence.

A. baumannii can cause various biofilm-associated infections, such as chronic wound infections, ventilator-associated pneumonia, infective endocarditis, and catheter-related infections (Høiby et al., 2015; Gedefie et al., 2021). Although biofilm-associated infections are considered the cause of morbidity and mortality in patients, several studies have reported that infections caused by them are not associated with worse outcomes (Rodríguez-Baño et al., 2008; Barsoumian et al., 2015; Wang et al., 2018). Therefore, the clinical impact of the biofilm-forming ability of the pathogen remains elusive. In previous studies, we found that biofilm formation was not associated with worse outcomes in A. baumannii bacteremic pneumonia (Wang et al., 2018). However, different types of biofilm-associated infections may result in different clinical outcomes. Limited data are available regarding the clinical impacts of biofilm-forming ability of the isolates of A. baumannii. This study aimed to establish a correlation between the biofilm-forming ability of A. baumannii and the clinical outcomes in patients with A. baumannii bacteremia.



Materials and methods


Hospital setting and study population

This retrospective study was conducted from January 2010 to December 2019 at five medical centers in Taiwan, namely (alphabetically) Changhua Christian Hospital (CCH, 1676 beds) in Central Taiwan, Mackay Memorial Hospital (MMH, 2055 beds), National Taiwan University Hospital (NTUH, 2245 beds), Taipei Veterans General Hospital (TVGH, 2900 beds), and Tri-Service General Hospital (TSGH, 1712 beds) of National Defense Medical Center in Northern Taiwan. Patients who had at least one positive blood culture for A. baumannii and who simultaneously had symptoms and signs of infection were enrolled. In patients with two or more positive blood cultures, only the first blood culture was included. Patients under 20 years of age and with incomplete medical records were excluded. The study protocol was approved by the institutional review board (IRB) of each hospital (approval numbers: CCH: IRB No. 140514, MKH: IRB No. 14MMHIS125, NTU: IRB No. 201008047R, TSGH: IRB No. 1-103-05-100, and TVGH: IRB No. 2015-04-003C).

An episode of A. baumannii bacteremia was defined as the isolation of A. baumannii from a blood culture on one or more occasions. The onset of bacteremia was defined as the day when the blood culture that eventually yielded A. baumannii was obtained. Bacteremia episodes in the intensive care unit (ICU) were defined as having occurred within 48 h of ICU admission. A previous stay in the ICU was defined as admission to the ICU within 30 days prior to the bacteremia onset. Previous use of antimicrobials was defined as the use of antimicrobials, 30 days preceding the date of bacteremia onset. Those who received immunosuppressant agents within 2 weeks or corticosteroids at a dosage equivalent to or higher than 15 mg of prednisolone daily for 1 week within 4 weeks prior to the bacteremia onset were considered to have received immunosuppressant therapy. Chemotherapy use was defined as the administration of cytotoxic agents within 6 weeks prior to the onset of bacteremia. Recent surgery was defined as a surgery performed within 4 weeks prior to the onset of bacteremia. The source of bacteremia was determined according to the US Centers for Disease Control and Prevention definitions (Garner et al., 1988). The Acute Physiology and Chronic Health Evaluation (APACHE) II score within 24 h prior to the bacteremia onset was used to assess the severity of the disease. The all-cause 28-day mortality was defined as death occurring within 28 days of the onset of bacteremia and was set as the endpoint. The survival status of those who were discharged before the 28-day period was determined by contacting the patient or reviewing their medical records. None of the patients in this group were lost to follow-up.



Bacterial identification and antimicrobial susceptibility testing


Presumptive identification of the isolates at the A. baumannii complex (Abc) level was performed using the Vitek 2 system (bioMérieux, Marcy l’Etoile, France). The multiplex polymerase chain reaction was carried out to identify A. baumannii at the level of genomic species (Chen et al., 2007). The minimum inhibitory concentrations (MICs) of antimicrobial agents were determined by broth microdilution (Wayne and CLSI., 2006) and interpreted according to the standards given by the Clinical and Laboratory Standards Institute (CLSI) standards (Wayne and CLSI., 2020).



Biofilm cultivation and measurement

Biofilm-forming capability was quantitatively estimated using the crystal violet staining method (O’Toole et al., 1999; Wang et al., 2016). However, minor modifications in the procedure were made. Briefly, the bacterial strains were cultured at 37°C for 24 h in 5 mL Luria-Bertani (LB) broth supplemented with 1% D–glucose (LBglu). The cultures were diluted in LBglu to achieve an optical density (OD) of 0.03 at a wavelength of 570 nm. Aliquots of 200 μL of the final solution were added to each well of a 96-well tissue culture polystyrene microtiter plate. After incubation with agitation for 48 h at 37°C, the suspensions were removed and the wells were washed with phosphate-buffered saline (PBS), followed by the addition of 200 μL of 0.1% crystal violet to stain the cells. The plates were then incubated for 20 min with gentle agitation and washed. The crystal violet of the stained biofilms were solubilized with 200 μL of 95% ethanol for 10 min with agitation. The amount of biofilm formed was quantified by measuring the optical density at 570 nm (OD570). All experiments were performed in triplicates and repeated on three separate occasions. The OD570 values of the well with un-inoculated LB medium were used as a negative control. Those with OD570 values at least twice that of the negative controls on at least two separate occasions were considered as biofilm formation positive (Rodríguez-Baño et al., 2008).



Statistical analyses

The data were analyzed using the statistical package PASW for the Windows version 26 (SPSS, Chicago, IL, USA). The χ2 test with Yate’s correction or Fisher’s exact test was used to compare the categorical differences. Continuous variables were analyzed using the Student’s t test and data were presented as median and interquartile range (IQR). The time to mortality, defined as the interval between bacteremia onset and death, was analyzed using Kaplan–Meier survival analysis, and log-rank test was used to compare the univariate survival distribution between different groups of patients. The logistic regression model was used to explore independent prognostic factors associated with the 28-day mortality. Univariate analyses were performed for each of the risk factors to ascertain the odds ratio (OR) and 95% confidence interval (CI). All biologically plausible variables with a P < 0.10 in the univariate analysis were considered for inclusion in the multivariate logistic regression model with a backward selection process. A P < 0.05 was considered statistically significant.




Results

Patients who had experienced at least one episode of the A. baumannii complex monomicrobial bacteremia during the 9-year period were enrolled for evaluation. Those with bacteremia caused by non-baumannii Acinectobacter spp. were excluded from the analysis. Ultimately, of 711 patients that were enrolled, 385 (54.15%) survived and 326 (45.85%) died within 28 days of the onset of A. baumannii bacteremia. The demographic and clinical features of the 28-days survivors and non-survivors are presented in Table 1. Multivariate logistic regression analysis was carried out (Table 2) to delineate the independent risk factors of 28-day mortality due to A. baumannii bacteremia. Previous exposure to fluoroquinolones (OR, 2.052; CI 1.182–3.564; P = 0.011), liver cirrhosis (OR, 2.395; CI, 1.196–4.796; P = 0.014), higher disease severity (APACHE II score) (OR, 1.147; CI, 1.116–1.178; P < 0.001), shock (OR, 1.863; CI, 1.179–2.944; P =0.008), receipt of a thoracic drain (OR, 5.502; CI, 1.889–16.021; P = 0.002), infection by carbapenem-resistant isolates (OR, 2.425; CI, 1.524–3.858; P < 0.001), and receipt of inappropriate antimicrobial therapy (OR, 1.670; CI, 1.051–2.655; P = 0.030) were independent risk factors of 28-day mortality. In contrast, those who had hypertension (OR, 0.523; CI, 0.336–0.815; P = 0.004), cerebrovascular disease (OR, 0.296; CI, 0.171–0.512; P < 0.001), underwent a surgery within the past 4 weeks (OR, 0.492; CI, 0.288–0.840; P = 0.009), and those who had developed bacteremia as a consequence of a urinary tract infection (OR, 0.381; CI, 0.161–0.904; P = 0.029) were more likely to survive the 28-days after developing bacteremia. The proportion of infection caused by biofilm formation isolates was not significant differed between survivors and non-survivors within 28 days. (38.4% vs. 31.9%, P = 0.071).


Table 1 | Clinical characteristics and outcomes of patients with Acinetobacter baumannii bloodstream infections who survived or died within 28 days of bacteremia onset.




Table 2 | Logistic regression analysis for the risk of 28-day mortality in patients with Acinetobacter baumannii bloodstream infections.



To further explore the risk of the infection by biofilm-forming isolates, we divided the patients into two groups according to the biofilm-forming ability of the bacterial isolates. The demographic and clinical characteristics of patients with A. baumannii bacteremia caused by the biofilm-forming (n = 252, 35.44%) and non-biofilm-forming (n = 459, 64.56%) isolates are listed in Table 3. Those who became infected with biofilm-forming isolates were less likely to contract the infection in the ICU (40.1% vs. 49.9%, P = 0.015), more likely to have congestive heart failure (19.0% vs. 12.9%, P = 0.029), less likely to be exposed previously to penicillin (8.3% vs. 13.7%, P= 0.039), more likely to have hematological malignancy (10.3% vs. 5.2%, P = 0.014), more likely to receive chemotherapy (12.7% vs. 7.8%, P = 0.045), less likely to receive a central venous catheter insertion (28.2% vs. 46.2%, P < 0.001), less likely to receive an arterial line insertion (9.5% vs. 26.8%, P < 0.001), less likely to be on a ventilator (44% vs. 56.6%, P = 0.002), and less likely to receive a thoracic drain insertion (2% vs. 5.9%, P = 0.022). The resistance rates to carbapenems were similar for both biofilm-forming and non-biofilm-forming isolates (56.7% vs. 59.3%, P = 0.525). Furthermore, there was no significant difference in their 14-day and 28-day mortality rates (Figure 1). The overall mortality rate was higher in the non-biofilm-forming group by a borderline statistical difference, compared with the biofilm-forming group (58.4% vs. 50.4%, P = 0.048). Logistic regression analysis was performed to delineate the independent risk factors for the infection by the biofilm-forming isolates. As shown in Table 4, congestive heart failure was a risk factor of infection with biofilm-forming isolates (OR, 1.918; CI, 1.221–3.012; P = 0.005). However, those who received an arterial line were less likely to be infected with biofilm-forming isolates (OR, 0.416; CI, 0.240–0.721; P = 0.002).


Table 3 | Clinical characteristics of patients and clinical isolates with biofilm-forming and non-biofilm-forming Acinetobacter baumannii blood stream infections.






Figure 1 | Comparison of Kaplan–Meier survival curves, at 28 days, between patients with Acinetobacter baumannii bacteremia caused by biofilm-forming isolates and non-biofilm-forming isolates.




Table 4 | Logistic regression analysis of predictors for patients infected with biofilm-forming Acinetobacter baumannii.



We further stratified the strains according to the infection foci that resulted in bacteremia (Table 5). Pneumonia was the most common source of infection, followed by primary bacteremia and catheter-related bloodstream infections. There were no significant difference in the sources of bacteremia between the biofilm-forming and non-biofilm-forming isolates.


Table 5 | Types of infections caused by biofilm-forming and non-biofilm-forming isolates of Acinetobacter baumannii.



A subgroup analysis was conducted to assess the risk factors of 28-day mortality in the patients infected with biofilm-forming isolates (Supplementary Table S1). Those who had developed bacteremia in the ICU, had previous exposure to fluoroquinolones, had collagen vascular disease, were recipients of immunosuppressant therapy, had hematological malignancy, had previous ICU admission history, were recipients of ventilator support, were infected with carbapenem-resistant isolates, had presented with shock, had higher APACHE II score, had bacteremia secondary to pneumonia, or had a multisite infection, were associated with a higher 28-day mortality rate. In contrast, those who underwent surgery within 4 weeks prior to the onset of bacteremia, those who had received appropriate antimicrobial therapy, those who had bacteremia secondary to urinary tract infection were associated with lower 28-day mortality rates. In the logistic regression analysis, those who had hematological malignancy (OR, 3.636; CI, 1.011–13.072; P = 0.048), infected with carbapenem-resistant isolates (OR, 2.945; CI, 1.344–6.453; P = 0.007), and had higher APACHE II score (OR, 1.151; CI, 1.098–1.206; P < 0.001) were independently associated with the 28-day mortality rates (Supplementary Table S2).



Discussion

This study revealed that there were no significant differences in the 14-day and 28-day mortality rates between patients infected with the biofilm-forming and non-biofilm-forming isolates of A. baumannii. Previous exposure to fluoroquinolones, liver cirrhosis, higher APACHE II score, shock status, infection with carbapenem-resistant isolates, and receipt of inappropriate antimicrobial therapy were independent risk factors of 28-day mortality in patients with A. baumannii bacteremia. Congestive heart failure was an independent risk factor of infection with biofilm-forming isolates, while the patients with an arterial line were more likely to be infected with non-biofilm-forming isolates.

It is not surprising that shock status, higher APACHE II score, infection with carbapenem-resistant A. baumannii, and inappropriate treatment were independent risk factors for mortality, which is consistent with previous findings (Peleg et al., 2008; Lee et al., 2012; Wong et al., 2017). Those with liver cirrhosis had a higher 28-day mortality in this study. Our previous study also demonstrated a higher 30-day mortality rate in patients with liver cirrhosis compared to those without cirrhosis;, however, there was no significant difference (Liu et al., 2019). That study investigated all Acinetobacter species and enrolled a relatively small number of patients with A. baumannii bacteremia. The relatively small population of patients with A. baumannii bacteremia in that study may have contributed to the insignificance.

Patients with a previous exposure to fluoroquinolones had worse clinical outcomes. Although there is limited research regarding the correlation between fluoroquinolone exposure and outcomes in patients with A. baumannii bacteremia, one study concluded that exposure to fluoroquinolones is an independent risk factor for the development of carbapenem-resistant A. baumannii bacteremia (Kopterides et al., 2007). This may explain the risk of mortality in patients with A. baumannii bacteremia in our study.

The components of biofilms and their unique environment overpower most antimicrobials used for treating biofilm-associated infections (Høiby et al., 2010; Del Pozo, 2018; Law and Tan, 2022). The biofilm-associated infections can subsequently induce chronic infections, resulting in a considerable burden on the global healthcare system (Hall-Stoodley et al., 2004; Høiby et al., 2015). However, there is limited research regarding the clinical implications of biofilm formation. A previous study demonstrated that those infected with biofilm-forming isolates of A. baumannii had a probable history of ICU admission, use of antibiotics, and lesser severity of disease (Zhang et al., 2016). The study did not demonstrate an influence of biofilm formation on the clinical outcomes in the patients. A single-institute study documented that the mortality during an initial infection was significantly more common in patients with the biofilm-forming isolates, compared with those with the non-biofilm-forming isolates (Barsoumian et al., 2015). However, the low attributable mortality (7.1%) among the study population made it difficult to draw any conclusions regarding the clinical outcomes of biofilm formation ability of A. baumannii (Barsoumian et al., 2015). Recently, in a cohort study involving 273 patients, we found that biofilm formation was not associated with worse outcomes in patients with A. baumannii bacteremic pneumonia (Wang et al., 2018). As A. baumannii contributes to a variety of biofilm-associated infections, we included all types of infections to delineate the effects of biofilm formation on the clinical outcomes in this study. We found that biofilm formation capability was not an independent risk factor of 14-day and 28-day mortality in patients with A. baumannii bacteremia.

Bacterial cells embedded in the biofilms are known to be resistant to antimicrobials through several mechanisms, including limited penetration of the antimicrobials, slow growth rate of the bacterial cells in biofilms, physiological heterogeneity of the biofilms, and the expression of some resistance genes (Lewis, 2001; Mah and O’Toole, 2001; Harrison et al., 2007; Olsen, 2015). These conditions make biofilms difficult to eradicate and therefore, the correlation between resistance to individual antibiotics and biofilm formation remains elusive. While some studies have shown a positive correlation between resistance to individual antibiotics and biofilm formation (Rao et al., 2008; Badave and Kulkarni, 2015), others have found a negative correlation between the biofilm formation ability and carbapenem resistance (Rodríguez-Baño et al., 2008; Qi et al., 2016; Wang et al., 2018). Our previous studies have also demonstrated that most carbapenem-resistant A. baumannii transformants exhibit reduced biofilm-forming abilities (Wang et al., 2018). Our current study has shown similar findings, as the biofilm-forming isolates exhibited lower rates of carbapenem-resistance than the non-biofilm-forming isolates (56.7% vs. 59.3%). These findings suggest that the complexity of biofilm composition, and not of the bacteria themselves in the biofilms, may contribute to the antibiotic resistance of the biofilms (Lewis, 2001; Mah and O’Toole, 2001; Harrison et al., 2007; Olsen, 2015). Further studies are needed to elucidate the detailed mechanisms of antimicrobial resistance in the biofilms.

A major strength of this study was the larger sample size of patients who were enrolled from multiple medical centers. In order to exclude colonized isolates, all the bacterial strains collected in this study were isolated from blood samples. We enrolled patients with A. baumannii bacteremia caused by different sources of infection to represent the real-world clinical situations. Another strength was the use of multivariate analysis to delineate the risk factors for mortality in patients with bacteremia caused by biofilm-forming isolates of A. baumannii.

This retrospective study had several limitations, including selection bias and inconsistencies in patient care among the different hospitals. Another key limitation is that the in vitro formation of biofilms does not represent the actual in vivo conditions. Although there are several methods for the detecting in vitro biofilm formation, there is currently no gold-standard protocol for its quantification. Furthermore, it is challenging to assess the biofilm formation inside the human body. In addition, the in vitro conditions may be quite different from those of the human environment.

In conclusion, this is the first large sample size study on the clinical outcomes of patients with A. baumannii bacteremia. Our results demonstrated that the biofilm-forming ability was not an independent risk factor for mortality in patients with A. baumannii bacteremia. Patients with A. baumannii bacteremia with a greater severity of disease, who were infected with carbapenem-resistant isolates, or had received an inappropriate antimicrobial therapy had worse outcomes. Patients with congestive heart failure were more likely to be infected with biofilm-forming isolates, while those with an arterial line were less likely to be infected with them. Among the patients infected with biofilm-forming isolates, those with hematological malignancies, infected with carbapenem-resistant isolates, and those with greater severity of disease (higher APACHE II scores) were associated with worse clinical outcomes. Further studies are required to establish the optimal treatment for bacteremia caused by the biofilm-forming isolates of A. baumannii.
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According to the World Health Organization, carbapenem-resistant Enterobacteriaceae (CRE) belong to the highest priority group for the development of new antibiotics. Argentina-WHONET data showed that Gram-negative resistance frequencies to imipenem have been increasing since 2010 mostly in two CRE bacteria: Klebsiella pneumoniae and Enterobacter cloacae Complex (ECC). This scenario is mirrored in our hospital. It is known that K. pneumoniae and the ECC coexist in the human body, but little is known about the outcome of these species producing KPC, and colonizing or infecting a patient. We aimed to contribute to the understanding of the rise of the ECC in Argentina, taking as a biological model both a patient colonized with two KPC-producing strains (one Enterobacter hormaechei and one K. pneumoniae) and in vitro competition assays with prevalent KPC-producing ECC (KPC-ECC) versus KPC-producing K. pneumoniae (KPC-Kp) high-risk clones from our institution. A KPC-producing E. hormaechei and later a KPC-Kp strain that colonized a patient shared an identical novel conjugative IncM1 plasmid harboring blaKPC-2. In addition, a total of 19 KPC-ECC and 58 KPC-Kp strains isolated from nosocomial infections revealed that high-risk clones KPC-ECC ST66 and ST78 as well as KPC-Kp ST11 and ST258 were prevalent and selected for competition assays. The competition assays with KCP-ECC ST45, ST66, and ST78 versus KPC-Kp ST11, ST18, and ST258 strains analyzed here showed no statistically significant difference. These assays evidenced that high-risk clones of KPC-ECC and KPC-Kp can coexist in the same hospital environment including the same patient, which explains from an ecological point of view that both species can exchange and share plasmids. These findings offer hints to explain the worldwide rise of KPC-ECC strains based on the ability of some pandemic clones to compete and occupy a certain niche. Taken together, the presence of the same new plasmid and the fitness results that showed that both strains can coexist within the same patient suggest that horizontal genetic transfer of blaKPC-2 within the patient cannot be ruled out. These findings highlight the constant interaction that these two species can keep in the hospital environment, which, in turn, can be related to the spread of KPC.




Keywords: Klebsiella pneumoniae, Enterobacter cloacae complex, carbapenem-resistance, blaKPC-2, Argentina



Introduction

Since 2017, the World Health Organization has classified pathogens depending on their priority for the development of new antibiotics as critical, high, and medium (World Health Organization, 2017). Carbapenem-resistant Enterobacteriaceae (CRE) were categorized as critical priority pathogens. This group includes bacteria that have become resistant to the best antibiotic options treatment available: carbapenems and third-generation cephalosporins. These bacteria pose a threat in healthcare facilities, especially among patients whose care requires invasive devices (Wang et al., 2016). In Argentina, carbapenem-resistant isolates rose from 10% to 32.7% in the case of K. pneumoniae and from 5% to 12% in the case of Enterobacter cloacae Complex (ECC) from 2010 until 2021 (Red WHONET Argentina). Accordingly, ECC has been reported as the second most common CRE in several countries (Tavares et al., 2015; Jia et al., 2018; Annavajhala et al., 2019; Falco et al., 2021; Hansen, 2021), with E. cloacae and E. hormaechei being the prevalent multidrug-resistant (MDR) clinical isolates (Annavajhala et al., 2019). Enterobacter hormaechei is part of the ECC together with 22 other species that are closely genotypically related, and little is known about its fitness within the nosocomial environment (Davin-Regli et al., 2019). Total genome sequences of various Enterobacter spp. have shown that E. hormaechei has often been misidentified by routine identification techniques (Davin-Regli et al., 2019). Therefore, its importance in the clinical environment could have been underestimated; however, outbreaks of E. hormaechei have been reported in the past (Campos et al., 2007; Paauw et al., 2009).

Among the plasmid-born resistance mechanisms that account for carbapenem resistance, the production of KPC has remained predominant (Bonomo et al., 2018). The most common variants of the gene that codifies for KPC are blaKPC-2 and blaKPC-3 (Brandt et al., 2019), which have become endemic in several countries (Frost et al., 2019). Argentina is among these countries, and apart from clinical isolates, blaKPC-2 has also been recently detected in sewage (Ghiglione et al., 2021). The blaKPC genes have been found in more than 257 different representative KPC plasmids (Brandt et al., 2019) belonging to diverse Inc groups and sizes, and with several features that account for their success. Carbapenem-resistant (CR) Klebsiella pneumoniae (CRKP) strains carrying KPC (KPC-Kp) have been long known to represent a threat to human health causing severe infections that are difficult to treat (Heiden et al., 2020). Also, the ECC has lately awoken interest due to its increasing resistance to carbapenems codified by several genes found in isolates all over the globe (Annavajhala et al., 2019). Outbreaks take place mainly in low- and middle-income countries (BARNARDS Group et al., 2021) and are particularly dangerous for children and newborns (Girlich et al., 2021). Unlike KPC-Kp, not only stable blaKPC–high-risk clones associations account for the spread of KPC-ECC but also the acquisition of plasmids by diverse clones (Annavajhala et al., 2019). To be considered high-risk clones, the lineages must meet several characteristics: to be globally distributed, to possess several acquired antimicrobial resistance genes, to be able to colonize and persist in hosts for long periods, to be transmitted effectively among hosts, to cause severe and/or recurrent infections, and to have enhanced pathogenicity and fitness (Mathers et al., 2015).

Fitness is a fundamental notion in evolutionary biology. When compared with their less-fit competitors, genotypes with better fitness tend to produce more offspring and hence increase in frequency over time (Wiser and Lenski, 2015). High-risk clones are likely to have advantageous biological traits that boost their fitness, giving them an evolutionary advantage over other isolates of the same species (Pitout and Finn, 2020). Such traits provide them with the capacity to outperform competing bacteria and to establish as the dominant component of the bacterial community. Even though there are several methods to quantify microbial fitness, the approach that most closely corresponds to the meaning of fitness in evolutionary theory uses a competition assay (Wiser and Lenski, 2015). Competition assays between isogenic strains are common (Sander et al., 2002; Guo et al., 2012), but much less is explored about lineages or interspecies competitions that share the same ecological niche (Hafza et al., 2018; Ávarez et al., 2020).

