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Editorial on the Research Topic
 Opportunistic pathogens: pathogenesis and multi-drug resistance mechanisms




Opportunistic infections have long been underestimated in clinical settings, as the responsible pathogens are often dismissed as normal flora or harmless environmental organisms. Opportunistic pathogens are caplable of causing severe infections in immunocompromised individuals, even leading to significant outbreaks in healthcare settings. The management of opportunistic infections remains particularly challenging due to the absence of standardized guidelines for antibiotic susceptibility testing and the rising prevalence of multidrug resistance. In this Research Topic, titled “Opportunistic pathogens: pathogenesis and multi-drug resistance mechanisms”, we received 16 submissions and accepted nine manuscripts. Among these works, 8 original research explored pathogenesis and antimicrobial resistance mechanisms in P. aeruginosa, Morganella morganii, Staphylococcus epidermidis and Klebsiella aerogenes, Mycobacterium tuberculosis, and Cryptococcus neoformans. In addition, one manuscript reviewed roles of sterol metabolism in antifungal drug resistance.

The emerging carbapenem-resistant Pseudomonas aeruginosa (CRPA) poses a serious global health concern. Xie et al. analyzed 167 isolates in Fujian, China (2019–2021), revealing 58.7% antibiotic resistance and 70 CRPA cases. Molecular typing identified 46 sequence types, including two high-risk clones (ST1971 and ST357). Carbapenemase production was found in 22.9% of CRPA, mainly metallo-β-lactamases (MBLs), alongside oprD and opdP mutations. Increased biofilm formation and multidrug efflux pump gene expression were also observed. Zhao et al. screened and 143 clinical isolates of P. aeruginosa between 2021 and 2023 and found that at least 71 CRPA exhibiting a high carbapenem resistance. They further conducted genome analysis and predicted resistance genes in these CRPA isolates and identified a total of 54 resistance genes. They reported two novel metallo-β-lactamase genes (VIM-92 and blaVIM-24) discovered in this study. blaVIM − 92 was embedded in class 1 integrons within the Tn1403 transposon and found on a plasmid. Saha et al. investigated the coexistence of multidrug resistance and virulence factors in nosocomial P. aeruginosa strains. The isolates showed 70–75% susceptibility to aminoglycosides, 30–35% to quinolones, and lower rates for other antibiotics. Metallo-β-lactamase genes were found in 74.1% of strains. Additionally, 89% exhibited hemolysis, 80–90% produced pigments, and 46% formed strong biofilms. All displayed motility, and key virulence genes were detected in 60–80% of isolates.

Yang et al. studied the distribution of promoter types in class 1 integrons (intI1) in Morganella morganii clinical isolates and their role in regulating drug resistance gene expression. Among 97 isolates, 28.9% were positive for class 1 integrons, with 24.7% carrying gene cassettes that conferred resistance to aminoglycosides and trimethoprim. Three types of promoters (PcH1, PcS, and PcW) were identified, with P2 promoters found inactive. Stronger promoters led to increased expression of resistance genes, while a negative correlation between integrase (intI1) expression and promoter strength was observed, highlighting the regulatory role of these promoters in resistance.

Rodrigues et al. analyzed 10 Klebsiella aerogenes strains from ICU patients in a Brazilian hospital. Their results revealed that these strains exhibited the complete resistance to β-lactam antibiotics, including carbapenems, with varying resistance to aminoglycosides, quinolones, and tigecycline. Half of K. aerogenes strains were classified as multidrug-resistant, harboring β-lactamases genes such as blaKPC-2 and blaNDM-1. A comprehensive genomic characterization of strain CRK317, which co-harbored blaKPC-2 and blaNDM-1, identified numerous resistance determinants, including β-lactamases (blaOXA-9, blaTEM-1, blaCTX-M-15), aminoglycoside-modifying enzymes, and efflux pumps (AcrA, tolC, mdtK). Additionally, 22 genomic islands, insertion sequences, conjugative elements, and prophage regions were detected, suggesting their role in resistance gene dissemination. The presence of integrative and conjugative elements with a type IV secretion system further supports the horizontal transfer of resistance traits.

Lépine et al. investigated a linezolid-resistant Staphylococcus epidermidis (LRSE) outbreak at Tours University Hospital in France (2017–2021). Among 34 LRSE isolates, 20 were analyzed for antimicrobial susceptibility, genetic resistance mechanisms, and clonal relationships. All selected strains showed high-level linezolid resistance as well as multidrug resistance. G2576T mutation in the 23S rRNA may confer to the linezolid resistance, with no cfr gene detected. PFGE and MLST revealed 95% of strains belonged to ST2. Moreover, linezolid exposure was reported in 70% of patients, though no direct cross-transmission was found.

Singh and Dutta identified a virulence-associated small RNA (sRNA), MTS1338, that drove drug efflux in Mycobacterium tuberculosis. Rifampicin exposure increased MTS1338 expression over fourfold, enhancing bacterial growth under treatment. MTS1338 upregulated the efflux protein CydC by stabilizing its mRNA, reducing intracellular drug accumulation. Drug efflux assays confirmed that higher MTS1338 levels led to lower drug retention. These findings reveal a novel sRNA-driven regulatory mechanism contributing to drug resistance in M. tuberculosis, highlighting a potential target for developing more effective tuberculosis treatments.

Zheng et al. investigated genome plasticity as a mechanism of non-antifungal-induced antifungal resistance in Cryptococcus neoformans. This study further showed that tunicamycin, an ER stress inducer, affected aneuploidy formation in Cryptococcus neoformans. Both mild and severe ER stress induced aneuploid strains with diverse karyotypes, some showing resistance or cross-resistance to fluconazole and 5-flucytosine. These aneuploid strains also displayed genomic instability, losing extra chromosomes without stress. Tanwar et al. reviewed role of sterol metabolism in antifungal drug resistance. Sterols are crucial for eukaryotic cell membranes, affecting structure, function, and adaptability. Fungal sterol metabolism, including ergosterol, involves organelles like mitochondria and the ER, regulated by feedback mechanisms. Pathogenic fungi like Candida, Aspergillus, and Cryptococcus cause severe infections, especially in immunocompromised patients. Alterations in sterol metabolism and transport can contribute to antifungal resistance, emphasizing the challenges in treating these infections.