The aim of this study was to investigate the interplay of KPC-ECC challenged with prevalent high-risk KPC-Kp clones from our institution including strains isolated from the same patient to understand if fitness contributes to the success of KPC-ECC within the nosocomial niche.



Results


Epidemiology of carbapenem-resistant Enterobacteriaceae strains isolated from nosocomial infections from October 2018 until December 2020 in our institution

From October 2018 until December 2020, a study with surveillance purposes identified 153 CRE strains isolated from nosocomial infections in our institution. This survey revealed that K. pneumoniae accounted for 85% of CRE, 12% were the ECC, and the remaining 3% were other CRE species. Whole-genome sequencing (WGS) of KPC-Kp (n = 58) and KPC-ECC (n = 19) nosocomial strains was sequenced by Illumina MiSeq-I (n = 77). Their MLST profiles were assigned using the pubMLST database (Table S1; Jolley et al., 2018). We identified that high-risk clones KPC-Kp ST258 and ST11, and KPC-ECC ST66 and ST78 were found among infected patients (Table S1). Also, for the taxonomical identification of ECC strains, we combined the results obtained with rMLST, which identified the HA2pEho, HAC11Eho, and HA58Eho strains as E. hormaechei, with those obtained by Kraken 2 (Wood et al., 2019); the same outcome was obtained with some extra information about the subspecies and the absence of contaminations (Table S7). By ANI (Jain et al., 2018) and in silico DNA–DNA hybridization (Meier-Kolthoff et al, 2022), we obtained additional information on the subspecies, identifying E. hormaechei HA2pEho ST45, HAC11Eho ST78, and HA58Eho ST66 as belonging to different subspecies (Tables S8 and S9). These results were also in agreement with those obtained with Kraken 2. The KPC-producing E. hormaechei HAC11Eho subspecies hoffmannii (ST78), E. hormaechei HA58Eho subspecies xiangfangensis (ST66), K. pneumoniae HA3pKpn (ST258), and K. pneumoniae HA15pKpn (ST11) strains from this survey were chosen for fitness assays.



Novel and conjugative IncM1 pDCCK1-KPC plasmid carrying blaKPC-2 shared by both KPC-producing strains colonizing the same patient

On 20 November 2018, a 71-year-old man (patient M71) was admitted to our hospital with febrile syndrome (Figure S1). After 1 week of hospitalization, surgical debridement of sacral pressure ulcer was performed. A carbapenemase-producing strain was isolated from a vital tissue wound swab. After a new hospitalization in January 2019, a rectal swab was taken for surveillance purposes; a carbapenem-resistant strain was isolated. Through WGS, the first colonizing strain was identified as E. hormaechei subspecies steigerwaltii belonging to the ST45 (HA2pEho). The second strain was identified as KPC-Kp belonging to the sequence type ST18 (HA7pKpn).

The outcome of the search for antibiotic resistance genes (ARGs) and the determination of antibiotype profiles are shown in Figure 1. Genome analysis and phenotypic resistance profile showed that both strains were MDR, i.e., resistant to more than three classes of antibiotics but still susceptible to more than two classes of antibiotics (Magiorakos et al., 2012). Apart from blaKPC-2, two other genes were shared by both strains, aph(3’’)-Ib and aph(6)-Id, conferring resistance to streptomycin. Besides the ARG they had in common, E. hormaechei HA2pEho carried blaACT-70 (naturally harbored by the species), blaTEM-1, catA2, qnrB19, and sul2. The gene cassette dfrA14 was identified in the variable region of a class 1 integron. K. pneumoniae HA7pKpn carried blaSHV-215 (naturally harbored by the species), fosA5, oqxA, oqxB, and tet(C). In addition, the gene cassette dfrA5 was found within the variable region of a clinical class 1 integron with the 3´-conserved sequence harboring qacEΔ1 and sul1. Minimum inhibitory concentrations (MICs) are shown in Table S2.




Figure 1 | Antibiotic resistance genes and antibiotype profiles of E. hormaechei HA2pEho, K. pneumoniae, and HA7pKpn strains isolated from colonizations. Colored cell means presence and different colors indicate the antibiotic class for which the ARG codifies. The lower panel shows the resistance phenotype, and the upper panel shows the resistance genotype. The figure was made in R using the package ggplot2.



Genome analysis revealed that E. hormaechei HA2pEho and K. pneumoniae HA7pKpn strains carried several plasmids (Table S3). A virulence multireplicon IncHI1B/IncFIB plasmid was found in K. pneumoniae HA7pKpn, and a Col(pHAD28), an IncFIB(pECLA), an IncFII(pECLA), and a pKP1433 were found in E. hormaechei HA2pEho. In addition, a novel IncM1 plasmid named pDCCK1-KPC carrying blaKPC-2 was identical in both strains (Figure 2). In both cases, the whole sequence of the plasmid pDCCK1-KPC was on a single contig. In the case of E. hormaechei HA2pEho, the contig was 76,978 bp long, and in the case of K. pneumoniae HA7pKpn, it was 77,218 bp. The contiguousness of the extremes of the contigs was verified by PCR using specially designed primers. The best hit of pDCCK1-KPC against the BLAST database was plasmid pIP69 (MN626603.1) with 81% of cover and 99.98% identity. This plasmid was isolated in 1969 from a Salmonella paratyphi strain (Chabbert et al., 1972), and in comparison with pDCCK1-KPC, pIP69 lacked the blaKPC-2 gene and its flanking sequences (16,008 bp) (Neil et al., 2020). Although the plasmid pECL189-1 (CP047966.1) covers the whole region, which was absent in plasmid pIP69, the genetic arrangement was different, and the genes, in that case, were not contiguous. Apart from the blaKPC-2 gene, the pDCCK1-KPC plasmid carried several genes that likely account for its success such as a mercury resistance island, the gene parM, a toxin–antitoxin system pemI–pemK, and the umuCD operon. Conjugation assays were carried out between E. hormaechei HA2pEho and K. pneumoniae HA7pKpn as donor strains and Escherichia coli J53 as a recipient strain. Both assays were positive, confirming that pDCCK1-KPC can be horizontally transferred. Determination of MIC of transconjugants revealed that pDCCK1-KPC only transfers resistance to β-lactams including carbapenems (Table S2). This result is in agreement with the composition of pDCCK1-KPC that only carries one ARG, the blaKPC-2 gene.




Figure 2 | Fitness assays between KPC-ECC and KPC-Kp clones. KPC-E. hormaechei ST45 (HA2pEho), ST66 (HA58Eho), and ST78 (HAC11Eho) were set to compete with KPC-K. pneumoniae ST11 (HA15pKpn), ST18 (HA7pKpn), and ST258 (HA3pKpn). E. hormaechei ST45 and K. pneumoniae ST18 are the sequenced strains described in this study, and the other STs are high-risk clones found in our institution during a surveillance program (Table S1). In the cases where the values are above zero, it can be interpreted that ECC clones outcompete K. pneumoniae clones. The figure was made in R using the package ggplot2.



A genetic platform of 17,092 bp involved in the dissemination of blaKPC-2 was identified as Tn3-ISApu1-ISApu2-ISKpn27-blaKPC-2-ISKpn6-korC-orf-klcA-repB-hin-Tn3 in pDCCK1-KPC showing some differences with sequences available at the NCBI database (Figure S2). A very closely related core platform Tn3-ISKpn27-ΔblaTEM-1-blaKPC-2-ISKpn6-korC-orf-klcA-repB was described by Shen et al. (2009) and was later called variant 1. Also, a similar genetic platform was described in Argentina in 2011 (Gomez et al., 2011), in 2018 (De Belder et al., 2018), and more recently in 2021 (Ghiglione et al., 2021), whereas an identical platform was found in our institution (Knecht et al, 2022). In the genetic platform of both K. pneumoniae HA7pKpn and E. hormaechei HA2pEho, ΔblaTEM-1 was missing, and nucleotides between ISKpn27 and blaKPC-2 were only 254 bp. Moreover, a related genetic platform with the gene hin upstream from repB, more similar to our platform, was found by Dong et al. (2020). In all these cases, the genetic platform carrying blaKPC-2 was in IncP or IncR plasmids, as the main difference with pDCCK1-KPC, which corresponded to an IncM1 replicon. Although these genetic platforms are not the most frequent for the dissemination of blaKPC-2, they were identified in clinical and environmental isolates on a global scale (Table S4). The sequences found in the NCBI database that were most similar to the genetic platform found in pDCCK1-KPC covered 13,475 bp of the platform (Table S4). This search resulted in 111 hits, 89 of which were Enterobacteriaceae, and among them, 73 were K. pneumoniae and 2 were E. cloacae. Other bacteria belonging to different taxa with 99%–100% of query cover were two Pseudomonas aeruginosa and eight Aeromonas spp.



In vitro competition between high-risk clones of KPC-producing strains of Enterobacter cloacae Complex and Klebsiella pneumoniae

To understand the interplay in the success of the two prevalent CRE in the nosocomial niche from our institution, we compared the fitness of prevalent high-risk clones of KPC-ECC and KPC-Kp strains. The study of clonal competition was carried out in a biological model without antibiotic pressure in order to replicate what can happen in the hospital environment, in which there are niches where an antibiotic pressure is not exerted directly, for example, on abiotic surfaces.

We carried out in vitro competition of KPC-producing E. hormaechei HA2pEho ST45, E. hormaechei HA58Eho ST66, and E. hormaechei HAC11Eho ST78 versus K. pneumoniae HA15pKpn ST11, K. pneumoniae HA7pKpn ST18, and K. pneumoniae HA3pKpn ST258 in the absence of antimicrobial pressure (Figure 3; Tables S5 and S6). In addition, maintenance assays of blaKPC-2 showed that this gene remains present in the absence of selective pressure for all these strains during the time of competitions. Both E. hormaechei ST66 and ST78, and K. pneumoniae ST258 and ST11 represent high-risk international clones and are also the most frequently found in our institution, in contrast to the other high-risk clone analyzed here, E. hormaechei ST45 (Table S1). Taking into account the clonal competitions involving E. hormaechei HA2pEho ST45, with K. pneumoniae HA7pKpn ST18 or with K. pneumoniae HA3pKpn ST258, we found that E. hormaechei HA2pEho ST45 showed a positive S value and fitness cost of −2.874 and −5,981%, respectively. These results indicate that E. hormaechei HA2pEho ST45 has a competitive advantage over these two K. pneumoniae ST18 and ST258 isolates. The opposite was shown for the clonal competition of E. hormaechei HA2pEho ST45 with K. pneumoniae HA15pKpn ST11. For the clonal competitions of E. hormaechei HAC11Eho ST78 with the three K. pneumoniae ST11, ST18, and ST258 strains, the S values and fitness costs obtained were opposite of those obtained for E. hormaechei HA2pEho ST45. The clonal competitions carried out showed only tendencies, since none of the results obtained were statistically significant. The clearer differences were obtained for E. hormaechei ST66 over K. pneumoniae ST18 and for K. pneumoniae ST258 over E. hormaechei ST78, which showed a fitness cost >10% (13,919% and −13,476, respectively). Previous studies reported that the greater the difference in growth rate between two strains, the greater the bacterial load difference over time (Guo et al., 2012). This fact was not confirmed in the case of competitions with E. hormaechei ST45, ST66, and ST78, and the K. pneumoniae ST11, ST18, and ST258 strains analyzed here. This indicates that competitions between clones have emerging properties resulting from their interactions while growing in the same niche.




Figure 3 | Plasmid pDCCK1-KPC from E. hormaechei HA2pEho and K. pneumoniae HA7pKpn strains and genetic platform of blaKPC-2.Alignment of the novel plasmid pDCCK1-KPC against pIP69 (MN626603.1) and pECL189-1 (CP047966.1). The figure was made using BRIG.



Although general comparisons can shed light on the reasons for the prevalence of particular clones, the acquired antimicrobial resistance and virulence genes of a particular strain will also determine why it surpasses another under specific conditions. It has been proposed that differences in antimicrobial resistance and virulence factors such as secretion systems should be under consideration altogether and that even small genomic modifications play a role in determining the clonal competence of pathogens (Álvarez et al., 2020). Therefore, we investigated the presence of secretion systems in the two KPC strains isolated from patient M71. Twelve core genes (gspCDEFGHIJKLMNO) of a type II secretion system were identified in both strains colonizing patient M71. K. pneumoniae HA7pKpn carried type I and type II secretion system components, and E. hormaechei HA2pEho also encoded for proteins related to secretion system type IV. The type I secretion system was represented by the genes hlyB, hlyD, prsE, tolC, macA, and macB in HA2pEho and by tolC, macA, and macB in K. pneumoniae HA7pkpn. The type IV secretion system is related to the conjugation system of bacteria and directly transfers effector proteins to the host cytosol through a central pore (Voth et al., 2012). All the genes of the virB/D4 complex that constitute one type of secretion system IVA were found in E. hormaechei HA2pEho except for virB7 and virD4.




Discussion

Our results contribute to the understanding of both the dissemination of the most clinically relevant carbapenemase, blaKPC-2 in the ECC, and the role of fitness of high-risk clones in the rise of KPC-ECC within the nosocomial environment in colonized as well as in infected patients. Since phenotypic methods or even the traditionally employed 16S rRNA gene typing is insufficient to resolve the species identification of the ECC strains (Annavajhala et al., 2019), little is known concerning their dissemination in Latin America. The molecular survey performed during the period from October 2018 until December 2020 at our institution allowed us to infer the first data on circulating clones in our geographical region, which detected high-risk clones E. hormaechei ST45 (subspecies steigerwaltii), ST66 (subspecies xiangfangensis), and ST78 (subspecies hoffmannii). Interestingly, the same STs were also the most prevalent found among carbapenem-resistant ECC (CRECC) isolates in France, but in that case, the carbapenemase genes responsible for the phenotype were alleles of the gene blaVIM (Emeraud et al., 2022). As expected, despite constant changes regarding nomenclature within the ECC, E. cloacae and E. hormaechei continue to prevail among multidrug clinical isolates (Annavajhala et al., 2019). E. hormaechei ST171, ST114, and ST66 belong to CC114 and have been found to be widespread among global CRECC isolates from several countries (Peirano et al., 2018). On the other hand, E. hormaechei ST78 was identified as a high-risk clone among both extended-spectrum β-lactamase-producing ECC and CRECC (Gomez-Simmonds et al., 2018; Emeraud et al., 2022). E. hormaechei ST45 is recognized as a high-risk clone (Izdebski et al., 2015) reported in Australia (Sidjabat et al., 2015), Colombia (Falco et al., 2021), Chile (Wozniak et al., 2021), Germany (Heiden et al., 2020), Spain (Fernández et al., 2015), and other countries in Europe (Izdebski et al., 2015). As a whole, these results suggest that the establishment of successful high-risk clones of E. hormaechei in the nosocomial niche provides the opportunity to evolve to MDR phenotypes mediated by the acquisition and maintenance of diverse plasmids, which may have been substantial contributors to the continuous rise of CRECC.

The gene blaKPC-2 was in the same conjugative plasmid in both strains from inpatient M71. The novel plasmid that we called pDCCK1-KPC belongs to the IncM1 incompatibility group. According to a review on blaKPC plasmids (Brandt et al., 2019), IncM plasmids were unusual at least until 2019, when just 7 out of 435 plasmids belonged to this incompatibility group. Plasmid pDCCK1-KPC is a novel rearrangement between plasmids leading to the acquisition of a new KPC-2 genetic platform by an IncM1 plasmid. These multiple events of loss and/or gain of mobile genetic elements that also include insertions, deletions, or homologous recombination coincide with what was identified for the dissemination of blaKPC-2 in previous works. Similar plasmids show traces of multiple events, with partial mobile genetic elements scattered throughout its genetic platform (Botts et al., 2017; Brandt et al., 2019; Ghiglione et al., 2021).

It cannot be ruled out that pDCCK1-KPC might have been transferred from E. hormaechei HA2pEho to K. pneumoniae HA7pKpn within the patient, although it is not possible to confirm it. Putative HGT of blaKPC-2 has been previously reported to have taken place intrapatient (Anchordoqui et al., 2015; Wozniak et al., 2021). The study by Anchordoqui et al. (2015) was also carried out in Argentina, and HGT was reported to have taken place between E. coli and K. pneumoniae, E. cloacae and K. pneumoniae, and Citrobacter freundii and Klebsiella oxytoca. In this case, the STs of strains were not determined, and plasmids belonged to different incompatibility groups including IncM/L but were not sequenced.

A very closely related genetic platform carrying blaKPC-2 was found contemporary to strains isolated from inpatient M71 in environmental strains Enterobacter absuriae WW14A and Klebsiella quasipneumoniae subsp. quasipneumoniae WW19C, which were recovered from the same sewage network of our institution in 2018 (Ghiglione et al., 2021). Therefore, our study also reinforces the need for studying the spread of critical acquired ARG within the One Health perspective. Since it is not possible to identify the direction of the ARG flow, the role of the environment either as a source or as a reservoir of the blaKPC-2 gene is confirmed in our findings. The platform Tn3-ISApu1-ISApu2-ISKpn27-blaKPC-2-ISKpn6-korC-orf-klcA-repB-hin-Tn3 (17092 bp) was identical to the one recently found in another clinical isolate from our institution (Knecht et al., 2022). In comparison with the platform in sewage strains, both its location in a different plasmid and the lack of ΔblaTEM-1 highlight the ability of blaKPC-2-flanking sequences to evolve, extending the spreading range.

The competition assays with E. hormaechei ST45, ST66, and ST78, and the K. pneumoniae ST11, ST18, and ST258 strains analyzed here showed only slight differences in the values obtained. The results obtained for the clonal competitions of the three high-risk clones of E. hormaechei with no statistically significant difference with the K. pneumoniae ST11, ST18, and ST258 strains analyzed could explain in part the co-occurrence of KPC-Kp and KPC-ECC in clinical isolates. As a consequence, these species can share the same plasmids such as pDCCK1-KPC as the main contributors to the global spread of KPC.

The fact that high-risk international clones of KPC-ECC and KPC-Kp can coexist successfully within the nosocomial niche is in agreement with the steady rise of KPC-ECC observed in Argentina since 2010 (WHONET Argentina Network) and other countries like Brazil (Tavares et al., 2015), Colombia (Falco et al., 2021), USA (Annavajhala et al., 2019; Hansen, 2021), China (Jia et al., 2018), Portugal, and India (Center for Disease Dynamics, Economics & Policy). Accordingly, a decrease in KPC-ECC strains in our hospital is not expected despite the prevalence and fruitful spread of high-risk international clones of KPC-Kp ST258 and ST11. Since both these high-risk clones are disseminated worldwide, a replica of this scenario is likely to occur in other regions.

Considering that fitness studies have previously helped to understand the emergence of relevant antimicrobial-resistant lineages (Luo et al., 2005; Otto, 2013; Ávarez et al., 2020; Hertz et al., 2022), it would be interesting to deeply investigate the interplay of most common KPC-producing clones from other institutions. Studying the ecological behavior of high-risk clones coexisting within the same hospital and their changing epidemiological patterns over time could contribute to identifying possible competitive emerging clones as well as prevent the further spread of KPC-producing strains.



Materials and methods


Bacterial strains and antibiotic susceptibility assays

Strains E. hormaechei HA2pEho and K. pneumoniae HA7pKpn were colonizing strains isolated from the same patient as indicated in the Results section. The rest of the strains were part of a surveillance program of CRE infecting strains carried out in our institution during the period October 2018 until December 2020 (Table S1). Strains were isolated in blood agar and EMB agar media. The first identification was achieved by MALDI-TOF. Antibiotic susceptibility profiles were determined with the BD Phoenix system according to the guidelines and interpretation criteria of the Clinical and Laboratory Standards Institute (CLSI, 2022). Susceptibility to colistin was done by the pre-diffusion method according to the National Antimicrobial Reference Laboratory, Malbrán Institute, INEI-ANLIS, Argentina (http://antimicrobianos.com.ar/ATB/wp-content/uploads/2017/09/Protocolo-Predifusion-Tabletas-COL-Rosco-version2-Agosto2017.pdf).

Although fosfomycin breakpoint is only for E. coli, we extrapolated it to K. pneumoniae and the ECC. The KPC-producing E. hormaechei HAC11Eho (ST78), E. hormaechei HA58Eho (ST66), K. pneumoniae HA3pKpn (ST258), and K. pneumoniae HA15pKpn (ST11) strains from this survey were chosen for fitness assays.



DNA sequencing and bioinformatic analysis

Genomic DNA extraction was performed using a QIAamp® DNA Mini QIAcube Kit, and libraries were prepared with COVIDSeq Test (Illumina, San Diego, CA, USA) starting from the library preparation step. The libraries were sequenced at the Malbrán Institute in Argentina on Illumina MiSeq-I (Illumina, San Diego, CA, USA) with a MiSeq Reagent Kits v2 cartridge with 500 cycles in the case of HA2pEho and 300 in the case of HA7pKpn.

Quality inspection of the reads was performed using FASTQC v0.11.9 (Wingett and Andrews, 2018), while Trimmomatic v0.39 (Bolger et al., 2014) was used for adapter clipping and trimming low-quality reads. SPAdes v3.15.3 (Prjibelski et al., 2020) was used for genome assembly, and QUAST v5.0.2 was used for assessing the quality of the assembly (Quast et al., 2012). Prokka v1.14.5 was used for genome annotation (Seemann, 2014). Some of these tools were run at the European Galaxy server (Afgan et al., 2016). The number of reads for E. hormaechei HA2pEho was 1,355,790 with a length of 250 bp, and that for K. pneumoniae HA7pKpn was 1,542,461 with an average of 150 bp. The assembly size was 4,907,320 bp in 88 contigs for E. hormaechei HA2pEho and 5,581,104 in 161 contigs for K. pneumoniae HA7pKpn. The N50 was 327,017 for E. hormaechei HA2pEho and 181,947 for K. pneumoniae HA7pKpn.

Based on the information from WGS, further identification of the strains was carried out using several in silico molecular methods: rMLST (Jolley et al., 2018), Kraken 2 (which also analyzes the presence of contaminations; Wood et al., 2019), average nucleotide identity (ANI) (Jain et al., 2018), and in silico DNA–DNA hybridization (Meier-Kolthoff et al., 2022) (Tables S8 and S9). Whole-genome sequences of type strains were downloaded from the NCBI database based on the studies from Cho et al. (2021) and Wu et al. (2020).

Antibiotic resistance genes were searched using Resfinder (Bortolaia et al., 2020) and CARD (Alcock et al., 2019), and plasmids were found with PlasmidFinder. The identity of β-lactamases was refined using the β-lactamase database (Naas et al., 2017). Plasmids were further analyzed using BLAST (Altschu et al., 1990). The whole sequence of pDCCK1-KPC was on a single contig for both strains. The contiguousness of the extremes of the contig was verified by PCR using specially designed primers. In the case of HA2pEho, primers used were pDCCK1-F: CTGTACATGAAGGCGAAATGTCC and pDCCK1-R: CCTCATTCGTGCGCTCTAGG, and for HA7pKpn, the following primers were used: pDCCK-1B-F: GCGTGTAATGCAGATGGCAG and pDCCK-1B-R: ATGTATCTGCGTCCTGAGCG.

Figures 1 and 2 were made using the ggplot2 (Alboukadel, 2018) package in R (R Core Team, 2020), and Figure 3 was made using BRIG (Alikhan et al., 2011).



Conjugation assays

Briefly, mid-log cultures of donor (HA2pEho and HA7pKpn) and recipient (E. coli J53) strains were mixed in LB broth (Laboratorios Britania S.A., Argentina). The mating culture was then incubated overnight at 37°C using the drop plate method. Four replicas were used in each conjugation: only LB, LB with the addition of meropenem (8 µg/ml), sodium azide (80 µg/ml), or a combination of both. To verify that colonies growing on both antibiotics were transconjugant E. coli J53, they were grown on EMB agar (Laboratorios Britania S.A., Argentina). blaKPC-2 PCR was carried out with the primers KPC-F: CCGTCAGTTCTGCTGTC and KPC-R: CGTTGTCATCCTCGTTAG (Ramírez et al., 2013) using GoTaq® enzyme (Promega, Madison, WI).



In vitro competition and fitness measurements

Growth rate and generation times were calculated by measuring DO at 600 nm. This was done in triplicate. All experiments involved in competition assays were carried out without selective pressure. To test plasmid stability in the absence of selective pressure, we carried out plasmid stability assays. This consisted of subculturing the isolates without antibiotics for 120 h. A single colony was picked from an agar plate containing 8 µg/ml of meropenem with the clone and left to grow overnight (ON) in 5 ml of LB media without the addition of antibiotics. After 24 h, 50 µl of ON culture was inoculated in 5 ml of LB media. After repeating this procedure four times, 100 µl of a 1E-07 dilution was plated on an LB agar plate, and 30 colonies were randomly picked. The presence of blaKPC-2 was determined by PCR.

For competitions, isolates were diluted to 1.6E+08 (OD 600 0.2) colony-forming units (CFU)/ml, and equal volumes were combined; thus, the initial ratio of the isolate pairs was close to 1:1; then, 10 μl of the mixture was added to 20 ml of LB broth and grown at 37°C with agitation at 180 rpm. At 24-h intervals, 10 μl of bacterial subcultures was transferred to 20 ml of fresh LB broth. This was done in triplicate. At 72 and 96 h, 100 μl was inoculated on EMB agar plates and left to grow ON at 37°C. The CFU of HA7pKpn and HA2pEho were counted, and after 96 h, the adaptive difference was calculated with the equation

	

and fitness F = 1 + S, where S is the selection coefficient and shows the difference in fitness between two competing strains at time t, ECCt = number of E. hormaechei colonies, Kpnt = number of K. pneumoniae colonies, and ECCt−1 and Kpnt−1 are the number of ECC and K. pneumoniae at the previous time, respectively. The quotient of the ratios of the cell numbers was standardized with 1/y, where “y” is the number of bacterial generations during the assay (Sander et al., 2002; Guo et al., 2012). Here, the exponent was 1/9 because cell numbers were determined every nine generations. The terms Kpnt/Kpnt−1 and ECCt/ECCt−1 give the growth rates for K. pneumoniae and ECC strains, respectively. Hence, S is the natural logarithm of the quotient of the growth rates of the competing strains. S is positive if the ECC bacterial fitness is increased compared with that of the K. pneumoniae competitor strain. Sander et al. (2002) applied this method to make comparisons between resistant and susceptible strains of a single species. In this case, we did not count resistant bacteria but counted the CFU of the different strains in the absence of antibiotics, as colonies could be differentiated thanks to their different ability to ferment lactose. In the case where colonies could not be differentiated, we randomly picked 15 colonies from each plate and did PCR with primers specific for K. pneumoniae (Kaushik and Balasubramanian, 2012). We then calculated the frequency of each species and multiplied it by the CFU number to obtain the CFU number of each species. Statistical analysis was done using ANOVA with an alpha value of 0.05.
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Purpose

To explore the genetic characteristics of the IMP-4 and SFO-1 co-producing multidrug-resistant (MDR) clinical isolates, Enterobacter hormaechei YQ13422hy and YQ13530hy.



Methods

MALDI-TOF MS was used for species identification. Antibiotic resistance genes (ARGs) were tested by PCR and Sanger sequencing analysis. In addition to agar dilution, broth microdilution was used for antimicrobial susceptibility testing (AST). Whole-genome sequencing (WGS) analysis was conducted using the Illumina NovaSeq 6000 and Oxford Nanopore platforms. Annotation was performed by RAST on the genome. The phylogenetic tree was achieved using kSNP3.0. Plasmid characterization was conducted using S1-pulsed-field gel electrophoresis (S1-PFGE), Southern blotting, conjugation experiments, and whole genome sequencing (WGS). An in-depth study of the conjugation module was conducted using the OriTFinder website. The genetic context of blaIMP-4 and blaSFO-1 was analyzed using BLAST Ring Image Generator (BRIG) and Easyfig 2.3.



Results

YQ13422hy and YQ13530hy, two MDR strains of ST51 E. hormaechei harboring blaIMP-4 and blaSFO-1, were identified. They were only sensitive to meropenem, amikacin and polymyxin B, and were resistant to cephalosporins, aztreonam, piperacillin/tazobactam and aminoglycosides, intermediate to imipenem. The genetic context surrounding blaIMP-4 was 5′CS-hin-1-IS26-IntI1-blaIMP-4-IS6100-ecoRII. The integron of blaIMP-4 is In823, which is the array of gene cassettes of 5′CS-blaIMP-4. Phylogenetic analysis demonstrated that E. hormaechei YQ13422hy and YQ13530hy belonged to the same small clusters with a high degree of homology.



Conclusion

This observation revealed the dissemination of the blaIMP-4 gene in E. hormaechei in China. We found that blaIMP-4 and blaSFO-1 co-exist in MDR clinical E. hormaechei isolates. This work showed a transferable IncN-type plasmid carrying the blaIMP-4 resistance gene in E. hormaechei. We examined the potential resistance mechanisms of pYQ13422-IMP-4 and pYQ13422-SFO-1, along with their detailed genetic contexts.





Keywords: Enterobacter hormaechei, ST51, blaIMP-4, blaSFO-1, IncN, multidrug-resistant, genomics



Introduction

Enterobacter cloacae complex (ECC) is the most common group of species among the genus Enterobacter, including six closely related species: E. cloacae, E. asburiae, E. hormaechei, E. kobei, E. ludwigii, and E. nimipressuralis (Mezzatesta et al., 2012). Enterobacter hormaechei can be widely found in different environments such as the nature (Osei Sekyere and Reta, 2021), feces of humans or animals. But it is also an important pathogenic bacteria in hospitals, which can be responsible for nosocomial infections, such as wounds, urinary tract, and soft tissue infections (Xu et al., 2015). The horizontal spread of bacterial resistance genes, especially the carbapenemase-encoding gene, has brought great difficulties to clinical treatment (Annavajhala et al., 2019).

Since blaIMP-1 was firstly declared in Japan in 1991 (Watanabe et al., 1991), IMP- producing ECC has been playing an increasingly significant role in the world antibiotic resistance stage, like Malaysia (Liew et al., 2018), Portugal (Goncalves et al., 2021), and Korea (Lee et al., 2017). As time progressed, more and more IMP variants appeared in China, including IMP-2 (Riccio et al., 2000), IMP-8 (Yan et al., 2001), IMP-4 (Chu et al., 2001), IMP-26 (Gou et al., 2020). In China, IMP-4-positive carbapenemase-producing Enterobacterales (CPE) have become important carbapenem-resistant bacteria (Hu et al., 2014), since it was first discovered in Hongkong (Chu et al., 2001) in 2001. The blaIMP-4 is mainly found in Pseudomonas aeruginosa, but has been gradually reported in Enterobacteriaceae (Matsumura et al., 2017), such as E. hormaechei (Chen et al., 2022). More importantly, the coincidence of blaIMP and other antibiotic resistance genes is becoming increasingly common, such as co-carrying blaIMP-4 and blaNDM-1 (Zhang et al., 2021a), further increasing the tremendous pressure of clinical treatment.

In 1999, a clinical E. cloacae 8009 isolate possessing a transferable plasmid harboring blaSFO-1 was reported in Japan (Matsumoto and Inoue, 1999). The reports of blaSFO-1 and coexisting antibiotic resistance genes have recently increased in China (Zhou et al., 2020). In comparison with other broad-spectrum-beta-lactamases, the blaSFO-1 gene has a low occurrence of antimicrobial resistance that has been ignored by routine monitoring. We found a carbapenem-resistant E. hormaechei clinical isolate co-harboring blaSFO-1 and blaIMP-4.

There are few studies on the transmission of blaSFO-1 and blaIMP-4 in ECC in China, especially E. hormaechei. Therefore, it is vital to further explore the genome and phenotypic characteristics of the blaSFO-1 and blaIMP-4 in E. hormaechei in China. We identified clinical isolates of E. hormaechei YQ13422hy and YQ13530hy co-producing blaIMP-4 and blaSFO-1, and described the detailed content of a conjugative IncN-plasmid. Furthermore, we revealed the underlying transmission mechanisms of blaIMP-4.



Materials and methods


Bacterial strains

We continuously collected ECC clinical isolates from a tertiary hospital affiliated to Wenzhou Medical University from 2015 to 2017 for routine surveillance. A total of eight carbapenemase producing ECC clinical isolates have been identified using the MALDI-TOF MS (Bruker, Bremen, Germany). Among them, the two isolates of IMP-4-producing E. hormaechei strains (25%) were identified using PCR and next-generation sequencing (NGS), designated as YQ13422hy and YQ13530hy.



Multilocus sequence typing and antimicrobial susceptibility testing

As described previously, multilocus sequence typing (MLST) was conducted (Gou et al., 2020). A new sequence type has been submitted to MLST and have been approved by PubMLST (http://pubmlst.org/ecloacae). Agar dilution and broth microdilution were used for antimicrobial susceptibility testing (AST), and Escherichia coli ATCC 25922 was used as control. AST results were interpreted based on the Clinical and Laboratory Standards Institute (CLSI) 2021 standards, while tigecycline and colistin clinical breakpoints were based on the 2022 EUCAST (http://www.eucast.org). Sixteen antimicrobial resistance genes were searched using PCR, including blaKPC, blaNDM, blaIMP, blaOXA-23, blaOXA-48, blaVIM, and mcr-1-10.



Plasmid characterization and conjugation assays

Pulsed-field gel electrophoresis (PFGE) was used to determine the homology between strains YQ13422hy and YQ13530hy. PFGE was undertaken on the CHEF-DR III system (Bio-Rad. Hercules, CA, United States), and patterns were evaluated and interpreted according to the published guidelines (Xu et al., 2018). The profiles of plasmids in strains YQ13422hy and YQ13530hy were analyzed by the S1-PFGE, as previously described (Wang et al., 2019). Then we used a digoxigenin-labeled blaIMP-4 probe made by a dig-high prime DNA Labeling and Detection Starter Kit II (Roche Diagnostics) to determine the location of plasmid harboring blaIMP-4 via southern blotting and hybridization. The transferability of plasmids was investigated by using E. coli J53, a NaN3-resistant standard strain, as a receptor for conjugation assays. Subsequently, transconjugants carrying blaIMP-4 were first selected using Mueller-Hinton agar (OXOID, Hampshire, United Kingdom) plates containing both 1 mg/L meropenem and 200 mg/L NaN3. Further, the selected conjugates were confirmed by MALDI-TOF/MS, PCR identified the blaIMP-4 gene, and AST was used to confirm the expression of drug resistance genes.



Whole genome sequencing and in silico analyses

Genomic DNA was extracted using a Genomic DNA Isolation Kit (QIAGEN, Hilden, Germany) and sequenced using Illumina Novaseq 6000 (Illumina, San Diego, CA, United States) and Oxford Nanopore platforms (Oxford Nanopore Technologies, Oxford, United Kingdom). RAST 2.0 was used to annotate the draft genomes obtained by SPAdes version 3.9.1 (Aziz et al., 2008) (http://rast.nmpdr.org/). ISfinder and INTEGRALL were used to detect insertion sequence elements and integrons (https://www-is.biotoul.fr/). Antimicrobial resistance genes (ARGs) were identified by Resfinder (https://cge.cbs.dtu.dk/services/ResFinder/). Different plasmid genome sequences were compared by BLAST Ring Image Generator (Alikhan et al., 2011) (BRIG). The figures about the genetic context surrounding the antibiotic resistance genes were drawn by Easyfig 2.3 (Sullivan et al., 2011). To verify whether the plasmids pYQ13422-IMP-4, pYQ13530-IMP-4, pYQ13422-SFO-1 and pYQ13530-SFO-1 were conjugative plasmids, we used the OriTFinder website (https://tool-mml.sjtu.edu.cn/oriTfinder/oriTfinder.html).



Phylogenetic analysis

We downloaded all available IMP-carrying ECC from the NCBI genome database in May 2022 to study the phylogenetic relationships of YQ13422hy and YQ13530hy with other ECC. KSNP3.0 (Gardner et al., 2015) was used to construct the phylogenetic tree based on the previously-mentioned downloaded data via SNPS. ITOL was used to visualize and modify the phylogenetic tree (https://itol.embl.de/).




Results


Species confirmation and homology analysis

The YQ13422hy strain was isolated from a sputum specimen of a 36-year-old male suffering from hypoxic encephalopathy on March 12, 2017. YQ13530hy was isolated from a sputum specimen of a 60-year-old male with brain herniation on April 2, 2017. The patient carrying YQ13422hy was hospitalized for 3 months, from March 01, 2017 to June 10, 2022. The patient carrying YQ13530hy was hospitalized for 1 month from April 01, 2017 to April 19, 2022. Patient carrying YQ13422hy was treated with intravenous vancomycin, Imipenem and Cilastatin Sodium, as well as Cefoperazone Sodium and Sulbactam Sodium. Patient carrying YQ13530hy was treated with vancomycin, meropenem and levofloxacin. Both patients were hospitalized in the same ward. ANI analysis (Figure S2 and Table S2) and WGS showed that the two isolates were highly homologous, and the blaIMP-4-bearing plasmids had 99.97% similarity, indicating the isolates’ clonal spread. In fact, it is not clear how the clonal spread happened, but we suspect that it may have been through contact or through the air, because both strains were detected in sputum.



AST of Enterobacter hormaechei YQ13422hy and YQ13530hy

The isolates YQ13422hy and YQ13530hy both displayed resistance to aztreonam, ceftriaxone, cefotaxime, ceftazidime, levofloxacin, ciprofloxacin, gentamicin, piperacillin/tazobactam, chloromycin, amoxicillin-clavulanate, cefepime, with sensitivity to meropenem, amikacin, and polymyxin B. For imipenem, YQ13422hy and YQ13530hy were determined as intermediate. In the case of YQ13422hy, it exhibited intermediate resistance to fosfomycin, and susceptibility to trimethoprim/sulfamethoxazole and tigecycline. On the other hand, YQ13530hy showed resistance to trimethoprim/sulfamethoxazole and tigecycline, while it was susceptible to fosfomycin. AST results revealed that both strains were MDR E. hormaechei. The results of AST of E. hormaechei YQ13422hy and YQ13530hy are shown in Table 1.


Table 1 | MIC values of antimicrobials for E. hormaechei YQ13422hy andYQ13530hy, recipient strain J53, transconjugants YQ13422hy-J53 and YQ13530hy-J53, and control strain E. coli 25922.





Location of blaIMP-4 and blaSFO-1 and the conjugation assays

S1-PFGE and hybridization experiments on YQ13422hy and YQ13530hy (Figure S1) showed that the plasmid harboring the blaIMP-4 resistance gene was about 53 kb and it was named pYQ13422-IMP-4. The plasmid carrying blaSFO-1 resistance gene was designated as pYQ13422-SFO-1.

The transconjugant was identified as E. coli by MALDI-TOF/MS. Then PCR and Sanger sequencing were performed to determine that the transconjugant was carrying the blaIMP-4 resistance gene. The results of AST also indicated that the plasmid pYQ13422-IMP-4 was successfully transferred into recipient J53. A comparison of AST results between YQ13422hy and YQ13422-J53, YQ13530hy and YQ13530-J53 showed that the transconjugant was resistant to ceftriaxone, cefotaxime, ciprofloxacin, ceftazidime, amoxicillin-clavulanic acid and cefepime, sensitive to aztreonam, gentamicin, piperacillin/tazobactam, chloromycin and fosfomycin, and intermediate to levofloxacin and imipenem, but significantly increased the MIC value of the transconjugant to levofloxacin. Through the analysis by the OriTFinder website, the complete conjugative modules on the plasmid pYQ13422-IMP-4, pYQ13530-IMP-4, pYQ13422-SFO-1, and pYQ13530-SFO-1 were identified, including the origin of transfer site (oriT), gene cluster for bacterial type IV secretion system (T4SS), gene encoding type IV coupling protein (T4CP), and relaxase gene (Table S4). Based on these results, it appears they are MDR plasmids that can be horizontal transferred (Figure 1). Because pYQ13422-IMP-4 and pYQ13530-IMP-4 are exactly the same, we only show pYQ13422-IMP-4 in Figure 1.




Figure 1 | Three conjugative plasmids pYQ13422-SFO-1 (A) and pYQ13530-SFO-1 (B) and pYQ13422-IMP-4 (C). AR (ARGs), acquired antibiotic resistance determinant genes; VF, virulence factors.





Characterization of the genome of E. hormaechei YQ13422hy and YQ13530hy

The result of S1-PFGE showed that YQ13422hy and YQ13530hy both carried three plasmids of different sizes, as mentioned above. WGS showed that YQ13422hy and YQ13530hy both carried four plasmids of different sizes. The plasmid pYQ13422hy-3 and Pyq13530hy-3 are not visible in the S1-PFGE result due to its small size; 4995bp.

According to the WGS results, YQ13422hy and YQ13530hy were shown by MLST to carry the genes fusA (4), leuS (6), rplB (4), rpoB (6), dnaA (4), gyrB (4), pyrG (37), confirming its typing as ST51. Specific genome information on plasmid sizes, Inc and MLST typing and resistance genes is displayed in Table 2.


Table 2 | Genome information and acquired antibiotic resistance genes of E. hormaechei YQ13422hy and YQ13530hy.





Structural characterization of the transferable plasmid

The sequence length of plasmid pYQ13422-IMP-4 is 52,492bp, including 92 protein-encoding genes, and its G + C content is 50.85%. This plasmid carries the blaIMP-4 gene and the qnrS1 gene, which is known from above. Its plasmid type is IncN by Plasmidfinder. The most similar plasmids (with 100% coverage and 99% identities) identified by NCBI blast are as follows: pIMP-GZ1517 (KT982618.1), pZHH-3 (CP059714), p128379-IMP (MF344559) and pIMP-GZ1058 (KU051709.1) from E. coli, and pIMP-HZ1 (KU886034) from K. pneumoniae. BLAST, Ring Image Generator (BRIG) generated the circular image of multiple plasmid comparisons, and the results were demonstrated in Figure 2. The plasmids carry multiple insertion sequences at different positions, such as IS6100, IS1X2, IS26 and ISKpn19. Further, we investigated the genetic environment of the IMP-4 resistance gene and found that it has an IntI1 upstream and also carries a group II intron reverse transcriptase/maturase gene downstream of it. Comparison with pIMP-GZ1517 (KT982618.1) and pIMP-GZ1058 (KU051709.1) revealed that an insertion sequence IS26 was missing on the YQ13422-IMP-4 plasmid (Figure S5). Integron In823 was identified by INTEGRALL, whose array of gene cassettes is 5′CS-blaIMP-4. YQ13422-SFO-1 is demonstrated in Figure 2B.




Figure 2 | Genomic analyses of plasmid pYQ13422-IMP-4 (A) and pYQ13422-SFO-1 (B). The comparative plasmid circular map of pYQ13422-IMP-4 and pYQ13422-SFO-1, generated using BLAST Ring Image Generator (BRIG), shows the genes and their locations.



In addition to analyzing MDR plasmid characteristics, we also examined mobile elements flanking the resistant genes (Figure S5). The blaSFO−1 was detected on a Tn3 unit (TnAS3-IS5075-traX-ΔTn3-ampR-blaSFO-1-ΔIS3). According to the genetic mapping of blaSFO-1, ampR was upstream of blaSFO−1. Regulation of SFO-1 is carried out by the regulator ampR, which is inversely oriented upstream (Fernandez et al., 2011). Tn3 and IS5075 were located upstream of ampR, and genetic mapping also showed that the transposon Tn3 was interrupted.



Phylogenetic analysis

We downloaded all genomic data of the blaIMP-carrying ECC isolates (n = 167) from NCBI publicly available data and performed a phylogenetic analysis with YQ13422hy and YQ13530hy (Table S1). The data showed that the vast majority of bacteria carrying the blaIMP resistance genes in the ECC are E. hormaechei, with 154 strains accounting for 91.12% of all strains. The results revealed that the blaIMP resistance genes carried by the ECC were blaIMP-1 (n = 66), blaIMP-4 (n = 77), blaIMP-8 (n = 8), blaIMP-13 (n = 2), blaIMP-16 (n = 1), blaIMP-26 (n = 3), and blaIMP-70 (n = 12). Of these, 158 strains were isolated from humans, and only 11 strains had no host information. The majority of isolates were from Japan, China and Australia. The source of these strains is almost exclusively clinical, mainly blood, urine, sputum, and screening swab. YQ13422hy and YQ13530hy form a small cluster alone, and a larger cluster with GCA_015684015, GCA_021165665, GCA_015683815, but GCA_015684015 and GCA_015683815 are isolated from Australia, while GCA_021165665.1 is recovered from Ireland. They are both E. hormaechei and carry the drug resistance gene blaIMP-4. More specific information is shown in Figure S6.




Discussion

ECC is increasingly being isolated from clinical specimens and is now one of the world’s most critical nosocomial infectious pathogens (Bolourchi et al., 2022). The ECC carrying blaIMP has emerged in six countries, including United Kingdom, the United States, Ireland, Japan, China, and Australia. Thus, the prevalence of the blaIMP gene worldwide should be given sufficient attention.

According to our susceptibility results, strains carrying blaIMP-4 are intermediate to imipenem and sensitive to meropenem. There is evidence suggesting that IMP-4 enzyme has much stronger hydrolytic activity for imipenem than meropenem, which is consistent with previous findings (Chu et al., 2001). A considerable amount of literature now exists suggesting that multiple different species of bacteria carrying blaIMP-4 are intermediate or sensitive to imipenem and meropenem (Chu et al., 2001; Lee et al., 2017; Tarabai et al., 2021; Zhang et al., 2021b). However, the exact mechanism is still unclear. Intermediate susceptibility to imipenem and susceptibility to meropenem in strains carrying blaIMP-4 possible mechanism could be: i) related to the activity of efflux pumps (Zhang et al., 2021b), or (ii) It is possibly that the organisms had little or no expression of their blaIMP-4 gene (Chu et al., 2001), or (iii) It seems that IMP enzymes confer carbapenem resistance only in members of the family Enterobacteriaceae with concomitant permeability lesions (Chu et al., 2001).

Plasmids play a major role in the dissemination of antibiotic resistance genes among Enterobacteriaceae (Huang et al., 2013). Although there have been many studies on IncN-type plasmids, few studies have found that IncN-type plasmids carrying the IMP-4 resistance gene in E. hormaechei. IncN-type plasmids carrying genes such as blaKPC (Gomez-Simmonds et al., 2022) and blaNDM (Hirabayashi et al., 2021) have been found in E. coli (Dorr et al., 2022) and Citrobacter (Yao et al., 2021). Also, a lot of IncN blaIMP-4-carrying plasmids were described in Enterobacterales, including one study showing the isolation of Klebsiella pneumoniae carrying an IncN-type plasmid with blaKPC-2 from dogs (Sellera et al., 2021). Wang and colleagues have already reported that an IncN ST7 plasmid carrying blaIMP-4 is disseminated in a variety of enterobacterial species originating from patients with epidemiological links in remote areas of China (Wang et al., 2017). The plasmids carrying the blaIMP-4 gene of YQ13422hy and YQ13530hy are entirely identical. Besides, it’s worth noting that we collected these two bacteria from different patients in the same ward at different times in the same hospital. In addition, based on the INTEGRALL database, blaIMP-4 is located on a class 1 integron In823, which is rare in E. hormaechei, with the array of gene cassettes 5′CS-blaIMP-4. It has become a consensus that the proliferation of integrons has exacerbated the prevalence of drug-resistant genes, especially class 1 integrons (Souque et al., 2021). The 3′CS of most class I integrons include three open reading frames (ORFs): sulfa resistance gene (sul1), quaternary ammonium compound and ethidium bromide tolerance gene (qacEΔ1) and an ORF of unknown function. However, unlike the classical class 1 integron, the 3’CS of the class 1 integron of YQ13422-IMP-4, sul1 and qacEΔ1 was not found.