In summary, the nine articles included in this Research Topic cover multiple themes. For example, the rise of multidrug-resistant (MDR) pathogens, such as Pseudomonas aeruginosa, Klebsiella aerogenes, and Staphylococcus epidermidis, poses a significant global health threat. Moreover, studies in this Research Topic explored the pathogenesis, resistance mechanisms, and genetic factors behind these infections. Key findings include the identification of novel resistance genes, promoter types influencing gene expression in Morganella morganii, and the role of genome plasticity in antifungal resistance in Cryptococcus neoformans. Enhanced understanding of these mechanisms emphasizes the need for targeted treatments and antimicrobial stewardship.
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Klebsiella aerogenes is an important opportunistic pathogen with the potential to develop resistance against last-line antibiotics, such as carbapenems, limiting the treatment options. Here, we investigated the antibiotic resistance profiles of 10 K. aerogenes strains isolated from patient samples in the intensive-care unit of a Brazilian tertiary hospital using conventional PCR and a comprehensive genomic characterization of a specific K. aerogenes strain (CRK317) carrying both the blaKPC-2 and blaNDM-1 genes simultaneously. All isolates were completely resistant to β-lactam antibiotics, including ertapenem, imipenem, and meropenem with differencing levels of resistance to aminoglycosides, quinolones, and tigecycline also observed. Half of the strains studied were classified as multidrug-resistant. The carbapenemase-producing isolates carried many genes of interest including: β-lactams (blaNDM-1, blaKPC-2, blaTEM-1, blaCTX-M-1 group, blaOXA-1 group and blaSHVvariants in 20-80% of the strains), aminoglycoside resistance genes [aac(6’)-Ib and aph(3’)-VI, 70 and 80%], a fluoroquinolone resistance gene (qnrS, 80%), a sulfonamide resistance gene (sul-2, 80%) and a multidrug efflux system transporter (mdtK, 70%) while all strains carried the efflux pumps Acr (subunit A) and tolC. Moreover, we performed a comprehensive genomic characterization of a specific K. aerogenes strain (CRK317) carrying both the blaKPC-2 and blaNDM-1 genes simultaneously. The draft genome assembly of the CRK317 had a total length of 5,462,831 bp and a GC content of 54.8%. The chromosome was found to contain many essential genes. In silico analysis identified many genes associated with resistance phenotypes, including β-lactamases (blaOXA-9, blaTEM-1, blaNDM-1, blaCTX-M-15, blaAmpC-1, blaAmpC-2), the bleomycin resistance gene (bleMBL), an erythromycin resistance methylase (ermC), aminoglycoside-modifying enzymes [aac(6’)-Ib, aadA/ant(3”)-Ia, aph(3’)-VI], a sulfonamide resistance enzyme (sul-2), a chloramphenicol acetyltransferase (catA-like), a plasmid-mediated quinolone resistance protein (qnrS1), a glutathione transferase (fosA), PEtN transferases (eptA, eptB) and a glycosyltransferase (arnT). We also detected 22 genomic islands, eight families of insertion sequences, two putative integrative and conjugative elements with a type IV secretion system, and eight prophage regions. This suggests the significant involvement of these genetic structures in the dissemination of antibiotic resistance. The results of our study show that the emergence of carbapenemase-producing K. aerogenes, co-harboring blaKPC-2 and blaNDM-1, is a worrying phenomenon which highlights the importance of developing strategies to detect, prevent, and control the spread of these microorganisms.

Keywords
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Introduction

Klebsiella aerogenes, previously identified as Enterobacter aerogenes, is a Gram-negative bacterium belonging to the Enterobacteriaceae family. It can be found in various environments including water, soil, air, and the human digestive system as a commensal organism. However, this bacterium is also a significant opportunistic pathogen that has been associated with hospital-acquired diseases such as pneumonia, meningitis, skin, soft tissue and urinary tract infections (Chen et al., 2015).

β-lactam antibiotics are one of the most commonly prescribed drug classes with numerous clinical uses. These antibiotics are sub-classed as penicillins (these being the most commonly prescribed), cephalosporins, cephamycins, monobactams, and carbapenems (Sta Ana et al., 2021). Klebsiella aerogenes is intrinsically resistant to ampicillin, amoxicillin, first-generation cephalosporins, and cefoxitin due to the expression of a constitutive AmpC β-lactamase. AmpC type lactamases are also known as extended spectrum β-lactamases (ESBLs) and these provide resistance against the majority of β-lactam antibiotics, such as extended-spectrum cephalosporins and monobactams, with the exception of carbapenems and cephamycins (Davin-Regli and Pages, 2015; Castanheira et al., 2021).

The presence of ESBLs in K. aerogenes strains has been well-documented, leading to the use of carbapenems as a last-resort treatment for serious infections caused by these pathogens. However, previous studies have shown a high prevalence of antibiotic resistance to cephalosporins and carbapenems in clinically relevant K. aerogenes strains worldwide (Ma et al., 2020). These infections pose a significant public health challenge due to the limited treatment options available and their elevated mortality rates (Mulani et al., 2019; Denissen et al., 2022).

The main resistant mechanism of carbapenemase-producing K. aerogenes is the production of carbapenemases, although other mechanisms have been proposed, including overproduction of β-lactamases, efflux pumps, porin deficiency, and changes in penicillin-binding proteins (Pan et al., 2021). Carbapenem resistance in clinical isolates of Carbapenem Resistant Enterobacterales (CRE) is predominantly caused by the presence of these carbapenemases, especially Klebsiella pneumoniae Carbapenamase (KPC) and New Delhi Metallo-β-lactamase (NDM). blaKPC is commonly found on various plasmids like IncF-, IncI-, IncA/C-, IncX-, and IncR-type plasmids, while blaNDM is mostly associated with IncX3-type plasmids. These plasmids are easily transferable and can promote the dissemination of blaKPC and blaNDM through horizontal gene transfer among diverse bacterial populations spreading antibiotic resistance (Yuan et al., 2023).