Meanwhile, we confirmed the presence of a transposon TnAS3 carrying the blaSFO-1 gene, which belongs to the transposon family Tn3. Studies on the Tn3 family of transposons have been relatively extensive. Previous studies indicate that the most characteristic resolvases of the Tn3 transposon family are members of the serine recombinase (S recombinase) family, but rarely are members of the tyrosine recombinase (Y recombinase) family (Nicolas et al., 2015). The plasmid YQ13422hy-SFO-1 carries tyrosine recombinase xerC. Meanwhile, through our study on the structure of the YQ13422-IMP-4 plasmid and comparative analysis with other plasmids, we found that the blaIMP-4 genes all contain a group II intron reverse transcriptase/maturase downstream, and speculated that this gene might be associated with the transfer and spread of blaIMP-4. Compared with plasmids pIMP-GZ1517 (KT982618) and pIMP-GZ1517 (KU051709), pYQ13422-IMP-4 and pZHH-3 (CP059714) have no insert sequence IS26, which suggests that IntI1 can transfer blaIMP-4 independently and IS26 may not be the critical gene for blaIMP-4 gene transfer. In pIMP-GZ1517 (KT982618) and pIMP-GZ1517 (KU051709), the IntI1 gene was interrupted by an IS26 element, but blaIMP-4 could still be transferred. We believed that the truncated IntI1 was out of its function, and the transfer was achieved by IS26. We also found that p128379-IMP does not have the integrase IntI1, but contains IS26. We discovered the entire complete conjugative modules on the plasmids pYQ13422-IMP-4, pYQ13422-SFO-1 and pYQ13530-SFO-1.

The studies on blaIMP-4 in E. hormaechei are rare worldwide, with significant differences between countries. A prospective cohort study (Roberts et al., 2020a) in Australia showed that the primary ST type of ECC carrying blaIMP-4 was ST90, and the plasmid carrying blaIMP-4 was IncHI2-type. Currently, blaIMP-4 is Australia’s most common resistance gene (Sidjabat et al., 2015), and our phylogenetic analysis based on published data from NCBI confirmed this. Another study (Roberts et al., 2020b) also supported a similar view. Furthermore, we found that all the integrons of E. hormaechei carrying blaIMP-4 in the published studies rarely contain In823. This further indicates that the context of the blaIMP-4 gene may be different in China.

In China, few reports described the detection of blaIMP-4 gene in E. hormaechei (Chen et al., 2022). Kai Zhou et al. found a strain of E. hormaechei of ST418 carrying blaNDM-1, mcr-9.1, and blaIMP-4 (Zhou et al., 2017). According to its research, the plasmid carrying blaIMP-4 was IncHI2-type, which is consistent with the global trend. The blaSFO-1 gene is not routinely monitored, but it could be an important weapon against antibiotics. So, the coexistence of blaSFO-1 and other antibiotic resistance genes should not be ignored. A previous study reported the co-producing of SFO-1 and IMP-4 in Klebsiella pneumoniae clinical isolate (Zhou et al., 2017). Moreover, in our work, we not only found the co-producing of SFO-1 and IMP-4 in E. hormaechei, but also found they are located at two different transferable plasmids. Antibiotic resistance may be increased by the presence of blaSFO-1. The research of AST results on IMP-producing ECC (Hickey et al., 2021) also suggested that IMP metalloenzymes production in ECC infections is serious, and our work also validated the study. E. hormaechei carrying the blaIMP-4 gene spread rapidly, with enhanced drug resistance and changes in the genetic environment. Therefore, the coexistence of blaSFO-1 and blaIMP-4 undoubtedly complicates the treatment of E. hormaechei infections. The limitation of our work is that only two samples were studied, and there were no more samples to further elaborate on the prevalence of IncN-plasmid carrying IMP-4 in E. hormaechei.



Conclusion

Our study found the co-production of IMP-4 and SFO-1 in E. hormaechei. Besides, it revealed the IncN-type plasmid carrying blaIMP-4 in E. hormaechei, which indicated the potential horizontal transformation of ARGs. In conclusion, our work supplemented the studies of E. hormaechei carrying blaIMP-4 and blaSFO-1 in China, and also suggested that focusing on E. hormaechei will be important in future studies.
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Supplementary Figure 1 | Plasmid profiles of (E) hormaechei YQ13422hyh and YQ13530hy. (A) Plasmid size determination by S1-PFGE, with Salmonella enterica serotype Braenderup H9812 as the size marker. (B) Southern blotting hybridization with an IMP-4-specific probe.

Supplementary Figure 2 | The ANI analysis between YQ13422hy and YQ13530hy showed that there is a high level of similarity between the two genomes.

Supplementary Figure 3 | Genomic analyses of plasmid pYQ13422-IMP-4. The comparative plasmid circular map of pYQ13422-IMP-4 generated using BLAST Ring Image Generator (BRIG), shows the genes and their locations.

Supplementary Figure 4 | YQ13422hy and YQ13530hy ‘s genomes contain a wealth of information

Supplementary Figure 5 | Genetic context of blaIMP-4 on pYQ13422-IMP-4 and blaSFO-1 on pYQ13422-SFO-1. Genes are denoted by arrows. Genes, mobile elements, and other features are colored based on their functional classification.

Supplementary Figure 6 | The phylogenetic tree of 167 strains ECC based on the blaIMP resistance genes, generated by kSNP3.0 plus E. hormaechei YQ13422hy (Biosample SAMN28918927) and YQ13530hy (Biosample SAMN28919657). The sources of strains are identified as clinical. We used different colors to represent different meanings. The seven circles around the phylogenetic tree indicate the species (inner circle), ST type, IMP-type, host, location, year, and source (outer circle) of these strains. We marked YQ13422hy and YQ13530hy in red.
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   Objectives

Gram-negative bacteria (GNB) bloodstream infections (BSIs) are the most widespread and serious complications in hospitalized patients with hematological diseases. The emergence and prevalence of carbapenem-resistant (CR) pathogens has developed into a considerable challenge in clinical practice. Currently, nomograms have been extensively applied in the field of medicine to facilitate clinical diagnosis and treatment. The purpose of this study was to explore risk indicators predicting mortality and carbapenem resistance in hematological (HM) patients with GNB BSI and to construct two nomograms to achieve personalized prediction.


 Methods

A single-center retrospective case-control study enrolled 244 hospitalized HM patients with GNB-BSI from January 2015 to December 2019. The least absolute shrinkage and selection operator (LASSO) regression analysis and multivariate logistic regression analysis were conducted to select potential characteristic predictors of plotting nomograms. Subsequently, to evaluate the prediction performance of the models, the prediction models were internally validated using the bootstrap approach (resampling = 1000) and 10-fold cross validation.


 Results

Of all 244 eligible patients with BSI attributed to GNB in this study, 77 (31.6%) were resistant to carbapenems. The rate of carbapenem resistance exhibited a growing tendency year by year, from 20.4% in 2015 to 42.6% in 2019 (p = 0.004). The carbapenem resistance nomogram constructed with the parameters of hypoproteinemia, duration of neutropenia ≥ 6 days, previous exposure to carbapenems, and previous exposure to cephalosporin/β-lactamase inhibitors indicated a favorable discrimination ability with a modified concordance index (C-index) of 0.788 and 0.781 in both the bootstrapping and 10-fold cross validation procedures. The 28-day all-cause mortality was 28.3% (68/240). The prognosis nomogram plotted with the variables of hypoproteinemia, septic shock, isolation of CR-GNB, and the incomplete remission status of underlying diseases showed a superior discriminative ability of poorer clinical prognosis. The modified C-index of the prognosis nomogram was 0.873 with bootstrapping and 0.887 with 10-fold cross validation. The decision curve analysis (DCA) for two nomogram models both demonstrated better clinical practicality.


 Conclusions

For clinicians, nomogram models were effective individualized risk prediction tools to facilitate the early identification of HM patients with GNB BSI at high risk of mortality and carbapenem resistance.
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  1. Introduction.

Bloodstream infections (BSIs) are the most widespread and serious infectious complications in hospitalized patients with hematological diseases, characterized by significant high morbidity, mortality, and a heavy additional medical burden, primarily arising from the underlying diseases themselves and the cytotoxic chemotherapy-related immunosuppression (Feld, 2008; Misch and Andes, 2019). During recent years, there has been a pronounced trend reversal as regards the bacterial spectrum of bacteremia in patients with neutropenia and hematologic malignancies, with Gram-negative bacteria (GNB) being the most commonly reported pathogenic organisms nowadays (Trecarichi and Tumbarello, 2014; Trecarichi et al., 2015; Chen et al., 2021). In addition, owing to the high selection pressure of antimicrobial agents, a considerable increase has been observed in the infection of multiple antibiotic-resistant strains that are insusceptible to a wide variety of antibiotics. In this context, the progressively emergence and rapidly spread of multidrug-resistant bacteria has been emerging as a globally major challenge, particularly for carbapenem-resistant (CR) GNB (Lalaoui et al., 2020). Considering that it normally takes 2 to 3 days to obtain the results of blood cultures and antimicrobial susceptibility tests against the background of current clinical laboratory conditions, inappropriate empirical antibiotic therapy is life-threatening for patients infected with these strains. Therefore, early identification of risk factors associated with carbapenem resistance and exploration of prognosis-related indicators is essential to purposefully improving clinical outcomes for hematological (HM) patients infected with GNB BSI.

Currently, nomograms have been diffusely applied in medical research as an effective complementary tool to implement clinical decisions for clinicians (Balachandran et al., 2015; Wu et al., 2020; Lin et al., 2020; Song et al., 2021; Dong et al., 2021; He et al., 2022). As a graphical tool, compared with traditional predictive scoring systems based on regression analysis, the nomogram can provide a visual representation of the complex statistical model and accurately estimate the individual probability of a clinical event by integrating multiple predictive variables that can diagnose diseases or predict clinical outcomes (Park, 2018; Jiang et al., 2022). However, nomograms predicting the risk factors of mortality and carbapenem resistance in HM patients with GNB BSI have rarely received attention. Consequently, the primary objective of this study was to develop and validate two clinical predictive models for the early individualized and accurate prediction of carbapenem resistance risk and 28-day all-cause mortality in HM patients suffering from GNB BSI, respectively.


 2. Methods.

 2.1. Study setting and patient population.

The retrospective case-control study was performed between January 2015 and December 2019 at the Institute of Hematology, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, a 5000-bed tertiary care teaching hospital in central China. Episodes of BSI were identified from the clinical microbiology laboratory database in accordance with the US Centers for Disease Control and Prevention (CDC) criteria (Horan et al., 2008). The first episodes of BSI caused by GNB that occurred in hospitalized hematological patients older than 16 years were included in this study. Meanwhile, patients who had been treated with hematopoietic stem cell transplantation before BSI were excluded, as well as those with polymicrobial bacteremia. Ultimately, 244 patients with GNB BSI met the inclusion and exclusion criteria were enrolled in the retrospective cohort.


 2.2. Data collection and study design.

Date extracted from the hospital microbiology laboratory database and the medical electronic medical record systems included demographics (age and sex), microbiological data, underlying diseases and the stage of disease at the time of GNB BSI, comorbidities (diabetes mellitus, cardiovascular disease, hepatic disease, pulmonary infection at the time of GNB BSI), the use of immunosuppressants and corticosteroids, invasive procedures and/or devices, antibiotic therapy, the presence and duration of neutropenia, clinical outcomes, and so on. The flowchart of study design was shown in  Figure 1 . For the purposes of developing a predictive model for carbapenem-resistant bacteremia in this study, patients were divided into the carbapenem-resistant (CR-GNB) groups (77 cases) and the carbapenem-sensitive (CS-GNB) groups (167 cases) based on the reports of antimicrobial susceptibility testing (AST). Simultaneously, we also analyzed the potential risk factors affecting mortality within 28 days following the onset of GNB BSI.

 

Figure 1 | Flowchart of the study design. HM, hematological; CLSI,clinical and laboratory standards institute; GNB, gram-negative bacteria; BSI, bloodstream infection; CR, carbapenem-resistant; CS, carbapenem-sensitive. 




 2.3. Definition.

Hospital-acquired BSI was considered as the isolation of pathogens from at least one blood culture specimen after 48 hours of admission to hospital. The onset of BSI was defined as the collection date of a positive blood culture sample. Neutropenia was defined as an absolute neutrophil count (ANC) < 500 neutrophils/μl at the time of BSI onset. Corticosteroid therapy was defined as the administration of prednisone (dose ≥ 20mg/day, duration ≥ 5 days) or its equivalent. Immunosuppressive therapy referred to the use of at least one of cyclosporine, tacrolimus, rituximab, and ATG/ALG. Hypoproteinemia was defined as a serum albumin value of less than 30 g/L on the day (or within 24 hours) of the collection of a positive blood culture specimen. Mucosal barrier damage was defined as gastrointestinal mucositis or oropharyngeal mucositis. Antimicrobial agent exposure was defined as the use of antibiotics for more than 72 hours within 30 days before BSI. Typical antimicrobial agents administered within 30 days prior to BSI in this study included carbapenems (imipenem and meropenem), aminoglycosides (etimicin, amikacin and kanamycin), quinolones (levofloxacin and moxifloxacin), tigecyclines, penicillins/β-lactamase inhibitor combinations (piperacillin-tazobactam) and cephalosporins/β-lactamase inhibitor combinations (cefoperazone-tazobactam, cefoperazone-sulbactam, ceftazidime-tazobactam and ceftriaxone-tazobactam). The diagnosis of septic shock followed the Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3) clinical criteria (Singer et al., 2016). Carbapenem resistance was defined as resistance to one or more of meropenem, imipenem, and ertapenem. Empirical antimicrobial therapy was considered appropriate when receiving at least one antimicrobial agent with in vitro activity within 48 hours after the episode of BSI. The final clinical outcome was determined by the survival status on the 28th day after the onset of GNB BSI. If a patient was discharged from a hospital within 28 days of the onset of BSI, the clinical outcome was determined by telephone follow-up.


 2.4. Microbiological method.

Microbial identification and antibiotic susceptibility testing were conducted in the clinical microbiology laboratory of hospital using a fully automated microbiology system (BD phoenix™-100). Antibiotic susceptibilities were interpreted according to the guidelines of the Clinical and Laboratory Standards Institute M100S (CLSI M100S), except for colistin and tigecycline, which were determined in accordance with the European Committee on Antimicrobial Susceptibility Testing (EUCAST) clinical breakpoints.


 2.5. Derivation and performance evaluation of the nomogram.

The least absolute shrinkage and selection operator (LASSO) regression model with ten-fold cross validation could avoid the multicollinearity of variables and minimize the possibility of model overfitting or underfitting (Iasonos et al., 2008; Friedman et al., 2010; Collins et al., 2015). Given the large number of predictors, the LASSO regression analysis and multivariate logistic regression analysis were performed to select potential characteristic predictors. Afterward, the clinical nomogram were formulated based on the potential characteristic predictors screened above and the significant predictors that had an essential impact on clinical outcomes. In the nomogram, each predictor was visually assigned a corresponding score. The accumulated total points for a clinical event could be calculated by adding the scores of each predictor, corresponding to the predicted probability of the clinical event.

The prediction performance of the nomogram model was evaluated with internal validation, which were primarily conducted using the bootstrap method (resampling = 1000) and 10-fold cross validation. In addition, to minimize the risk of bias of single-center studies, we further evaluate the stability of the prediction model using other cross validation methods such as hold-out cross validation (7:3), leave-one-out cross validation, and bootstrapping with 10-fold cross validation (resampling = 1000). The Concordance index (C-index) or area under the receiver operating characteristic (ROC) curve (AUC) was used to assess the discrimination ability of a predictive model. The C-index of a nomogram was equal to the AUC values of a logistic regression model since the ROC for the logistic regression model was drawn based on the predicted probability. Ordinarily, the C-index and AUC values > 0.7 are considered to have relatively good discriminative accuracy. The calibration curves were used to evaluate the calibration ability of a predictive model-that is, the ability of the predicted probabilities of clinical outcomes to be consistent with the actual probabilities. Besides this, decision curve analysis (DCA) was also performed to estimate the clinical application value of the model.


 2.6. Statistical analysis.

Data analysis was performed using SPSS 25.0 statistical software (SPSS, Chicago, IL, USA) and R software version 4.1.3. The R packages used for statistical analysis in the R project (version 4.1.3) mainly consisted of glmnet, rms, caret, pROC, and rmda. All statistical analyses were two-tailed, with P -values < 0.05 considered statistically significant. The Kolmogorov-Smirnov normality test was utilized to assess the normality distribution of continuous variables. Continuous variables were expressed as median (M) or interquartile range (IQR) and compared using the Mann-Whitney U test. Categorical variables were represented as numbers or percentages (%) of cases and analyzed using the Chi-squared test or the Fisher’s exact test. Survival curves were plotted based on the Kaplan-Meier method and compared using the log-rank test.



 3. Results.

 3.1. Distributions of GNB isolates in the original study cohorts.

According to the inclusion and exclusion criteria, a total of 244 patients with GNB BSI were included in the study from January 2015 to December 2019. Of all the 244 isolates of GNB, 173 (70.9%) were of Enterobacteriaceae, 62 (25.4%) were glucose non-fermenting (GNF) GNB, and 9 (3.7%) were of Vibrionaceae. Klebsiella pneumoniae (KP) (n = 79) and Escherichia coli (EC) (n = 66) were the main members of the Enterobacteriaceae, while Pseudomonas aeruginosa (PA) (n = 30) and Acinetobacter baumannii (AB) (n = 23) were the most common GNF GNB; only Aeromonas spp. (n = 9) were observed in the Vibrionaceae. Bacterial species and numbers of CR-GNB and CS-GNB were described in  Table 1 . There were 77 of 244 GNB isolates (31.6%) resistant to carbapenems, and the rate of carbapenem resistance appeared to be increasing year on year, from 20.4% in 2015 to 42.6% in 2019 (p = 0.004) ( Figure 2A ). In the CR-GNB cohort, Klebsiella pneumoniae (n = 30; 39.0%) was the most frequently encountered strain, followed by Acinetobacter baumannii (n = 21; 27.3%) and Escherichia coli (n = 13; 16.9%) ( Table 1 ).

 Table 1 | Distribution of bacterial species and numbers of CR-GNB and CS- GNB. 



 

Figure 2 | Percentages of Resistance to Carbapenems among Gram-negative bacteria during the Study Period (A); Kaplan-Meier Survival Analysis among Hematological Patients with BSI caused by Carbapenem resistant (CR) and carbapenem susceptible (CS) Gram-negative bacteria (B). 




 3.2. Demographic and clinical characteristics of patients with GNB BSI.

The demographic and clinical characteristics of these patients are summarized in  Table 2 . Among these 244 patients with GNB, 226 (92.6%) were recognized as hospital-acquired bacteremia, which included all patients (n = 77; 100%) with CR-GNB and the majority (n = 149; 89.2%) with CS-GNB. In the study, the median age of the patients was 44 years (IQR, 29.25-53) and the majority were male (n = 136; 55.7%). At the same time, we observed that AML, ALL, and lymphoma were the predominant underlying diseases (110 cases, 64 cases, and 30 cases, respectively), accounting for 45.1%, 26.2%, and 12.3% of the total number of cases.

 Table 2 | Clinica and demographic characteristics of hematological patients with bloodstream infection caused by gram-negative bacteria based on the carbapenem resistance of strains. 




 3.3. Establishment and validation of the nomogram for early predicting the risk probability of carbapenem resistance in HM patients with GNB BSI.

 3.3.1. Risk factors for carbapenem resistance in patients with GNB BSI.

To minimize the risk of multicollinearity of variables in the prediction model of this study, LASSO regression analysis was performed to filter potential risk factors for carbapenem resistance among hematological patients with GNB BSI.  Figure 3  illustrated the selection process of potential risk factors for carbapenem resistance using the LASSO regression model. As demonstrated in  Figure 3B , lambda.lse (λ = 0.07182097) (right dotted line) was identified as the optimal lambda for five variables with non-zero coefficients. These variables with potential risk of carbapenem resistance included duration of neutropenia ≥ 6 days before BSI, previous exposure to cephalosporin/β-lactamase inhibitor combinations, previous exposure to carbapenems, antifungal agents use within 30 days before BSI, and hypoproteinemia. To further analyze independent risk factors for CR-GNB BSI, five variables selected from the LASSO regression model were incorporated into the multivariate logistic regression model. Ultimately, multivariate logistic analysis ( Table 3  Model-A) demonstrated that duration of neutropenia ≥ 6 days before BSI (OR 2.764, 95% CI: 1.437-5.317; p = 0.002), hypoproteinemia (OR 2.249, 95% CI: 1.196-4.227; p = 0.012), previous exposure to carbapenems (OR 3.460, 95% CI: 1.822-6.571; p < 0.001) and previous exposure to cephalosporin/β-lactamase inhibitors (OR 2.162, 95% CI: 1.134-4.120; p = 0.019) were independent risk factors of CR-GNB BSI.

 

Figure 3 | Potential risk factors selection for carbapenem resistance using the least absolute shrinkage and selection operator (LASSO) regression model with 10-fold cross validation. LASSO coefficient profiles of 23 variables (A). A coefficient profile plot was constructed from the log (lambda) sequence (B). The number of characteristic variables was filtered by drawing dotted vertical lines at lambda.min (left dotted line) and lambda.1se (right dotted line) respectively according to the minimum criterion. LASSO, least absolute shrinkage and selection operator; SE, standard error. 



 Table 3 | Multivariate analysis of risk Factors for carbapenem resistance (Model A) and 28-day all-cause mortality (Model B) in patients with hematological diseases suffering from bloodstream infections caused by gram-negative bacteria. 




 3.3.2. Establishment and validation of the nomogram.

Combining clinical knowledge and the results of previous studies (Lalaoui et al., 2020), we finally constructed a nomogram containing four variables (hypoproteinemia, duration of neutropenia ≥ 6 days, previous exposure to carbapenems, and previous exposure to cephalosporins/β-lactamase inhibitors, respectively) to personalize the prediction of the probability of carbapenem resistance in HM patients with GNB BSI, which was abbreviated as the carbapenem resistance nomogram ( Figure 4A ). In the nomogram, each variable was represented visually with a corresponding score. The total points of a patient with GNB BSI could be calculated by adding the scores of each predictive variable, which was corresponded to the predicted probability of carbapenem resistance.

 

Figure 4 | The constructed nomograms for predicting risk probability of carbapenem resistance and 28-day all-cause mortality in gram-negative bacteremia among patients with hematological diseases, abbreviated as the carbapenem resistance nomogram (A) and the prognosis nomogram (B). Each predictor has corresponding points, and the total score for an individual patient could be obtained by summing up all scores. CR-GNB, carbapenem-resistant gram-negative bacteria. 



The internal validation results of this nomogram were depicted graphically in  Figure 5 . As shown in  Figure 5A , the AUC values of the carbapenem resistance nomogram was 0.799 (0.739-0.859), and the sensitivity and specificity were 68.3% and 83.1%, respectively. Subsequently, overfitting or underfitting was assessed by bootstrapping and 10-fold cross validation method, and the model was found to be well-fitting. The modified C-index for the nomogram were 0.788 and 0.781 according to bootstrapping and 10-fold cross validation, respectively, indicating that the predictive model possessed a favorable capacity for discrimination of carbapenem resiatance. In addition, the accuracy or C-index of this model based on other cross validation was summarized in  Table SII . Similarly, it was worth noting that the calibration plots of the prediction model were all extremely approximated to the corresponding actual observed curves for both the bootstrapping and 10-fold cross validation ( Figures 5C, D ), suggesting that the nomogram provided a satisfactory prediction accuracy. Meanwhile, we also assessed the clinical applicability of the prediction model using DCA, as displayed in  Figure 5B , and found that the model had excellent clinical utility.

 

Figure 5 | The internal validation of the carbapenem resistance nomogram according to bootstrap method and 10-fold cross validation. Receiver operating characteristic (ROC) curves of the carbapenem resistance nomogram (A). Decision curve analysis (DCA) of the carbapenem resistance nomogram (B). Calibration plots of the carbapenem resistance nomogram based on bootstrap method (C) and 10-fold cross validation (D). 





 3.4. Treatments and outcomes.

To evaluate the risk factors for 28-day mortality following the onset of GNB BSI, we eliminated cases with unavailable follow-up data (4 cases). Eventually, a total of 240 episodes of GNB BSI were analyzed. Following the collection of blood culture specimens, an empirical antimicrobial regimen was implemented for all febrile patients immediately in accordance with Clinical Practice Guidelines for the management of patients with febrile neutropenia in the USA and Europe, with 77.9% (187/240) of patients receiving appropriate empirical therapy. The 28-day all-cause mortality in HM patients with GNB BSI was 28.3% (68/240) and 44.1% (30/68) of non-survivors suffered from insufficient empirical antimicrobial therapy ( Table SI ). Moreover, there was a significantly higher mortality in CR-GNB BSI patients than that in CS-GNB BSI patients (40/77, 52.6% vs 28/167, 17.1%; P < 0.001). Meanwhile, in our cohorts, a considerably greater proportion of the CR-GNB patients received inappropriate empirical treatment than CS-GNB patients (48/76, 63.2% vs 3/155, 1.9%; P < 0.001). A Kaplan-Meier survival analysis also demonstrated the higher possibility of mortality among patients infected with CR strains (P < 0.001) ( Figure 2B ).


 3.5. Establishment and validation of the nomogram for early predicting the risk probability of 28-day mortality in HM patients with GNB BSI.

 3.5.1. Risk factors for 28-day all-cause mortality in patients with GNB BSI.

The HM patients with GNB BSI were classified into survivor and non-survivor groups according to the clinical outcomes of the 28th day. As with the approach for screening the most appropriate variables of carbapenem resistance, we identified possible prognostic predictors through lasso regression and multivariate logistic regression analysis. As presented in  Figure 6 , isolation of CR-GNB, hypoproteinemia, previous exposure to carbapenems, incomplete remission status of underlying disease, septic shock, and appropriate empirical therapy were potential variables screened to predict clinical prognosis with the LASSO regression analysis. Multivariate logistic regression analysis ( Table 3  Model-B) further indicated that the following factors were independently associated with a higher risk of mortality for GNB BSI: hypoproteinemia (OR 2.189, 95%CI: 1.002-4.781; P = 0.049), septic shock (OR 16.950, 95%CI: 6.846-41.967; P < 0.001), incomplete remission status of underlying diseases (OR 9.880, 95%CI: 2.569-37.989; P = 0.010), and isolation of CR-GNB (OR 4.304, 95%CI: 1.921-9.644; P < 0.001).

 

Figure 6 | Potential risk factors selection for 28-day all-cause mortality using the least absolute shrinkage and selection operator (LASSO) regression model with 10-fold cross validation. LASSO coefficient profiles of 26 variables (A). A coefficient profile plot was constructed from the log (lambda) sequence (B). The number of characteristic variables was filtered by drawing dotted vertical lines at lambda.min (left dotted line) and lambda.1se (right dotted line) respectively according to the minimum criterion. LASSO, least absolute shrinkage and selection operator; SE, standard error. 




 3.5.2. Establishment and validation of the nomogram.

The four independent prognostic predictors (hypoproteinemia, septic shock, incomplete remission status of underlying diseases, and isolation of CR-GNB) were incorporated to generate a predictive nomogram for early individualized prediction of 28-day all-cause mortality in patients with GNB BSI, which was abbreviated as the prognosis nomogram ( Figure 4B ).

  Figure 7  exhibited the performance evaluation findings of the nomogram using bootstrapping and 10-fold cross validation, respectively. According to  Figure 7A , the AUC of the prognosis nomogram was 0.881 (0.833-0.929), with a sensitivity of 82.0% and a specificity of 76.5%. When validated internally by bootstrapping and 10-fold cross validation method, the modified C-indexes of the nomogram were 0.873 and 0.887, respectively, revealing that the predictive model had a superior discriminative ability for the identification of poorer clinical prognosis. In addition,  Table SII  summarized the accuracy or C-index of this model based on additional cross validation. The calibration curves for both the bootstrapping and 10-fold cross validation demonstrated a relatively high agreement between prediction and actual observation ( Figures 7C, D ). Likewise, the decision curve analysis (DCA) demonstrated that the prognostic nomogram model had greater net benefits for identifying clinical outcomes with worse prognoses ( Figure 7B ).

 

Figure 7 | The internal validation of the prognosis nomogram according to bootstrap method and 10-fold cross validation. Receiver operating characteristic (ROC) curves of the prognosis nomogram (A). Decision curve analysis (DCA) of the prognosis nomogram (B). Calibration plots of the prognosis nomogram based on bootstrap method (C) and 10-fold cross validation (D). 






 4. Discussion.

The clinical management of bloodstream infection (BSI) is crucial to the overall prognosis of patients with hematological disorders. In the present research, we systematically summarized the clinical characteristics of Gram-negative bacteremia in patients with hematological diseases at our hospital and screened the potential high risk factors of 28-day all-cause mortality and carbapenem resistance using LASSO regression analysis and multivariate logistic regression analysis. On the basis of the aforementioned predictive indicators, we established two nomograms to earlier identify the probability of carbapenem resistance at the time of the isolation of GNB and the 28-day mortality risk for each patient encountering Gram-negative bacteremia in the hematology department. Our nomograms exhibited relatively excellent performance in terms of discrimination, calibration, and clinical practicality, as measured by the C-index or AUC values, calibration plots, and DCA curves. Therefore, they might be straightforward and practical pictorial prediction tools that provide beneficial information for clinicians in the prevention and control of BSI. This appears to be, to our knowledge, a first report focusing on the development and validation of nomograms for early personalized prediction of the possibility of carbapenem resistance and mortality risk in patients with hematological disorders suffering from BSI caused by GNB.

In accordance with earlier research findings (Trecarichi and Tumbarello, 2014; Di Domenico et al., 2021), GNB remained the most prevalent microorganism species (377/679, 55.5%) causing BSI in our cohort of patients by far ( Figure 1 ). However, the variety of pathogenic microorganisms varies according to geographic areas, years, and other factors. Our data indicated that KP was the predominantly isolated pathogen, followed by EC, and PA during the study period (2015-2019). These data differed slightly from what has been reported in association with epidemiological studies performed on HM patients in other countries and in other cities of our country, in which EC represented the most frequently isolated bacteria, followed by PA or KP (Trecarichi and Tumbarello, 2014; Andria et al., 2015; Chen et al., 2017; Islas-Muñoz et al., 2018; Di Domenico et al., 2021). Previous researches have shown that carbapenem resistance in GNB has become a significant problem worldwide and a new public health threat in view of limited antimicrobial treatment options and high mortality (Righi et al., 2017; Nordmann and Poirel, 2019). Notably, the overall trend of carbapenem resistance in our research has increased from 20.4% in 2015 to 42.6% in 2019, which is consistent with the finding of the national bloodstream infection surveillance program conducted in China from 2014 to 2019 (Chen et al., 2022). In agreement with previous published studies conducted in HM patients (Andria et al., 2015; Trecarichi et al., 2016; Lalaoui et al., 2020), the overall mortality of CR-GNB BSI patients was significantly higher than that of CS-GNB BSI patients in our study(52.6% vs 17.1%; P < 0.001), and isolation of CR-GNB was independently correlated with 28-day all-cause mortality. These results highlight the necessity of regular surveillance to comprehend the clinical epidemiological characteristics of BSI among hematological patients in the local hospital.

In this study, the 28-day all-cause mortality of GNB BSI was 28.3%, and the majority of non-survivors (58.8%) suffered from BSI caused by CR-GNB ( Table SI ). Until now, a variety of risk factors have been demonstrated to be associated with carbapenem resistance in gram-negative bacteria, of which exposure to carbapenems before infections represented the most frequently observed risk factor across the different pathogens and types of infection (Satlin et al., 2016; Righi et al., 2017; Ting et al., 2018; Xiao et al., 2020; Zhao et al., 2020; Palacios-Baena et al., 2021). The use of carbapenems prior to BSI was also recognized as an independent risk factor for CR-GNB BSI in our analysis. Furthermore, a multi-center study conducted in China concerning the correlation between antibiotics consumption and carbapenem resistance equally revealed that carbapenem resistance in GNB was positively and significantly correlated with increased consumption of carbapenem antibiotics (Yang et al., 2018). Such a correlation may be attributed to the high selective pressure of carbapenems exposure. Notably, Laurence et al (Armand-Lefevre et al., 2013)found that even short-duration exposure to carbapenems may increase the risk of colonization or infection with carbapenem-resistant pathogens. Our study also suggested that previous use of cephalosporins/β-lactamase inhibitor combinations was associated with CR-GNB BSI. As with our research findings, there was an analogous positive correlation between prior cephalosporins/β-lactamase inhibitor combinations usage and carbapenem resistance in several other studies (Satlin et al., 2016; Liang et al., 2021). A plausible interpretation for this may be that broad-spectrum antibiotics have the potential to cause alteration of intestinal flora and may select for and promote the growth of carbapenem-resistant organisms in intestinal microbiota. Therefore, antimicrobial stewardship programs are essential to alleviate the emergence of resistance owing to the selective pressure of antibacterial usage. Zou et al (Zou et al., 2014)indicated that reduced use of antimicrobials was parallel with the amelioration of bacterial resistance without deteriorating medical quality indicators, which underlines the importance and feasibility of antimicrobial stewardship.

Previous retrospective clinical studies (Murthy et al., 2018; Omiya et al., 2021) found that, in addition to previous antibacterial usage, neutropenia was an another significant independent risk factor for carbapenem resistance. However, the relationship between the duration of neutropenia and carbapenem resistance has received limited consideration. Our study found that the duration of neutropenia ≥ 6 days was associated with a higher risk of carbapenem resistance in HM patients with BSI. Meanwhile, hypoproteinemia was a statistically screened independent risk factor associated with carbapenem resistance in our study, and yet has rarely been observed to be related to carbapenem resistance in previous studies. Given that hypoproteinemia has been linked to disease progression and clinical prognosis in different clinical settings (Murthy et al., 2018; Aziz et al., 2020; Omiya et al., 2021; Jiang et al., 2022), it was also incorporated into the plotting of the carbapenem resistance nomogram.

According to our findings, the isolation of CR-GNB, hypoproteinemia, the incomplete remission status of underlying diseases, and septic shock were strongly associated with a high risk of clinical worsening prognosis. Carbapenem-resistant GNB tended to be multi-drug resistant or even pan-resistant and had a limited choice of available antibiotic types. Trecarichi et al. (2016) and Andria et al., (2015) proved that inappropriate empirical antimicrobial regimens were strongly associated with high mortality and the majority of patients with CR-GNB BSI failed to obtain appropriate empirical antibiotic treatment. In our study, 44.1% (30/68) of non-survivors underwent inadequate empirical antimicrobial therapy, with a significantly higher proportion of inappropriate empirical therapy in the CR-GNB group than that in the CS-GNB group (63.6% vs 1.8%; P < 0.001). At the same time, we found that 15.6% of patients with BSI in the CS-GNB group progressed to sepsis shock and even clinical death. This could not be ruled out in connection with the increasing emergence of strains with high virulence and pathogenicity, which are active against most antibiotics in vitro but possess a high mortality risk (Zhang et al., 2016; Russo and Marr, 2019). It has been documented that infections caused by highly virulent Klebsiella pneumoniae (hvKP) most frequently occurred in the Asia-Pacific region (Russo and Marr, 2019). Additionally, a systematic multi-center study of hvKP infection performed in China reported that the percentage of hvKP infection varied from 8.33% to 73.9%, with the highest prevalence in Wuhan (Zhang et al., 2016). Of course, it is essential to carry out more studies in the future to confirm the presence of highly virulent GNB in our hematology.

In addition, we also found that septic shock was the predominant and significant predictor for 28-day mortality in our nomogram. Not surprisingly, septic shock, as a clinical manifestation of the severity of infections and organ dysfunction, has been detected to be associated with high mortality in several previous studies involving patients with HM and the general populations (Andria et al., 2015; Chumbita et al., 2022; Xiao et al., 2020; Zhang et al., 2020). In the current study, we could understand that 60.3% (41/68) of non-survivors underwent septic shock, of which 50.9% (27/53) of patients were categorized as CR-GNB BSI. Therefore, in clinical practice, the severity of the infection plays a crucial role in the prognosis. As demonstrated by Chumbita et al. (2022), when administered with inappropriate experimental antibiotic therapy, septic shock was associated with extremely high mortality in febrile neutropenic patients with BSI. Apparently, this conclusion further highlights the importance of epidemiological surveillance in different hospitals. Furthermore, the stage of hematological disease was a non-negligible variable in our study as well, where 95.6% (65/68) of non-survivors failed to attain complete remission status. It might be that when patients were in the status of incomplete remission, the tumor load was high and a more effective high-dose chemotherapy regimen was required.

In recent years, nomograms have become increasingly important in the clinical management of infectious diseases (Dong et al., 2021; He et al., 2022), while are rarely implemented in patients with hematological diseases. In hematological patients with BSI, the majority of studies have focused on the description of outcomes for regression models or the development of predictive scoring systems (Satlin et al., 2016; Xiao et al., 2020), which are not as simple and intuitive as nomograms. In this study, we improved the accuracy of predictor selection using LASSO analysis and built quantitative nomograms to provide a quick and easy evaluation of the probability of carbapenem resistance and mortality risk. In accordance with the TRIPOD statement (Collins et al., 2015), our nomograms were internally validated using the original study sample based on bootstrapping and 10-fold cross validation method, and exhibited relatively good predictive performance. Because of this, the findings emphasize the importance of antibiotic stewardship and the identification of patients at high risk of carbapenem resistance.

However, we have to acknowledge the existence of several shortcomings in the study. First, this is a single-center retrospective study, and the lack of an independent external validation cohort is a drawback of nomogram models, despite the relatively excellent predictive performance of nomogram models demonstrated with internal validation based on both the bootstrap method and 10-fold cross validation. Furthermore, other variables in this study that could not be identified from the electronic medical record system, such as the intestinal colonization of carbapenem-resistant organisms and the source of BSI, which are relatively associated with the development of carbapenem resistance and the clinical prognosis separately, may interfere with the ultimate results of predictive models. Thus, a more comprehensive multi-center prospective study in the future is required to demonstrate the reproducibility of nomograms and further revise our models, which also indicates the necessity of cyclic evaluations for similar clinical events. Secondly, the detection performance of microbiological methods and the use of antimicrobials prior to specimen collection may underestimate the amount of microbial growth in clinical cultures and influence the final results to some extent. In spite of these limitations, our study still provides a certain reference value to adjust management strategies for the prevention and control of Gram-negative bacteremia in patients with hematological diseases.

In summary, Gram-negative bacteria remain the leading pathogens of bloodstream infections in the department of hematology. Carbapenem resistance is associated with a worse prognosis in patients with GNB BSI. Meanwhile, individualized risk prediction models were established and validated in this study for predicting the risk of 28-day all-cause mortality and carbapenem resistance in gram-negative bacteremia among patients with hematological diseases. These models could serve as simple, reliable tools to make individualized risk predictions of clinical events and to provide useful information for clinicians in the management of infection control measures.
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In this study, we analyzed the antibiotic resistance of carbapenem-resistant gram-negative bacteria (CR-GNB) in intensive care unit (ICU) patients and developed a predictive model. We retrospectively collected the data of patients with GNB infection admitted to the ICU of the First Affiliated Hospital of Fujian Medical University, who were then divided into a CR and a carbapenem-susceptible (CS) group for CR-GNB infection analysis. Patients admitted between December 1, 2017, and July 31, 2019, were assigned to the experimental cohort (n = 205), and their data were subjected to multivariate logistic regression analysis to identify independent risk factors for constructing the nomogram-based predictive model. Patients admitted between August 1, 2019, and September 1, 2020, were assigned to the validation cohort for validating the predictive model (n = 104). The Hosmer−Lemeshow test and receiver operating characteristic (ROC) curve analysis were used to validate the model’s performance. Overall, 309 patients with GNB infection were recruited. Of them, 97 and 212 were infected with CS-GNB and CR-GNB, respectively. Carbapenem-resistant Klebsiella pneumoniae (CRKP), carbapenem-resistant Acinetobacter baumannii (CRAB) and carbapenem-resistant Pseudomonas aeruginosa (CRPA) were the most prevalent CR-GNB. The multivariate logistic regression analysis results of the experimental cohort revealed that a history of combination antibiotic treatments (OR: 3.197, 95% CI: 1.561–6.549), hospital-acquired infection (OR: 3.563, 95% CI: 1.062–11.959) and mechanical ventilation ≥ 7 days (OR: 5.096, 95% CI: 1.865–13.923) were independent risk factors for CR-GNB infection, which were then used for nomogram construction. The model demonstrated a good fit of observed data (p = 0.999), with an area under the ROC curve (AUC) of 0.753 (95% CI: 0.685–0.820) and 0.718 (95% CI: 0.619–0.816) for the experimental and validation cohort, respectively. The decision curve analysis results suggested that the model has a high practical value for clinical practice. The Hosmer−Lemeshow test indicated a good fit of the model in the validation cohort (p-value, 0.278). Overall, our proposed predictive model exhibited a good predictive value in identifying patients at high risk of developing CR-GNB infection in the ICU and could be used to guide preventive and treatment measures.
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1 Introduction

The widespread application and irrational use of carbapenem antibiotics have led to a steady rise in the incidence of carbapenem-resistant gram-negative bacterial (CR-GNB) infections (Nordmann and Poire, 2019) due to the presence of β-lactamase genes on mobile genetic elements (Logan and Weinstein, 2017). Thus, CR-GNB infections remain a major global public health concern requiring urgent prevention and control measures (Jean et al., 2022).

Carbapenem antibiotics are extensively used in patients admitted to the intensive care unit (ICU) because of the illness severity, low immunity and numerous invasive procedures performed. Consequently, the ICU has become a high-prevalence area of multi-antibiotic-resistant GNB infections in hospitals (Aleidan et al., 2021; Sader et al., 2022).

Klebsiella pneumoniae, Acinetobacter baumannii and Pseudomonas aeruginosa are the main organisms that may invade the respiratory tract, urinary tract, peritoneal cavity and bloodstream of patients to cause pneumonia, and urinary tract, peritoneal and bloodstream infections. These infections can considerably increase treatment costs and patients’ mortality risks (Brink, 2019; Wilke et al., 2022). In the absence of new and effective antibiotics, the strong antibiotic resistance of CR-GNB limits pharmacological options and exacerbates treatment difficulty (Garg et al., 2019).

Presently, inconsistent results have been reported in the few existing studies on predictive models of CR-GNB infections in ICU patients (Liang et al., 2022; Montrucchio et al., 2022). Therefore, to improve therapeutic outcomes, we believe it is essential to analyze CR-GNB antibiotic resistance to determine relevant risk factors and construct a reliable predictive model that could help identify high-risk patients and formulate individualized treatments. To this end, in this study, we retrospectively analyzed the data of patients with GNB infection in an ICU setting to provide a scientific basis for their clinical treatment, which could be used to strategize prevention and control measures for CR-GNB infection.



2 Patients and methods


2.1 Participants

This was a retrospective study on patients diagnosed with GNB infection and admitted to the ICU ward between December 1, 2017, and September 1, 2020, at the First Affiliated Hospital of Fujian Medical University (Fuzhou, China). The study inclusion criteria were: (1) age ≥18 years and (2) specimens had been collected after ICU admission for culture, from which a confirmed diagnosis of GNB infection and antibiotic susceptibility test results were obtained. Only the first positive culture result was selected in the case of multiple culture results. The exclusion criteria were as follows: (1) duration of ICU stay ≤ 24 h and (2) specimens sent for testing had been contaminated. The observation endpoint was patient discharge or in-hospital death.

The eligible patients were then classified into an experimental cohort and a validation cohort. The experimental cohort comprised patients admitted to the ICU between December 1, 2017, and July 31, 2019. They were divided into a CR-GNB group and a carbapenem susceptible (CS)-GNB group, and their data were subjected to multivariate logistic regression analysis for nomogram-based predictive model construction. Using the same selection and exclusion criteria, the validation cohort comprised patients admitted between 1 August 1, 2019, and September 1, 2020.



2.2 Definitions

CR-GNB: GNB identified from specimen culture that was resistant to imipenem, meropenem and ertapenem according to the antibiotic susceptibility test results (Ma et al., 2020).

Sepsis-related Organ Failure Assessment (SOFA) score: a six-organ dysfunction score of 0–24 points (Singer et al., 2016). Daily evaluations were performed based on the lowest score (Singer et al., 2016).

APACHE II score: the score comprised three components, namely the acute physiology score, age points, and chronic health points. It was used as a predictor of mortality rate in ICU patients (Naved et al., 2011).

Combination antibiotic treatment: the combined use of two or more types of antibiotics for anti-infective treatment.

Hospital-acquired infection: infection acquired after 48 h of hospital admission by a patient who had no infection and had not been in the incubation stage of infection at the time of hospital admission (Ministry of Health of the People's Republic of China, 2001).



2.3 Pathogenic bacteria and antibiotic susceptibility testing

Identification and routine antibiotic susceptibility testing of pathogenic bacteria were performed using the Vitek 2 Compact automated identification or antibiotic susceptibility testing system from bioMerieux (Lyon, France). Antibiotic susceptibility test results were interpreted using the 2017 edition of the Performance Standards for Antimicrobial Susceptibility Testing published by the Clinical and Laboratory Standards Institute (CLSI, 2017).



2.4 Data collection

The data retrieved from the patient’s medical records included sex, age, underlying diseases (such as hypertension, chronic obstructive pulmonary disease (COPD), malignancy, diabetes mellitus and cerebral infarction), hypoalbuminemia, history of recent hospitalization, glucocorticoid therapy, central venous catheterization, tracheal intubation, mechanical ventilation, hemodialysis, septic shock, history of antibiotic use within 1 month before the first positive culture test result, types of antibiotics used (including β-lactams, carbapenems, macrolides, tetracyclines, aminoglycosides, clindamycin, polypeptides, polymyxins, sulphonamides and quinolones), SOFA and Acute Physiology and Chronic Health Evaluation (APACHE II) scores on the day of admission, white blood cell (WBC) count, procalcitonin level, site of infection, pathogenic bacteria, and antibiotic susceptibility of bacteria.



2.5 Statistical analysis

Statistical analyses were performed using Stata SE15 from StataCorp LLC (Texas, United States of America). The normality of continuous variables was assessed using Shapiro–Wilk test. Non-normally distributed continuous variables are expressed as median (interquartile range) and compared using Mann−Whitney U test. Categorical data are expressed as count (frequency) and compared using the χ2 test. Fisher’s exact test was adopted when the expected frequency in the fourfold table was <5. All significant factors (p <0.05) in univariate analysis were used for multivariate analysis. Independent risk factors for CR-GNB infection were determined using multivariate logistic regression analysis, with variables selected using the stepwise forward selection method. Subsequently, a nomogram-based predictive model was constructed based on the independent risk factors. The model’s scoring criteria were established based on the magnitude of the regression coefficient of all independent variables to visualize the predictive model results. The model stability was assessed using the Hosmer−Lemeshow goodness-of-fit test, and the predictive ability of the model was evaluated using the area under the receiver operating characteristic (ROC) curve (AUC). The model’s practical value in clinical practice was determined using decision curve analysis (DCA). Differences were considered statistically significant when p was < 0.05.



2.6 Ethics approval and consent to participate

The study was approved by the Ethics Review Form for Medical Research and Clinical Technology Application and Ethics committee of the First Affiliated Hospital of Fujian Medical University (ID:[2015]084-1).




3 Results


3.1 Distribution of pathogenic bacteria and sites of infection

A total of 908 patients were admitted to the ICU ward of the First Affiliated Hospital of Fujian Medical University between December 1, 2017, and September 1, 2020. Based on the study criteria, 309 (experimental cohort, n=205; validation cohort, n=104) patients with GNB infection were eligible for this study. They comprised 244 men and 65 women, aged between 18 and 96 years. Of them, 97 had CS-GNB infection, and 212 had CR-GNB infection. Carbapenem-resistant K. pneumoniae (CRKP), carbapenem-resistant A. baumannii (CRAB) and carbapenem-resistant P. aeruginosa (CRPA) accounted for 131 (61.80%), 60 (28.30%) and 16 (7.55%) of the 212 detected strains in the patients, respectively, and were the most common GNB (Table 1). Overall, 96.70% of the pathogenic bacteria originated from the patients’ sputum (Table 2).


Table 1 | Distribution of pathogenic bacteria associated with CR-GNB infection.




Table 2 | Sources of specimens in which pathogenic CR-GNB were detected.





3.2 Antibiotic susceptibility test results of CR-GNB main types

One hundred and thirty-one CRKP strains had low resistance to tigecycline and polymyxin but exhibited a resistance rate of ≥80% to all other antibiotics commonly used in clinical practice (Table 3). Sixty CRAB strains demonstrated a resistance rate of 65%, 70% and 80% to amikacin, trimethoprim-sulfamethoxazole and tobramycin, respectively. In addition, CRAB exhibited high susceptibility to tigecycline and polymyxin and a resistance rate of ≥90% to ticarcillin-clavulanic acid, cefoperazone-tazobactam, piperacillin-tazobactam, ceftazidime, ceftriaxone, cefepime, aztreonam, ciprofloxacin and levofloxacin. Piperacillin-tazobactam, ceftazidime, cefepime, amikacin, and polymyxin showed good in vitro anti-bacterial activity against the 16 CRPA strains. The resistance rate of the CRPA strains to tobramycin, ciprofloxacin, levofloxacin, aztreonam and trimethoprim-sulfamethoxazole was 50.00%, 56.25%, 56.25%, 81.25% and 100%, respectively (Table 3).


Table 3 | Antibiotic susceptibility test results of the main types of CR-GNB.





3.3 Comparison between the groups of patients in the experimental cohort

The experimental cohort consisted of 205 patients with GNB infection admitted to the ICU between December 1, 2017, and July 31, 2019. Of them, 62 had CS-GNB infection, and 143 had CR-GNB infection. Compared to patients with CS-GNB infection, those with CR-GNB infection had a significantly greater number of recent hospitalization, carbapenem use, central venous catheterization, and combination antibiotic treatment; number of types of antibiotics used; duration of antibiotic use and mechanical ventilation before the occurrence of infective bacteria; hospital-acquired infection; and mechanical ventilation ≥ 7 days (p < 0.05). In addition, patients with CR-GNB infection presented a significantly higher incidence of septic shock and in-hospital mortality than patients with CS-GNB infection (p < 0.05). No significant difference was observed in sex, age, history of hypertension, COPD, malignancy, diabetes mellitus, cerebral infarction, hypoalbuminemia, SOFA and APACHE II scores on the day of ICU admission, history of β-lactam use, tracheal intubation, hemodialysis, WBC count, neutrophil count, and procalcitonin level (p ≥ 0.05) between the two groups (Table 4).


Table 4 | Comparison of baseline characteristics between the CS-GNB and CR-GNB groups of the experimental cohort.





3.4 Risk factors for CR-GNB infection

The occurrence or non-occurrence of CR-GNB infection in ICU patients was set as the dependent variable. The variables with p < 0.05 in the univariate analysis (including history of recent hospitalization, combination antibiotic treatment, duration of antibiotic use, number of types of antibiotics used, hospital-acquired infection, history of glucocorticoid use, history of carbapenem use, history of central venous catheterization, duration of mechanical ventilation before the occurrence of infective bacteria, and mechanical ventilation ≥ 7 days) were used as independent variables. The multivariate logistic regression analysis was performed using the stepwise forward selection method to include single factors with p < 0.05 into the formula. The derived results indicated that combination antibiotic treatment (OR: 3.197, 95% CI: 1.561–6.549), hospital-acquired infection (OR: 3.563, 95% CI: 1.062–11.959) and duration of mechanical ventilation ≥ 7 days (OR: 5.096, 95% CI: 1.865–13.923) were independent risk factors for CR-GNB infection occurrence in ICU patients (Table 5).


Table 5 | Univariate and multivariate analysis for factors associated with CR-GNB infection in ICU patients.





3.5 Nomogram-based predictive model of CR-GNB infection in ICU patients

Independent risk factors screened from the multivariate logistic regression analysis were used to construct a nomogram-based predictive model of CR-GNB infection for ICU patients. The predictive model formula was P = 1/[1+exp [-(-1.090 + 1.162X1 + 1.271X2 + 1.628X3)]]. The scores of various independent variables were calculated using the corresponding regression coefficients and were as follows: combination antibiotic treatment: 7.1 points, hospital-acquired infection: 7.8 points, duration of mechanical ventilation ≥ 7 days: 10.0 points, and overall model score: 0–24.9 points. The scores of the independent variables were summed to obtain the overall score, which was used to predict the probability of CR-GNB infection of ICU patients. The plotted nomogram indicated that the predicted probability of the occurrence of CR-GNB in ICU patients was >80% when the total score was >16 points (Figure 1).




Figure 1 | Nomogram for estimating the probability of CR-GNB infection in ICU patients. The scores of various independent variables were as follows: combination antibiotic treatment: 7.1 points, hospital-acquired infection: 7.8 points, and duration of mechanical ventilation ≥7 days: 10.0 points. The scores of the independent variables were summed to obtain the overall score, which can be used to predict the probability of CR-GNB infection in ICU patients. For instance, the predicted probability of CR-GNB infection occurrence in ICU patients was >80% when the total score was >16 points.





3.6 Internal validation of the predictive model

The assessment of the goodness of fit of the model using the Hosmer−Lemeshow test showed an χ2 value of 0.07 and a p-value of 0.999, suggesting that the predicted probability of occurrence was consistent with actual probability and that the model presented a good fit of the observed data (Figure 2). The AUC of the predictive model was 0.753 (95% CI: 0.685–0.820), indicative of a good predictive performance (Figure 3). The AUC obtained using 1000 bootstrap replications was 0.753 (95% CI: 0.687–0.818), indicating that the model had good discriminatory power and repeatability. The DCA curve showed that the maximum clinical benefit could be obtained with the model when the predicted probability was >0.7, suggesting that the model could provide high practical value in clinical practice (Figure 4).




Figure 2 | Hosmer−Lemeshow test provided a χ2 value of 0.07 (p = 0.999) for the predictive model in the experimental cohort, suggesting that the model presented a good fit for the observed data.






Figure 3 | Receiver operating characteristic (ROC) curve of the predictive model in the experimental cohort. The predictive model had a good discriminative power with an area under the ROC curve of 0.753 (95% confidence interval: 0.685–0.820).






Figure 4 | Decision curve analysis (DCA) curves of the predictive model in the experimental cohort. The DCA curve showed that the maximum clinical benefit could be obtained with the model when the predicted probability was >0.7.





3.7 Validation of the proposed predictive model

The validation cohort consisted of 104 GNB infection patients admitted to the ICU between August 1, 2019, and September 1, 2020. Of them, 35 had CS-GNB infection, and 69 had CR-GNB infection. The assessment of the goodness of fit using the Hosmer−Lemeshow test showed an χ2 value of 5.09 and a p-value of 0.278 (Figure 5), suggesting that the model presented a good fit in the validation cohort. The AUC was 0.718 (95% CI: 0.619–0.816), indicating a good prediction performance of the model in the validation cohort (Figure 6). The DCA curve indicated that the model showed a high practical value in clinical practice when the predicted probability was >0.75 in the validation cohort (Figure 7).




Figure 5 | Hosmer−Lemeshow plot of the predictive model for the validation cohort. Assessment of the goodness of fit using the Hosmer−Lemeshow test showed an χ2 value of 5.09 and a p-value of 0.278, suggesting that the model presented a good fit in the validation cohort.






Figure 6 | Receiver operating characteristic (ROC) curve of the predictive model for the validation cohort. The area under the ROC curve was 0.718 (95% confidence interval: 0.619–0.816), indicating a good prediction performance of the model in the validation cohort.






Figure 7 | Decision curve analysis (DCA) curves of the predictive model for the validation cohort. The DCA curve showed that the model provided a high practical value in clinical practice when the predicted probability was > 0.75 in the validation cohort.






4 Discussion

The reported incidence rate of CR-GNB infection in the ICU is reported to range between 25.2% and 47% (Kiddee et al., 2018; Siwakoti et al., 2018). In addition, a substantial increase in the mortality of patients with CR-GNB infection has been observed in clinical practice (Dantas et al., 2019). In this study, we found that the probability of septic shock or in-hospital death was significantly higher in patients with CR-GNB infection than in patients with CS-GNB infection. Therefore, the early identification of patients with CR-GNB infection is an urgent need in clinical practice to improve their survival outcomes. This study retrospectively analyzed the antibiotic resistance of CR-GNB in infected ICU patients and successfully constructed and validated a clinical predictive model to assess the probability of CR-GNB infection occurrence in ICU patients. Altogether, our results could serve as a scientific basis to guide the clinical use of antibiotics and reduce irrational antibiotic use, which might contribute to improving patient outcomes and reducing hospitalization costs.

Our results indicated that K. pneumoniae, A. baumannii and P. aeruginosa were the three most prevalent CR-GNB in ICU patients, which is largely consistent with the findings of Ma et al. (Ma et al., 2020). In this study, K. pneumoniae had the highest proportion (61.80%) among all CR-GNB species detected. In addition, the 2021 results of the China Antimicrobial Surveillance Network (CHINET) surveillance of bacterial resistance across China revealed that the rate of K. pneumoniae resistance to imipenem and meropenem significantly increased from 3.0% and 2.9% in 2005 to 25.0% and 26.3% in 2018, respectively (Hu et al., 2022). In this study, we observed that CRKP in the specimens of our ICU patients had low resistance to tigecycline and polymyxin; however, it exhibited a resistance rate of ≥80% to all other antibiotics commonly used in clinical practice. This result indicates that the multi-antibiotic resistance of CRKP remains severe and poses major difficulties for clinical treatment, consistent with the findings of Zeng et al. (Zeng et al., 2021). A possible reason for this could be associated with the unique ability of K. pneumoniae to acquire exogenous resistance-encoding and hypervirulence-encoding genetic elements (Yang et al., 2021). The main mechanism by which K. pneumoniae develops carbapenem resistance involves the plasmid-mediated carbapenemase K. pneumoniae carbapenemase (KPC) (Qin et al., 2020), with blaKPC-2 being the most common genotype in China (Li et al., 2019). Our results showed that CRKP, CRAB and CRPA had high susceptibility to polymyxin, suggesting that polymyxin combined with other antibiotics could achieve good therapeutic effects in treating CR-GNB infections.

We found that combination antibiotic treatment was an independent risk factor for CR-GNB infection in ICU patients. Previous research has also demonstrated a relationship between the history of antibiotic use and CR-GNB infection (Li et al., 2019; Qin et al., 2020), which might be attributed to the fact that combination antibiotic treatment causes dysbiosis in the microbiota, whereby the majority of susceptible bacteria are eradicated, while the antibiotic-resistant strains survive. In this regard, using comparative genomics to investigate the population dynamics of Acinetobacter baumannii during host colonization, Wen et al. found that antibiotic usage and host environment could selectively drive the rapid adaptive evolution to enhance their colonization (Wen et al., 2014). Additionally, Wang et al. found a novel Pseudomonas aeruginosa strain that underwent rapid adaptive evolution during ventilator-associated pneumonia to become resistant to β-lactams due to the selective pressure imposed by intensive β-lactam treatments (Wang et al., 2017). Thus, antibiotic resistance of bacteria changes with time and the excessive use of antibiotics may accelerate this process (Raman et al., 2018), thereby increasing the risks of CR-GNB infection. Therefore, the occurrence of CR-GNB infection could be effectively reduced through the minimization of irrational antibiotic use and timely identification of pathogenic bacteria for targeted anti-infective treatment. Our results suggest that hospital-acquired infection may also increase the risk of CR-GNB infection in ICU patients. Given that multiantibiotic-resistant bacteria survive for long periods in hospital environments and the low immunity of inpatients, inadequate or inappropriate prevention and control measures by a hospital may lead to a high tendency of cross-infection or even an outbreak among healthcare workers and patients. O’Hara et al. reported that the gloves and gowns of healthcare workers were prone to contamination by carbapenem-resistant Enterobacterales members and are considered to play an important role in the transmission of antibiotic-resistant bacteria among inpatients (O'Hara et al., 2021). This finding suggests that improvements in hand hygiene and environmental disinfection for reducing the occurrence of hospital-acquired infection have effectively prevented CR-GNB infection. Our results also indicated that the duration of mechanical ventilation ≥7 days was associated with CR-GNB infection in ICU patients, which was similar to the results of previous studies (Liu et al., 2018; Palacios-Baena et al., 2021). These findings suggest that for patients receiving mechanical ventilation, the possibility of weaning should be evaluated daily, and timely measures should be implemented to reduce CR-GNB infection.

Recently, several predictive models have been proposed for subsequent infections after CR-GNB colonization in different types of diseases. In the study of Wu et al. (Wu et al., 2022), after reviewing the data of patients with hematological malignancy (n = 437), they constructed a scoring model based on mucositis, duration of agranulocytosis, hypoalbuminemia and remission induction chemotherapy, which could stratify high-risk from low-risk patients with an OR (95%CI) of 3.347 (2.218-5.094) and AUC of 0.708. However, they did not investigate the different strains of CR-GNB nor validate their findings. Yan et al. constructed a model for the early prediction of death risk in severe acute pancreatitis patients infected with GNB (Yan et al., 2022). They found that platelets, hemoglobin, septic shock and carbapenem resistance were independent risk factors for mortality in these patients, based on which they proposed a nomogram for predicting the risk of mortality. Their model demonstrated good reliability based on an AUC of 0.942 and 0.911 in their training and validation cohort. However, despite these promising findings, most existing models either lacked validation or focused on only one disease. Comparatively, our proposed model was based on different strains of CR-GNB infection (Table 1), assessed the different specimens (Table 2), performed antibiotic susceptibility tests for a wide range of commonly used anti-bacterial agents (Table 3), and involved severely diseased patients with different ailments (Table 4). Our multivariate logistic regression analysis revealed that a history of combination antibiotic treatment, hospital-acquired infection and duration of mechanical ventilation ≥7 days were independent risk factors for CR-GNB infection in ICU patients. Subsequently, a nomogram-based predictive model was constructed based on these three risk factors, successfully validated (AUC, 0.718), and demonstrated good repeatability of the model. Model scores can be used to predict the probability of CR-GNB infection occurrence in ICU patients, whereby patients at high risk of CR-GNB infection could be subjected to early intervention, and excessive intervention could be avoided for those at low risk of CR-GNB infection. Our proposed model has a certain level of novelty, possesses promising practical implications, and its use might improve the clinical decision-making process of clinicians to increase the net benefits of treatments and positively improve patient outcomes.

Despite the interesting findings reported here, there were some limitations that should be mentioned. First, since this was a single-center retrospective study with a small number of patients and considering the smaller number of cases in the validation cohort, further prospective large-sample studies are needed to validate the effects of the predictive model on a wider range of patients and the clinical decisions of clinicians. Second, we only selected the first positive culture and did not account for cases such as second episodes of ventilator-associated pneumonia caused by CR-PsA or CRAB, multiple culture results, etc., which should be considered in future studies to improve the proposed nomogram. Third, we did not completely exclude the effects of collinearity in the effects of carbapenem for combination use of antibiotics because there were patients who did not use carbapenem either as single or combination therapy, thereby portraying real-world clinical scenarios to a certain extent. Fourth, since all carbapenem-resistant gram-negative bacteria were resistant to imipenem and meropenem, no analysis for resistance to imipenem and sensitivity to meropenem was performed. Lastly, the inclusion of pan-carbapenem-resistant bacteria could be an improvement for future studies to formulate a more widely applicable nomogram.



5 Conclusion

In conclusion, this study analyzed the antibiotic resistance of CR-GNB. Our findings revealed that CRKP, CRAB, and CRPA were the three most prevalent CR-GNB in ICU patients. Based on independent factors associated with CR-GNB infection, we constructed and successfully validated a nomogram for CR-GNB infection risk prediction of ICU patients. Altogether, these findings could be used to formulate individualized treatments for these patients, based on which effective control and preventive measures could be taken to reduce the risk of CR-GNB infection, especially in ICU settings.
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Infections caused by multi-drug resistant Klebsiella pneumoniae are a leading cause of mortality and morbidity among hospitalized patients. In neonatal intensive care units (NICU), blood stream infections by K. pneumoniae are one of the most common nosocomial infections leading to poor clinical outcomes and prolonged hospital stays. Here, we describe an outbreak of multi-drug resistant K. pneumoniae among neonates admitted at the NICU of a large tertiary care hospital in India. The outbreak involved 5 out of 7 neonates admitted in the NICU. The antibiotic sensitivity profiles revealed that all K. pneumoniae isolates were multi-drug resistant including carbapenems and colistin. The isolates belonged to three different sequence types namely, ST-11, ST-16 and ST-101. The isolates harboured carbapenemase genes, mainly blaNDM-1, blaNDM-5 and blaOXA-232 besides extended-spectrum β-lactamases however the colistin resistance gene mcr-1, mcr-2 and mcr-3 could not be detected. Extensive environmental screening of the ward and healthcare personnel led to the isolation of K. pneumoniae ST101 from filtered incubator water, harboring blaNDM-5, blaOXA-232 and ESBL genes (blaCTX-M) but was negative for the mcr genes. Strict infection control measures were applied and the outbreak was contained. This study emphasizes that early detection of such high-risk clones of multi-drug resistant isolates, surveillance and proper infection control practices are crucial to prevent outbreaks and further spread into the community.
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Introduction

Klebsiella pneumoniae, a Gram negative bacterium, is a member of the order Enterobacterales. It is a dreaded pathogen owing to its potential for carbapenemase production and harbouring multiple resistance genes. The evolution and rapid dissemination of carbapenem resistant K. pneumoniae is a significant problem worldwide as it is responsible for high mortality and morbidity in hospitalized and immuno-compromised patients (Couto et al., 2007; Gorrie et al., 2017). These characteristics make it a ‘difficult to treat’ pathogen. Outbreaks in hospitals due to resistant isolates of Klebsiella pneumoniae have been described across the world. Emergence of nosocomial multi-drug resistant K. pneumoniae infections can be attributed to acquisition and evolution of new resistance genes, use of invasive devices, immuno-compromised state, inappropriate use of antibiotics and inadequate surveillance system (Ayukekbong et al., 2017). The transmission may occur from patient to patient or through the hands of healthcare staff. Neonatal sepsis is one the leading cause of mortality and morbidity in hospitalized neonates (Shah et al., 2015). In neonatal intensive care unit (NICUs), bloodstream infections are one of the most common nosocomial infections and neonatal sepsis accounts for 28% to 50% of all such cases with high prevalence of K. pneumoniae (Hassuna et al., 2020). A recent study has reported the emergence of colistin resistant carbapenemase producing K. pneumoniae belonging to diverse sequence types in 14 neonates admitted in NICU of tertiary care hospital in India (Sharma et al., 2022). There is paucity of reports on blood stream infections among neonates attributed to multi-drug resistant K. pneumoniae in India. The aim of the present study was to characterize the Klebsiella pneumoniae isolates from an outbreak in NICU at a tertiary care hospital in India. The pathogen was isolated from 5 neonates over a period of 2 weeks. We also investigated for the possible sources of dissemination and isolated Klebsiella pneumoniae from environment of the same ward. The study also reports about the infection control measures enforced to contain the outbreak.



Materials and methods

We conducted an outbreak investigation which was suspected to have involved 5 out of 7 neonates admitted in a 7 bedded Neonatal Intensive Care Unit (NICU) at Sanjay Gandhi Post Graduate Institute of Medical Sciences, a 900 bed tertiary care referral hospital in North India, during the last week of June till second week of July, 2021.


Bacterial strains

The blood samples from the neonates were received at our laboratory for routine bacterial culture and sensitivity testing. A total of 5 multi-drug resistant K. pneumoniae isolates were recovered. All the isolates were identified by conventional biochemical tests and later confirmed by automated MALDI-TOF-MS system (BioMérieux, Marcy l’Étoile, France).



Demographic and clinical data collection

All the demographic and clinical data of the patients were collected from the hospital information system of the institute.



Antimicrobial susceptibility testing

The antibiotic susceptibility pattern and minimum inhibitory concentration (MIC) was determined by liquid broth microdilution method. The results were interpreted according to Clinical and Laboratory Standards Institute (CLSI) guidelines (CLSI, 2021) except for colistin for which European Committee on Antimicrobial Susceptibility Testing (EUCAST) breakpoints were followed (EUCAST, 2021).



Investigation of resistance mechanism

The resistance mechanisms in the 5 K. pneumoniae isolates were analyzed using polymerase chain reaction to detect the genes encoding carbapenemases (blaNDM, blaKPC, blaOXA-48, blaIMP, blaVIM), ESBLs (blaCTX-M), other class A β-lactamases (blaSHV, blaTEM) and colistin resistance genes mcr-1, mcr-2 and mcr-3 using previously described methods and primers (Singh et al., 2018; Singh et al., 2021). Following isolates from our previous studies were used as positive controls: K. pneumoniae CRkp21 and CRkp22 for blaNDM, blaOXA-48, blaIMP, blaVIM, blaCTX-M, blaSHV, blaTEM (Singh et al., 2021) while K. pneumoniae CRL3 for mcr gene (Singh et al., 2018). Positive control for blaKPC gene was not available. E. coli DH5α was used as a negative control. The details of the primers used in the study are provided in the Table S1.



Clonal diversity and multi-locus sequence typing

Clonal diversity was examined by pulse field gel electrophoresis (PFGE) using XbaI (Invitrogen Inc., USA) digested DNA of 5 clinical isolates and one environmental isolate of K. pneumoniae according to a previously described method (Qin et al., 2014). The results were analyzed using the criteria laid down by Tenover et al. (1995). Banding patterns were analyzed and dendrogram was generated using BioNumerics software version 7.6 (Applied-Maths, Sint-Martens-Latem, Belgium).

Multi-locus sequence typing (MLST) of 5 K. pneumoniae isolates was performed as described previously (Diancourt et al., 2005). The seven housekeeping genes were amplified and sequenced. The sequence type (ST) was assigned by determining the allele number for each of the housekeeping genes using the database maintained by Pasteur Institute at http://bigsdb.pasteur.fr/klebsiella/klebsiella.html/.



Environmental screening

Screening cultures (swabs) were obtained from different sites in NICU like entrance of room, incubator, oxygen connectors, IV stand, 10% dextrose, normal saline, reverse osmosis water, ringer lactate. The samples were inoculated onto Blood agar and MacConkey agar and incubated for 16-18 hours aerobically. Samples were also inoculated in the Robertson cooked meat broth for 16-18 hours. Sub-cultures were done on blood agar and MacConkey agar after 48 hours. Air samples were also taken by the air sampler for air bio-load monitoring.



Infection control measures

In order to control outbreaks and hospital acquired infections, we have a hospital infection control committee comprising of hospital administrators, microbiologists, physicians, nurses, technical staff and sanitation workers. During the outbreak we applied strict infection control measures including a) temporary evacuation of the infected ICU with transfer of all patient to the alternative ICU area; b) the empty infected ICU was cleaned by fogging and sodium hypochlorite; c) use of shared medical equipment were stopped; d) sanitation workers were educated about cleaning processes, cleaning protocol were established which included use of disposable cloths for each area using sodium hypochlorite solution kept in closed container to prevent evaporation and replacing it in every 24 hours; e) hand hygiene inspection and observation of infection control nurses and resident doctors were increased, educational sessions of standard precautions and hand hygiene practices were carried out by infection control physicians and nurses; f) environmental screening of bacterial cultures from different sites and hands of hospital personnel were continued;

Besides the NICU and its staff, the infection control measures were implemented in other areas of the hospital especially other ICUs and critical care units. The adherence to infection control measures in the NICU was approximately 70% before the outbreak but it was enhanced to 100% to contain the outbreak and was continued for the next one month, to prevent any further outbreaks.



NCBI data submission

The nucleotide sequences of the blaNDM and blaOXA-232 genes were submitted in the NCBI GenBank database under accession numbers OL544134-OL544138 and OK351259-OK351263 respectively.




Results

Out of 5 neonates with blood stream infections, 3 were preterm and 2 were term babies. The demographic details of the patients are given in Table 1. All the 5 samples were positive for Klebsiella pneumoniae isolates (KPNIC1, KPNIC3, KPNIC4, KPNIC5 and KPNIC6) as confirmed by MALDI-TOF-MS. Among the environmental samples, filtered incubator water was positive for multi-drug resistant K. pneumoniae (KPNIC2). Antibiotic sensitivity testing revealed that all the isolates, including the environmental isolate, were resistant to first generation cephalosporins, carbapenems, aminoglycosides and colistin except KPNIC6 which was sensitive to ciprofloxacin (Table 2).


Table 1 | Patient demographics and; details of K. pneumoniae isolates, sequence types and antibiotic resistance genes.




Table 2 | Antimicrobial susceptibility and minimum inhibitory concentration (MIC) table of K. pneumoniae isolates.



Molecular screening of carbapenemase genes revealed that blaNDM-5 was present in 2 isolates (KPNIC1 and KPNIC3) while blaNDM-1 was present in 2 isolates (KPNIC4 and KPNIC5). The gene blaOXA-232 (blaOXA-48 like variant) co-existed with blaNDM-1 and blaNDM-5 in all these 4 isolates. Among other carbapenemases, blaIMP gene was absent in all while blaVIM was present in one isolate (KPNIC5). Screening of other β-lactamases revealed that blaSHV gene was present in all isolates which is intrinsic to K. pneumoniae while blaTEM was present in 3 isolates (KPNIC1, 3, 4). Among ESBLs, blaCTX-M co-existed with blaNDM-1 in 2 isolates (KPNIC4 and KPNIC5) and was absent in others. Colistin resistance genes mcr-1,-2 and-3 were absent in all isolates. Other variants of the mcr gene and the chromosomal mutations were not investigated. The environmental isolate of K. pneumoniae was positive for blaNDM-5, blaOXA-232, blaSHV, blaTEM, and blaCTX-M but negative for mcr. Clonal lineage profiling by MLST revealed that out of 5 clinical isolates 2 each belonged to ST101 and ST16 respectively while 1 isolate belonged to ST11. The environmental isolate belonged to ST101 (Table 1). Clonal diversity analysis using PFGE revealed that the two ST101 clinical isolates (KPNIC3 and KPNIC6), the ST101 environmental isolate (KPNIC2) and the two ST16 clinical isolates (KPNIC1 and KPNIC4) were closely related to each other while the ST11 clinical isolate (KPNIC5) belonged to a different pulsotype. The two clinical isolates and the environmental isolate belonging to ST101 clustered together with >90% similarity while the ST16 isolates displayed >83% similarity with the ST101 cluster (Figure 1).




Figure 1 | Dendrogram generated by Bionumerics software, showing results of the cluster analysis on the basis of PFGE fingerprinting of five clinical and one environmental isolate of Klebsiella pneumoniae. Similarity analysis was performed using Dice coefficient (optimization 1.5%, tolerance 1%) and clustering was done by the unweighted-pair group method (UPGMA). A similarity coefficient of 80% was chosen for cluster definition and grey dotted line shows the delineation line. The degree of similarity is shown in the scale.



In order to evaluate the effects of infection control measures and decrease in prevalence of K. pneumoniae in the NICU, environmental screening was repeated from different sites in the ward, and from the hospital personnel; and it was observed that after 48 hours of aerobic incubation all the samples were sterile.



Discussion

Hospital acquired infections are one of the leading cause of prolonged hospital stays and mortality among admitted patients. Studies have revealed that multidrug resistant Klebsiella pneumoniae is responsible for 18% to 31% of all nosocomial infections. Mortality due to K. pneumoniae is reported to be 30% to 54% in ICUs (Couto et al., 2007; Tao et al., 2014; Stefaniuk et al., 2016). We report the investigation of an outbreak due to K. pneumoniae in an NICU of a tertiary care hospital in the most populated state of north India. The outbreak involved 5 out of 7 neonates admitted in the NICU. Among the 5 neonates, 3 were preterm babies while the other 2 had portosystemic shunt and ARDS respectively at the time of admission. It is likely that the patients obtained K. pneumoniae isolates in the hospital as all of them tested positive 48 hours post admission. Hospital acquired infections are those infections acquired in hospital that first appear 48 hour or more after admission (Revelas, 2012). In Europe and US, there are several reports of outbreaks with carbapenem resistant K. pneumoniae and majority of them are associated with blaKPC. In Asian countries, such outbreaks have been found to be associated with MBLs (Ballot et al., 2019). In India, blaNDM and blaOXA-48 and its variants have often been found to be vehicles of swift dissemination of such isolates (Bakthavatchalam et al., 2016; Sharma et al., 2022). In our study, blaNDM-1 and blaNDM-5 co-existed with blaOXA-232 along with blaSHV, blaTEM and blaCTX-M in majority of the isolates. The isolates were resistant to colistin but we could not detect mcr gene in any of the isolates possibly because the isolates harboured the chromosomal mutations leading to colistin resistance which we did not analyze. In a recent study from our centre we have reported K. pneumoniae ST16 harboring mutations in chromosomal gene mgrB (Singh et al., 2021). Multi-locus sequence typing results revealed that the 5 K. pneumoniae isolates belonged to 3 different sequence types, ST101, ST16 and ST11. The isolate obtained from the incubator water belonged to ST101. PFGE is considered to be an important tool for molecular epidemiology of bacterial isolates. PFGE data indicated that both clinical and environmental isolates belonging to ST101 and the clinical isolates belonging to ST16 were closely related to each other according to the criteria laid down by Tenover et al. (1995). The ST16 belongs to clonal group CG17/20, ST101 to CG43 while ST11 belongs to CG258 (Wyres et al., 2020). The CG258 consisting of ST11, ST258 and ST512 is a global problem clonal group and is responsible for approximately 60% of all global outbreaks (Navon-Venezia et al., 2017). ST11 is a paraphyletic group of CG258 while ST258 arose from ST11-like ancestor following genomic recombination events (Wyres and Holt, 2016). Studies have reported that ST16 and ST101 belong to the sub-lineages of ST258 believed to have evolved because of large genomic recombination events (Wyres and Holt, 2016; Cherak et al., 2021). Recent reports suggest that ST101 is an international clone and is a potential candidate for becoming high risk multi-drug resistant K. pneumoniae in future (Loconsole et al., 2020). In India, a study from south India has reported K. pneumoniae ST101 carrying blaKPC-2 in bloodstream infection (Shankar et al., 2018). In case of our study the gene blaKPC was not detected indicating that the plasmid carrying the gene was not present in any of the isolates. The K. pneumoniae ST16 is an internationally spread clone but studies have reported that it shows high variability in terms of antimicrobial resistome content thereby indicating that different variants of the clone are circulating in different countries (Espinal et al., 2019). A study performed on 344 K. pneumoniae isolates collected from 8 different centers in India has reported 3% prevalence of ST16 with variable genomic profile (Nagaraj et al., 2021). In our study also, 2 isolates KPNIC1 and KPNIC4 belonging to ST16 had different resistome profiles which is similar to the pattern observed in other studies. To the best of our knowledge, this is the second report describing presence of ST11from India. Initially, reported from China, a recent retrospective study which included 8 centers from India reported ST11 in 1.3% of Klebsiella pneumoniae clinical isolates. These strains are hypervirulent and have been described in association with spread of KPC, especially in China and Taiwan (Nagaraj et al., 2021).

Hospital acquired infections are a major cause of morbidity and mortality in admitted patients. Overcrowded healthcare facilities especially in low and low-middle income countries are hot-spots for dissemination of multi-drug resistant bacteria. Infections due to colistin resistant carbapenemase producing Gram negative bacterial pathogens are a menace as there are limited options available to treat such infections. Transmission of such multi-drug resistant organisms can be controlled by strict infection control measures and proper hand-hygiene practices. In the current outbreak, we tracked the source of environmental isolate to the jars used for storing incubator water in the NICU. The staffs responsible for autoclaving of jars were informed and corrective measures taken which led to the containment of outbreak.



Conclusion

This study investigates an outbreak of colistin resistant carbapenemase (blaNDM and blaOXA-232) producing K. pneumoniae involving neonates admitted in NICU at a large tertiary care hospital in north India. The outbreak had a serious bearing on the clinical outcomes leading to mortality and prolonged hospital stays of the neonates. Molecular epidemiology of the clinical isolates revealed presence of sequence types ST16, ST101 and ST11 but the PFGE pattern indicated that the ST16 and ST101 isolates were closely related. While carbapenemase associated ST16 and ST101 are internationally spread clones and have been associated with outbreaks of K. pneumoniae in various countries including India, ST11 is not a prevalent sequence type in India. One major limitation of our study was lack of whole genome sequencing of the isolates that provides detailed information about the resistome profiles and also helps to understand the dissemination pattern of the high-risk clones. In addition to the transmissible mcr gene, chromosomal mutations in mgrB, phoP/phoQ, pmrA and pmrB genes are responsible for colistin resistance but we did not analyze the alternative mechanisms and it was a limitation of our study. Further, we could track the source of the isolates belonging to ST101 to the incubator water but the source of ST11 could not be traced. Furthermore, we could not isolate ST16 from the environmental samples and after surveillance of the healthcare personnel although it was found to be closely related to the ST101 obtained from the incubator water in our study, indicating that more rigorous surveillance and environmental screening should have been performed. However, owing to the close relatedness of five out six isolates in the current outbreak we believe that the incubator water was the source of infection. Further, after taking corrective measures for proper autoclaving of the jar by the concerned staff the outbreak was contained. Though infection control measures were not robust in our set up but our surveillance actions spread more awareness among the staff. Early detection of such high-risk clones of multi-drug resistant isolates, surveillance and proper infection control practices are crucial to prevent outbreaks and further spread into the community.
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lates (Range tested, pg/ breakpoint
ml) <S/>R KPNIC2  KPNIC3  KPNIC4 KPNIC5 KPNIC6

Kiebsiella pneumoniae (n=6)  Imipenem (1-512) <1/24 128 128 128 128 256 64
Meropenem (1-512) <1/24 128 128 128 128 128 128
Tobramycin (1-512) <2/>4 2512 256 2512 256 256 16
Aztreonam (1-512) <4/216 128 256 128 128 128 128
Colistin (1-512) <1/24 2512 2512 2512 2512 2512 2512
Ciprofloxacin (1-512) <4/216 32 2512 32 2512 128 8
Ceftazidime (1-512) <4/216 2512 2512 2512 2512 2512 256

Cefotaxime (1-512) <0.25/21 2512 512 512 512 256 128
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95% CI p-value 95% Cl p-value
History of recent hospitalization 2363 1.212-4.608 0.012 - - u
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CR-GNB, carbapenem-resistant gram-negative bacteria; OR, odds ratio; Cl, confidence interval; -: variables that were excluded through the stepwise forward regression method.
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436 KP were collected from 6 provinces of China in 2017.01-

2018.02.
!

Virulence genes (peg-344, allS, wzy-K1, p-rmpA, p-rmpA2, c-
rmpA, fimH, mrkD, iucA, iroN, irp2, entB and wzi) and drug-
resistance gene bla,, were analyzed.

'

Putative HVKP strains were screened: positive wzy-K1,> 3
positive genes (entB, irp2, iroN and jucA), or > 1 positive genes
(p-rmpA2, c-rmpA and p-rmpA).

!

Screen results: 127 HVKP, 309 cKP, 186 bla,p(+)-KP, 9 blayp(+)-
HVKP and 26 Hv-bla,p(+)-KP strains.

!

9 blayp(+)-HvVKP and 26 Hv-bla,,(+)-KP: String test were all
negative except JS184; Capsule stain: all negative; Periodic Acid
Schiff stain were all negative except JS184; No fitness cost; High
galF expression: JS184, TZ19, TZ20, JSH17 and HS11286.

!

Mouse lethality test was done for 35 strains: 2 were positive

(JS184 and TZ20).

2 blayp(+)-HVKP:

(1) JS184: K2, ST65, positive genes: peg-344, p-rmpA, p-rmpA2,
fimH, mrkD, iucA, iroN and entB.

(2) TZ20: K20, ST81, positive genes: peg-344, p-rmpA, p-rmpA2,
fimH, mrkD, iucA, iroN, irp2 and entB.
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Isolate ID BA10835 BA27935 BP3636 BA32040

Accession CP053765-CP053770 CP058798-CP058806 CP053771-CP053780 JAARNOO10000001.1 to

numbers JAARNOO10000005.1

Meropenem 128 pg/ml 4 pg/ml 64 ug/ml <0.5pg/ml

MIC

Chromosomal  aac(6)-Ib-cr, blaspy, blaoxa-1, f0sA,  aac(6’)-Ib-cr, blagpy, blaoxa-1, blagy, fosA, dfrA1 aac(6’)-Ib-cr, blagny,

AMR genes dfrA1 fosA, dfrA1 blaoxa-1, fosA, dffA1

Chromosomal  fyuA, irp1, kfuABC, mrkACFJ, fyuA, irp1, kfuABC, mrikACFJ, fyuA, ip1, 2, kFuABC, mrkABCDFHIJ, fyuA, i1, kFuABC,

virulence genes  ybtAEPQSTUX YbtAEPQSTUX YDAEPQSTUX mrkABCDFHIJ,

YbtAEPQSTUX

No. of plasmids 5 4 4 4

IncHI1B/IncFIB  aadA2, armA, blatem-1s, blactx-m-1s, aadA2, armA, blatem-1s, blactx.  aadA2, armA, aac(6')-Ib-cr, blatem-1a, blactxm-  blarem-1a, blactx-m-1s,

(PNDM-MAR) mphE, msrE, sull, tetD, dfrA12 m-15 MPhE, msrE, sull, tetD, 15, blaoxa-1, mphE, msrE, sull, tetD, dfrA12, tetD, dfrA14

Virulence dffA12 dfrA14

plasmid iuCABCD, iutA, rmpA2* iucABCD, iutA, rmpA2* iUcABCD, iutA, rmpA2* iuCABCD, iutA, rmpA2*

IncFIBK-IncFIIK  catA1 absent No AMR gene No AMR gene

ColKP3 absent absent blaoxa 22 absent

IncFll aadA2, rmtB, blanpw.s, emB, aadA2, rmtB, blanpw.s, blatem.1s,.  Absent rmtB, blarem.1s, ermB,
mphA, sull, dfA12 ermB, mphA, sull, dfrA12 mphA

Other plasmids ~ ColRNAI Col(BS512), ColRNAI ColRNAI ColRNAI

rmpA2*, rmpA2 allele number 8 was observed which is frameshifted: MIC, minimum inhibitory concentration determined by broth microdilution; AMR, antimicrobial resistance.
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Accession number rmpA  Capsule o Ybt, Resistance genes Plasmids Virulence genes
and isolate ID and/or type antigen ICEKp
rmpA2
JAARMHO00000000 rmpA2* K64 O1vl  ybt14;  aac(6)-Ib-cr, aadA2, armA, blasyy-10e, blacTx-m-15 ColKP3, IncFIBK, incFIB  fyuA, ip1, ip2,
BA1602 ICEKPS  blaoxa-1, blatem-1s0, f0SAB6, mphE, msrE, sull, tetD,  (PNDM-MAR), IncHI1B kfuAB, aerobactin,
dffA1, difA12, dffA14 (PNDM-MAR) mrkABCDFHIJ
JAAQTCO00000000 rmpA2* K64 OVl ybt14; aadA2, armA, sat-2A, blagyy.zs blacrxa1sbloxat,  ColKP3, ColRNAI, A, i1, ip2,
BA25425 ICEKP5  blatem-1p, blaoxa-2se, mMphE, msrE, sull, tetD, dfrA1, IncFIBK, IncFIB (pNDM- kfuABC,
diA12, difA14 Mar), IncHI1B (pNDM- mrkABCDFHIJ
MAR)
JAAQSG000000000 rmpA2* K64 O1vl  ybt14; aadA2, amA, blagv.2e blactxms blaoxaq, blarewso,  IncFIBK, IncFIB(pNDM- fyuA, ip1, 2,
BA28118 ICEKDS5  blaoxa.zaMPhE, msrE, sull, tetD, dA12, dirA14 Mar), ColKP3, ColBS512,  aerobactin, kfuABC,
IncHI1B (pPNDM-MAR) mrkABCDFHIJ
JAARNJOOOO00000 rmpA2 K64 O1vl  ybt14;  aac(E)-b-cr, aadA2, ammA, sat2A, blagiy-106 blacxam1s  ColKP3, IncFIBK, IncFIB  fyuA, ip1, ip2,
BA39100 ICEKP5  blaoxa.1, blatem1e blaoxa-2az, catB, 'osA6, mphE, msrE,  (PNDM-Mar), IncHI1B KfuA, kfuC,
sul, tetD, difA1, difA12, diA14, (PNDM-MAR) aerobactin,
mrkABCDFHIJ
JAAQSS00000000  rmpA2* Ke4 O1vl  ybt14; aac(6)-b-cr, aadA2, armA, blasnv, blacTx-m-1s, ColKP3, IncHI1B (pNDM-  fyuA, irp1, ip2,iutA,
BA10334 ICEKPS  blaoxa-1, blatem-1a blaoxa-232, f0SA, msrE, mphE, MAR), IncFIB aerobactin, kflUABC,

sull, tetD, dffA1, dffA12, dffA14

(PNDM_MAR), IncFIBK

mrkABCDFHIJ

rmpA2*, frameshift mutation.
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Bacterial species

Enterobacteriaceae 45 (58.4) 128 (76.6) 173 (70.9)
Escherichia coli 13 (16.9) 53 (31.7) 66 (27.0)
enterobacter cloacae 2 (2.6) » 13 (7.8) 15 (6.1)
Klebsiella pneumoniae 30 (39.0) 49 (29.3) 79 (32.4)
Klebsiella oxytoca 0 3(1.8) 3(1.2)
Prpteus spp. 0 3(1.8) 3.(1:2)
Serratia marcescens 0 3(1.8) 3(1.2)
others 0 4 (2.4) 4 (1.6)

Glucose non-fermenting GNB 30 (38.9) 32 (19.1) 62 (25.4)

Pseudomonas aeruginosa 0 30 (18.0) 30 (12.3)

Acinetobacter baumannii 21 (27.3) 2(1.2) 23 (9.4)

Acinetobacter junii 1(13) 0 1(0.4)

Stenotrophomonas maltophilia 8 (10.4) 0 8(3.3)

Vibrionaceae 2 (2.6) 7 (4.2) 9(3.7)
Aeromonas spp. 2 (2.6) 7 (4.2) 9(3.7)

CR-GNB, carbapenem-resistant gram-negative bacteria; CS-GNB, carbapenem-sensitive gram-negative bacteria.
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Demographics

Gender,male 136 (55.7) 50 (64.9) 86 (51.5) 0.050
Age,Years,median 44 (29.25-53) 44 (29-52) 44 (30-53) 0.637
(IQR)
Underlying disease 0.947

Acute lymphatic leukemia 64 (26.2) 22 (28.6) 42 (25.1)

Acute myeloid leukemia 110 (45.1) 33 (42.9) 77 (46.1)
lymphoma 30 (12.3) 9(11.7) 21 (12.6)

Myelodysplastic syndrome 7 (2.9) 3(39) 4(24)

Multiple Myeloma 6 (2.5) 1(13) 5(3.0)

Aplastic anemia 16 (6.6) 6 (7.8) 10 (6.0)

others 11 (4.5) 3(39) 8(4.8)
incomplete remission status of underlying disease 178 (73.0) 62 (80.5) 116 (69.5) 0.071
Hypoproteinemia b 100 (41.0) 47 (61.0) 53 (31.7) <0.001
Comorbidities

Diabetes mellitus 19 (7.8) 6(7.8) 13 (7.8) 0.998

Hepatobiliary disease 28 (11.5) 7(9.1) 21 (12.6) 0.427

Cardiovascular diseases 29 (11.9) 8 (10.4) 21 (12.6) 0.624
pulmonary infection at the time of BSI 121 (49.6) 47 (61.0) 74 (44.3) 0.015
Corticosteroid therapy before BSI * 86 (35.2) 34 (44.2) 52 (31.1) 0.048
immunosuppressive therapy before BSI * 18 (7.4) 5 (6.5) 13 (7.8) 0720
Duration of neutropenia, Days,median (IQR) 5(3-9.75) 8 (5-17) 4(2-7) <0.001
Duration of neutropenia > 6 days * 111 (45.5) 55 (71.4) 56 (33.5) <0.001
Mucosal barrier damage b 94 (38.5) 42 (54.5) 52 (3L.1) <0.001
Hospital-acquired BST I 226 (92.6) 77 (100) 149 (89.2) 0.003
Antifungal agents use within 30 days before BSI 137 (56.1) 62 (80.5) 75 (44.9) <0.001

Antibiotics use within 30 days before BSI

Carbapenems 96 (39.5) 52 (67.5) 44 (26.5) <0.001
Aminoglycosides 23 (94) 11 (14.3) 12 (7.2) 0.078
Quinolones 41 (16.8) 15 (19.5) 26 (15.6) 0.448
Cephalosporin/B-lactamase inhibitor combinations 81 (33.2) 41 (53.2) 40 (24.0) <0.001
Piperacillin-tazobactam 46 (18.9) 20 (26.0) 26 (15.6) 0.053
Tigecyclines 41 (16.8) 22 (28.6) 19 (11.4) 0.001
Indwelling central venous catheter * 0.460

PICC 164 (67.2) 56 (72.7) 108 (64.7)

PORT 34 (13.9) 9 (11.7) 25 (15.0)
Indwelling urinary catheter * 11 (4.5) 7(9.1) 4(2.4) 0.019
28-Day mortality (n=240) 68 (28.3) 40 (52.6) 28 (17.1) <0.001
Inappropriate empirical therapy (n=243) 51 (21.4) 49 (63.6) 3(1.8) <0.001
Appropriate empirical therapy (n=243) 191 (78.6) 28 (36.4) 163 (98.2) <0.001
Septic shock 53 (21.7) 27 (35.1) 26 (15.6) 0.001

“Before bloodstream infection within 30 days.

®At the time of bloodstream infection.

“Before the result of Antibiotic susceptibility testing.

PICC, peripherally inserted central catheter; PORT, implantable venous access port; BSI, bloodstream infection; CR-GNB, carbapenem-resistant gram-negative bacteria; CS-GNB,
carbapenem-sensitive gram-negative bacteria; IQR, interquartile range.
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Micro Month of Unit Clinical manifestation Risk factors Prior Therapy administered and Outcome
no. isolation hospitalization duration of therapy
BA1602 January  Surgery Carcinoma ascending Anastomotic leak with ~ Yes Polymyxin B, meropenem, 16 days Succumbed
2019 colon fecal peritonitis, MODS, teicoplanin, tigecycline to death
fever, Cough
BP3636 March Hematology Fever and giddiness Congenital sideroblastic  Yes Meropenem, tigecycline, 2days  Succumbed
2019 anemia, fosfomycin, colistin to death
Stem cell transplant—
day 28
BA10334 April 2019 Gastroenterology Persistent rise of Disseminated Yes, treated Cefoperazone-sulbactam, 10 days Succumbed
temperature, recurrent  tuberculosis, sepsis, elsewhere for  meropenem, colistin, to death
vomiting, loss of weight  pleural effusion 10 days vancomycin
BA10835 April 2019  Hepatology Acute febrile illness with  Acute on chronic liver No Tigecycline 1 month Recovered
Jaundice failure, portal
hypertension, Wilson
disease
BA25425  August Neurosurgery Road traffic accident— Right subdural Yes Linezolid, piperacillin- 1 month Succumbed
2019 head injury hematoma tazobactam, to death
Temporal hemorrhagic cefoperazone-sulbactam,
contusion gentamicin
BA27935 September Casualty Acute febrile ilness with  Hypertension, Yes, treated Meropenem 1day  Discharged
2019 altered sensorium intracranial bleed elsewhere for against
Hemiplegia 10 days medical
advice
BA28118 September Hematology Acute promyelocytic Fever, multiple episodes No Meropenem, tigecycline, 1 month Recovered
2019 leukemia of bleeding from gums/ polymyxin B, amikacin
Acute kidney injury per rectum
BA32040  October  Hematology Acute febrile illness Beta thalassemia Yes Colistin, meropenem 15 days Recovered
2019 post-allogenic stem cell
transplant—day 280
Skin GVHD
BA39100 December Hematology Extramedullary Invasive mucormycosis ~ Yes Meropenem, tigecycline 3 days  Recovered
2019 granulocytic sarcoma Teicoplanin

GVHD, graft versus host disease; MODS, muitiple-organ dysfunction syndrome.

polymyxin B
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Variables
Model(A)
f Duration of neutropenia > 6 days *
Hypoproteinemia *
Previous exposure to carbapenems *

Previous exposure to Cephalosporin/B-lactamase
inhibitor combinations *
Model(B)

Hypoproteinemia B

Incomplete remission status of underlying disease ®

Isolation of CR-GNB

Septic shock ©

“Before bloodstream infection within 30 days.
PAt the time of bloodstream infection.

“Before the result of Antibiotic susceptibility testing.
CR-GNB, carbapenem-resistant gram-negative bacteri.
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Variable

Sex (male) 47 (75.8%) 110 (76.9%) 0.862
Age (years) 62.50 (54.00, 74.00) 62.00 (51.00, 74.00) 0.674
COPD 58 (93.5%) 129 (90.2%) 0440
Hypertension 34 (54.8%) 77 (53.8%) 0896
Malignancy 7 (11.3%) 20 (14.0%) 0.600
Diabetes mellitus 15 (24.2%) 38 (26.6%) 0.721
Cerebral infarction 16 (25.8%) 30 (21.0%) 0.447
Hypoalbuminaemia 16 (25.8%) 54 (37.8%) 0.097
History of recent hospitalization 40 (64.5%) 116 (81.1%) 0.010
History of carbapenem use 16 (25.8%) 77 (53.8%) <0.001
History of B-lactam use 34 (54.8%) 94 (65.7%) 0.139
Combination antibiotic treatment 17 (27.4%) 86 (60.1%) <0.001
Multi-site infection 13 (21.0%) 35 (24.5%) 0.586
Hospital-acquired infection 51(82.3%) 138(96.5%) <0.001
History of glucocorticoid use 10 (16.1%) 47 (32.9%) 0.014
History of central venous catheterization 19 (30.6%) 83 (58.0%) <0.001
Tracheal intubation 42 (67.7%) 94 (65.7%) 0.780
Haemodialysis 4 (6.5%) 14 (9.8%) 0438
Mechanical ventilation 27 days 5 (8.2%) 53 (37.1%) <0.001
Duration of mech:i\nicalvvemilalio‘n before 1.00 (0.00, 2.00) 3.00 (1,00, 8.00) <0.001
the occurrence of infective bacteria (days)

SOFA score 5.00 (4.00, 6.00) 5.00 (4.00, 8.00) 0.119
APACHE II score 17.00 (13.00, 20.00) 17.00 (13.00, 21.00) 0.609
Duration of antibiotic use (days) 4.00 (1.00, 16.00) 12.00 (6.00, 22.00) <0.001
No. of types of antibiotics used 1.00 (1.00, 3.00) 3.00 (1.00, 3.00) <0.001
WBC count (10°/L) 1151 (835, 15.45) 9.87 (7.4, 14.96) 0.213
Neutrophil count (10°/L) 9.79 (7.32, 13.39) 8.19 (5.68, 13.73) 0.190
PCT (ng/mL)* 0.39 (0.16, 2.62) 0.44 (0.15, 2.80) 0.949
Duration of hospital stay (days) 20.50 (17.00, 27.00) 19.00 (12.00, 26.00) 0.050
Duration of ICU stay (days) 19.50 (14.00, 24.00) 17.00 (11.00, 23.00) 0.033
Septic shock 12 (19.4%) 52 (36.4%) 0.016
In-hospital death 4 (6.5%) 24 (16.8%) 0.048

CS-GNB, carbapenem-susceptible gram-negative bacteria; CR-GNB, carbapenem-resistant gram-negative bacteria; COPD, chronic obstructive pulmonary disease; SOFA, sepsis-related organ failure
assessment; APACHE I1, acute physiology and chronic health evaluation; WBG, white blood cell; PCT, procalcitonin; ICU, intensive care unit. Continuous variables that did not follow a normal
distribution are expressed as [M (P25, P75)]; categorical variables are expressed as [n (%)]. *Normal range for PCT was 0-0.06 ng/mL.
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Pathogenic bacterium of strains PAD)) ercentage ('

Klebsiella pneumoniae 131 6180 |
Acinetobacter baumannii 60 2830 ‘
Pseudomonas aeruginosa 16 7.55 ‘
Escherichia coli 2 094 ‘
Stenotrophomonas Maltophilia 2 094 ‘
Citrobacter freundii 1 0.47 ‘

CR-GNB, carbapenem-resistant gram-negative bacteria.
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Source of s No. of strains ercentage (%)
Sputum 205 96.70 ‘
Blood 3 142 |
Urine 0 0.00 ‘
Peritoneal cavity 2 094 ‘
2 094 ‘

‘Wound exudate

CR-GNB, carbapenem-resistant gram-negative bacteria.
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CRKP (n = 131) CRAB (n = 60) CRPA (n = 16)

tbactertal agent No. of Rate of resistance No. of Rate of resistance No. of Rate of resistance
strains (%) strains (%) strains (%)
Ticarcillin/clavulanic acid 129 98.47 60 100 | - -
Cefoperazone-tazobactam 128 97.71 55 91.67 - -
Piperacillin-tazobactam 128 97.71 59 98.33 1 25.00
Ceftazidime 130 99.24 59 98.33 5 3125
Ceftriaxone 131 100.00 60 100.00 - -
Cefepime 131 100.00 60 100.00 4 2500
Aztreonam 130 99.24 60 100.00 13 8125
Imipenem [ 131 100.00 60 100.00 16 100.00
Meropenem 131 100.00 60 100.00 16 100.00
Amikacin 105 80.15 39 65.00 2 ‘ 12.50
Tobramycin 112 85.50 48 80.00 8 50.00
Ciprofloxacin 128 97.71 59 98.33 9 56.25
I Levofloxacin 126 96.18 56 93.33 9 56.25
:\;‘Z:::‘:’:::ole 121 9237 2 70.00 16 100.00
Tigecycline 1 840 1 1.67 - -
Polymyxin 0 0.00 0 0.00 0 0.00

CR-GNB, carbapenem-resistant gram-negative bacteria; CRKP, carbapenem-resistant Klebsiella pneumoniae; CRAB, carbapenem-resistant Acinetobacter baumannii; CRPA, carbapenem-resistant
Pseudomonas aeruginosa; -: susceptibility testing was not performed.
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Sources of bacteremia

Pneumonia, No. (%)

Catheter related bloodstream infection, No. (%)
Urinary tract infection, No. (%)
Intra-abdominal infection, No. (%)

Skin and soft tissue infection, No. (%)

Primary bacteremia, No. (%)

Central nerve system infection, No. (%)
Surgical site infection, No. (%)

Multisite infection, No. (%)

Biofilm-forming
(n = 252)

111 (44.0)
45 (17.9)
25 (9.9)
27 (10.7)
11 (44)
56 (22.2)
0(0.0)
2(0.8)
19 (75)

Non-biofilm-forming
(n = 459)

231 (503)
5 (14.2)
34 (74)
31 (68)
3 (5.0)

2 (20.0)
5 (L.1)
3(0.7)
19 (4.1)

P-value

0.117
0.195
0.257
0.085
0.855
0.500
0.167
1.000
0.057

Overall
Mortality

67.8%
48.2%
28.8%
48.3%
52.9%
52.0%
60.0%
80.0%
71.1%

28-day
Mortality

55.0%
42.7%
22.0%
39.7%
35.3%
46.6%
40.0%
60.0%
57.9%
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Variables

Demographic characteristics
Age, median (IQR), years
Male sex, No. (%)
Acquired in ICU, No. (%)

Length of hospitalization before bacteremia, median (IQR), days

Previous use of antibiotics, No. (%)
Aminoglycosides

Penicillins

B-lactam/B-lactamase inhibitors (except sulbactam)

Sulbactam
Non-anti-pseudomonas Cephalosporins
Anti-pseudomonas Cephalosporins
Group 2 carbapenems
Fluoroquinolones
Tigecycline
Colistin
Teicoplanin
Fluconazole
Comorbid condition, No. (%)
Liver cirrhosis
Chronic obstructive pulmonary disease
Chronic kidney disease
Type 2 diabetes mellitus
Hypertension
Coronary artery disease
Congestive heart failure
Cerebrovascular accident
Collagen vascular disease
Immunosuppressant therapy
Solid tumor
Hematological malignancy
Chemotherapy
Trauma
Recent surgery
Previous ICU admission
Charlson comorbidity index, median (IQR)
APACHE 1I score, median (IQR)
Shock
Invasive Procedures, No. (%)
Central venous catheter
Arterial line
Tracheostomy
Ventilator use
Hemodialysis
Thoracic drain
Abdominal drain
Total parental nutrition
Source of bacteremia, No. (%)
Pneumonia
Catheter related bloodstream infection
Urinary tract infection
Intra-abdominal infection
Skin and soft tissue infection
Primary bacteremia
Surgical site infection
Central nerve system infection
Multisite infection
Biofilm formation, No. (%)

Carbapenem-resistance isolates

Inappropriate antimicrobial therapy, No. (%)

IQR, interquartile range; ICU, intensive care unit; APACHE II, Acute Physiology and Chronic Health Evaluation II.

Survivors (n = 385)

71 (58-80)
261 (67.8)
151 (39.2)
14 (5-32)

41 (10.6)
47 (12.2)
43 (11.2)
15 (3.9)
84 (21.8)
61 (15.8)
61 (15.8)
41 (10.6)
12 (3.1)
7 (1.8)
53 (13.8)
31(8.1)

27 (7.0)
62 (16.1)
110 (28.6)
125 (32.5)
158 (41.0)
38 (9.9)
53 (13.8)
104 (27.0)
6 (1.6)
73 (19.0)
74 (19.2)
18 (47)
38 (9.9)
19 (4.9)
113 (29.4)
179 (46.5)
3(1-5)
18 (12-24)
76 (19.7)

139 (36.1)
67 (17.4)
41 (10.6)
168 (43.6)
32(83)
8 (2.1)
32(83)
23 (6.0)

154 (40.0)
63 (16.4)
46 (11.9)
35(9.1)
22(5.7)
79 (20.5)
2(0.5)
3(0.8)
16 (4.2)
148 (38.4)
174 (45.2)
244 (63.4)

Non-survivors (n =326)

72 (57-81)
235 (72.1)
179 (54.9)
20 (9-38)

27 (83)
37 (11.3)
46 (14.1)

13 (4.0)
57 (17.5)
78 (23.9)
71 (21.8)
83 (25.5)

27 (83)

18 (5.5)
72 (22.1)
44 (13.5)

47 (14.4)
66 (20.2)
111 (34.0)
95 (29.1)
104 (31.9)
38 (11.7)
54 (16.6)
43 (13.2)
22 (6.7)
89 (27.3)
62 (19.0)
32(9.8)
30 (92)
5(1.5)
47 (14.4)
190 (58.3)
3(1-5)
29 (21-38)
153 (46.9)

144 (44.2)
80 (24.5)
33 (10.1)
203 (62.3)
46 (14.1)
24 (74)
23 (7.1)
27 (83)

188 (57.7)
47 (144)
3(4.0)
23 (7.1)
12 (37)
69 (212)
3(09)
2(0.6)
22 (6.7)
104 (31.9)
241 (73.9)
251 (77.0)

P value

0.722
0.220
< 0.001
0.190

0.308
0816
0.256
1.000
0.158
0.008
0.043
< 0.001
0.003
0.013
0.004
0.020

0.002
0.170
0.123
0371
0.013
0.466
0.344
< 0.001
< 0.001
0.009
1.000
0.008
0.799
0.012
< 0.001
0.002
0.279
<0.001
<0.001

0.031
0.020
0.902
< 0.001
0.016
0.001
0.575
0.242

< 0.001
0.533
< 0.001
0.339
0.222
0.853
0.665
1.000
0.135
0.071
< 0.001
< 0.001





OPS/images/fcimb.2022.964539/table2.jpg
Variables

Acquired in ICU

Previous use of antibiotics

Anti-pseudomonas Cephalosporins

Group 2 carbapenems
Fluoroquinolones
Tigecycline
Colistin
Teicoplanin
Fluconazole
Comorbid condition
Liver cirrhosis
Hypertension
Cerebrovascular accident
Collagen vascular disease
Immunosuppressant therapy
Hematological malignancy
Trauma
Recent surgery
Previous ICU admission
APACHE II score, median (IQR)
Shock
Invasive Procedures, No. (%)
Central venous catheter
Arterial line
Ventilator use
Hemodialysis
Thoracic drain
Source of bacteremia
Pneumonia
Urinary tract infection
Carbapenem-resistance isolates

[nappropriate antimicrobial therapy

Crude model

OR (95% CI)

1.887 (1.399-2.545)

1.671 (1.150-2.427)
1.479 (1.012-2.161)
2.866 (1.905-4.312)
2807 (1.3.98-5.634)
3.156 (1.301-7.653)
1.776 (1.202-2.624)
1.782 (1.096-2.895)

2234 (1357-3.677)
0.673 (0.494-0.917)
0.411 (0.277-0.607)
4571 (1.830-11.416)
1.605 (1.128-2.283)
2.219 (1.221-4.034)
0300 (0.111-0.813)
0.405 (0.278-0.592)
1.608 (1.194-2.165)
1.135 (1.112-1.158)
3596 (2.580-5.012)

1.400 (1.036-1.893)
1.544 (1.072-2.223)
2.132 (1.577-2.881)
1.812 (1.124-2.922)
3.745 (1.659-8.455)

2.043 (1.514-2.758)
0.306 (0.162-0.577)
3.438 (2.500-4.728)
1.934 (1.389-2.693)

< 0.001

0.007
0.043
< 0.001
0.004
0.011
0.004
0.020

0.002
0.012
< 0.001
0.001
0.009
0.009
0.018
< 0.001
0.002
< 0.001
< 0.001

0.029
0.020
< 0.001
0.015
0.001

< 0.001
< 0.001
< 0.001
< 0.001

Model 1+

OR (95% CI)

1.045 (0.659-1.656)

1.511 (0.899-2.538)
0.914 (0.532-1.570)
2.085 (1.182-3.564)
1.042 (0.414-2.624)
2.447 (0.779-7.687)
1.120 (0.627-2.001)
0.670 (0.346-1.299)

2.395 (1.196-4.796)
0523 (0.336-0.815)
0.296 (0.171-0.512)
2.729 (0.804-9.265)
1.159 (0.678-1.955)
1.497 (0.627-3.572)
0.887 (0.273-2.877)
0.492 (0.288-0.840)
1.068 (0.642-1.777)
1.147 (1.116-1.179)
1.863 (1.179-2.944)

0.753 (0.440-1.230)
0.647 (0.348-1.204)
0.700 (0.423-1.160)
0.900 (0.474-1.711)
5.502 (1.889-16.021)

0.930 (0.594-1.458)
0381 (0.161-0.904)
2.425 (1.524-3.858)
1.670 (1.051-2.655)

0.852

0.119
0.745
0.011
0.931
0.126
0.701
0.236

0.014
0.004
< 0.001
0.108
0.581
0.364
0.842
0.009
0.800
< 0.001
0.008

0.241
0.169
0.166
0.748
0.002

0.752
0.029
< 0.001
0.030

OR, odds ratio; CI, confidence interval; ICU, intensive care unit; APACHE II, Acute Physiology and Chronic Health Evaluation 11.*Adjusted by all factors included in the table.
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Demographic characteristics
Age, median (IQR), years
Male sex, No. (%)
Acquired in ICU, No. (%)

Length of hospitalization before bacteremia, median (IQR), days

Previous use of antibiotics, No. (%)
Aminoglycosides

Penicillins

B-lactam/pB-lactamase inhibitors (except sulbactam)

Sulbactam
Non-anti-pseudomonas Cephalosporins
Anti-pseudomonas Cephalosporins
Group 2 Carbapenems
Fluoroquinolones
Tigecycline
Colistin
Teicoplanin
Fluconazole

Comorbid condition, No. (%)
Liver cirrhosis
Chronic obstructive pulmonary disease
Chronic kidney disease
Type 2 diabetes mellitus
Hypertension
Coronary artery disease
Congestive heart failure
Cerebrovascular accident
Collagen vascular disease
Immunosuppressant therapy
Solid tumor
Hematological malignancy
Chemotherapy
Recent surgery
Previous ICU admission
Charlson comorbidity index, median (IQR)
APACHE II score, median (IQR)
Shock, No. (%)

Invasive Procedures, No. (%)
Central venous catheter
Arterial line
Tracheostomy
Ventilator use
Hemodialysis
Thoracic drain
Abdominal drain
Total parental nutrition
Carbapenem resistance, No. (%)

Appropriate antimicrobial therapy

Outcome
14-day mortality, No. (%)
28-day mortality, No. (%)
Overall Mortality, No. (%)

IQR, interquartile range; ICU, intensive care unit; APACHE II, Acute Physiology and Chronic Health Evaluation II.

Biofilm-forming (n = 252)

71 (57-81)
171 (67.9)
101 (40.1)
16 (6.25-34)

20 (7.9)
1(83)
32 (127)
11 (4.4)
46 (18.3
52 (19.0
8 (15.1
9 (155
12 (4.8)

6 (2.4)
36 (14.3)
22 (87)

)
)
)
)

27 (10.7
40 (159
(333
74 (294
87 (345
28 (11.1
48 (19.0
50 (19.8
14 (5.6)
61 (24.2)
57 (22.6)
26 (10.3)
32 (127)
48 (19.0)
126 (50.0)
2(1-5)
1(14-29)
1(32.1)

)
)
)
)
)
)
)
)

71 (28.2)
4 (9.5)
52 (11.3)
111 (44.0)
20 (7.9)

5 (2.0)

13 (52)
17 (67)
143 (56.7)
87 (34.5)

87 (34.5)
104 (41.3)
127 (50.4)

Non-biofilm-forming (n = 459)

72 (57-80)
325 (70.8)
229 (49.9)
18 (7-33)

8 (10.5)
3(13.7)
7 (12.4)
7(3.7)
5 (20.7)
7 (20.6)

94 (20.5)
5 (18.5)
7 (5.9)
9(4.1)
9 (19.4)
3 (11.5)

47 (10.2)
88 (19.2)
137 (29.8)
146 (31.8)
175 (38.1)
8 (10.5)
9 (12.9)
7 (21.1)
4(3.1)
101 (22.0)
79 (17.2)
24 (5.2)
36 (7.8)
112 (244)
243 (52.9)
3 (2-6)

4 (17-31)
148 (32.2)

212 (46.2)
123 (26.8)
22(8.7)
260 (56.6)
8 (12.6)
7 (5.9)
2(9.2)
33(7.2)
272 (59.3)
129 (28.1)

180 (39.2)
222 (48.4)
268 (58.4)

P value

0.132
0.443
0.015
0.231

0.290
0.039
0.906
0.689
0.491
0.621
0.087
0.353
0.608
0.289
0.099
0.254

0.898
0.308
0.352
0.553
0.372
0.800
0.029
0.700
0.110
0.514
0.090
0.014
0.045
0.111
0.480
0.113
0.650
1.000

<0.001
<0.001
0.306
0.002
0.060
0.022
0.058
0.879
0.525
0.088

0.226
0.071
0.048
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Characteristic Univariate analysis Multivariate analysis

Crude OR (95% CI) P Adjusted OR (95% CI) P

Acquired in ICU 0.672 (0.492-0.917) 0.012

Previous use of penicillins 0.571 (0.340-0.961) 0.035

Previous use of group 2 Carbapenems 0.690 (0.456-1.042) 0.078

Previous use of teicoplanin 0.693 (0.454-1.057) 0.088

Congestive heart failure 1.595 (1.052-2.420) 0.028 1.918 (1.221-3.012) 0.005
Solid tumor 1.406 (0.960-2.060) 0.080

Hematological malignancy 2.085 (1.170-3.715) 0.013

Chemotherapy 1.709 (1.033-2.827) 0.037

Central venous catheter 0.457 (0.329-0.636) <0.001

Arterial line 0.288 (0.180-0.459) <0.001 0.416 (0.240-0.721) 0.002
Ventilator use 0.603 (0.442-0.821) 0.001

Hemodialysis 0.596 (0.350-1.016) 0.057

Thoracic drain 3.087 (1.174-8.120) 0.022

Abdominal drain 0.540 (0.284-1.026) 0.060

ICU, intensive care unit; CI, confidence interval: OR, odds ratio.
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Screening HM patients with blood culture positive from January 2015 to December 2019 (N=679)

Gram-positive bacteria Gram-negative bacteria Fungus

(N=247) N=377) (N=55)

inclusion criteria: exclusion criteria:

Patients with the first episodes of BSI caused by GNB (a)Age less than 16 years old

(b)Patients with polymicrobial bacteraemia

(c)Patients treated with HSCT before BSI

244 patients with GNB-BSIs were enrolled in this study (initial cohorts)

CLSI M100S exclusion criteria: Patients with
unavailable follow-up data (N=4)

240 patients were performed with Prognostic analysis

Survival status at the 28th
day after GNB-BSI

CR-GNB group CS-GNB group
N=77) (N=167)

Survivals Non-survivals

(N=172) (N=68)
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Antimicrobials MIC values (mg/L)

YQ13422hy YQ13422hy-J53 YQ13530hy YQ13530hy-J53 J53 25922
Aztreonam >128 (R) 0.5 (S) 128 (R) 0.5 (S) 0.5 (S) 0.5 (S)
Imipenem 2(1) 2 2(1) 2(I) 0.5 (S) 0.25 (S)
Meropenem 1(S) 1(S) 1(S) 1(S) 0.03 (S) 0.03 (S)
Ceftriaxone >128 (R) 128 (R) >128 (R) 128 (R) 0.06 (S) 0.06 (S)
Cefotaxime >128 (R) 128 (R) >128 (R) 128 (R) 0.125 (S) 0.125 (S)
Ceftazidime >128 (R) >128 (R) >128 (R) >128 (R) 0.25 (S) 0.5 (S)
Levofloxacin 4 (R) 1(D) 8 (R) 1(D) 0.015 (S) 0.03 (S)
Ciprofloxacin 2 (R) 1 (R) 8 (R) 1 (R) 0.03 (S) 0.015 (S)
Amikacin 16 (S) 16 (S) 16 (S) 16 (S) 16 (S) 16 (S)
Gentamicin >128 (R) 4(9) >128 (R) 4(S) 4(S) 4(8)
Piperacillin/Tazobactam >128/4 (R) 16/4 (S) 128/4 (R) 16/4 (S) 4/1 (S) 4/1 (S)
Fosfomycin 128 (I) 0.5 (S) 64 (S) 0.5 (S) 0.25 (S) 0.5 (S)
Chloromycin >128 (R) 4(8) 64 (R) 4(9) 4(9) 4(8)
Trimethoprim/Sulfamethoxazole 0.5/9.5 (S) 0.125/2.375 (S) 4/76 (R) 0.125/2.375 (S) 0.125/2.375 (S) 0.125/2.375 (S)
Amoxicillin-Clavulanic acid 128/64 (R) 128/64 (R) 128/64 (R) 128/64 (R) 4/2 (S) 8/4 (S)
Cefepime 32 (R) 16 (R) 32(R) 16 (R) 0.06 (S) 0.06 (S)
Tigecycline 0.5 (S) 0.25 (S) 8 (R) 0.25 (S) 0.5 (S) 0.25 (S)
Polymyxin B 1(8) 1(8) 19 0.5 (S) 1(S) 1(S)

R, resistant; S, susceptible; I, intermediate.
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Imipenem 216 R <1 s 216 R
Ertapenem 28 R <0.5 N 28 R
Ceftazidime 264 R <4 S 264 R
Ceftriaxone 264 R <1 S 264 R
Cefepime 16 R <« s 16 R
Amoxicillin/clavulanic acid 232 R <4 S 232 R
Piperacillin/tazobactam =128 R <16 S 2128 R
Trimethoprim/ 2320 R <20 S <20 S
sulfamethoxazole

Levofloxacin <0.12 S <0.5 S 0.5 S
Ampicillin 232 R <8 S 232 R
Tetracycline 16 R <4 s <4 S
Ciprofloxacin <0.06 S <0.25 S <0.25 S
Chloramphenicol <8 S <8 N <8 N
Azithromycin <16 S <16 S <16 N

MIC, minimum inhibitory concentration; R, resistant; I, intermediate; S, sensitive.
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