Although carbapenemases such as KPC, NDM, and Imipenemase (IMP) have been detected in K. aerogenes, there are limited studies demonstrating the simultaneous presence of blaKPC and blaNDM genes. Here, we conducted an in-depth analysis of genes related to the antimicrobial resistance and mobile genetic elements in carbapenemase-producing K. aerogenes, found in Brazilian hospitals, to understand its genomic diversity. To the best of our knowledge, this paper is the first to report the simultaneous presence of both blaKPC and blaNDM in K. aerogenes isolated from clinical samples in Brazil.



Materials and methods


Bacterial isolates

A total of 10 K. aerogenes were isolated from clinical specimens and devices in the ICU and neonatal intensive care unit (NICU) at a tertiary care of a government hospital in Palmas, Tocantins, Brazil, between January 2017 and May 2020. The K. aerogenes strains were initially identified by the hospital’s clinical microbiology laboratory before being forwarded to the Central Public Health Laboratory of the State of Tocantins (LACEN/TO) for species confirmation and drug susceptibility testing. LACEN is a healthcare facility under the Brazilian Ministry of Health that receives samples for antimicrobial resistance surveillance.



Detection of antibiotic resistance and carbapenemase productions

Bacterial identification and determination of antibiotic susceptibility were carried out using the VITEK2 compact automated system (bioMerieux, Hazelwood, MO, USA). The susceptibility of the K. aerogenes isolates were tested against a panel of 16 antibiotics, which included ampicillin/sulbactam (SAM), piperacillin/tazobactam (TZP), cefuroxime sodium (CXM-S), cefuroxime axetil (CXM-AX), cefoxitin (FOX), ceftazidime (CAZ), ceftriaxone (CRO), cefepime (FEP), ertapenem (ETP), imipenem (IPM), meropenem (MEM), amikacin (AMK), gentamicin (GEN), ciprofloxacin (CIP), tigecycline (TGC), and colistin (CST). The findings were interpreted in accordance with the guidelines set forth by Clinical and Laboratory Standards Institute (CLSI, 2023). Phenotypic detection of carbapenemase production in K. aerogenes was carried out by modified Hodge test and ethylenediaminetetraacetic acid (EDTA) synergy tests under the CLSI guidelines (CLSI, 2023) as described elsewhere (Ferreira et al., 2019, 2020; Damas et al., 2022; Soares et al., 2023). K. aerogenes isolates were classified as multidrug-resistant (MDR) by non-susceptibility to at least one agent in three or more antimicrobial categories, as per the criteria established by Magiorakos et al. (2012). K. aerogenes are naturally resistant to ampicillin (AMP), amoxicillin/clavulanic acid (AMC), FOX, and cephalothin (CFL) due to the low production of the naturally induced cephalosporinase of Bush group 1 (class C) (Davin-Regli and Pages, 2015). Therefore, AMP and FOX were not included in the MDR classification (Magiorakos et al., 2012).



DNA isolation

Klebsiella aerogenes strains were subcultured on Brain Heart Infusion (BHI) broth (Oxoid, United Kingdom) and incubated for 24 h at 37°C. Genomic DNA extraction was performed from an overnight culture using the Cellco Genomic DNA purification kit (Cellco Biotech., São Carlos, Brazil), according to the manufacturer’s instructions. The DNA was quantified using the NanoVue Plus instrument (GE Healthcare Life Sciences, Marlborough, MA, United States). The quality of the genomic DNA was examined through electrophoresis while the bacterial DNA concentration was determined using the Qubit® 3.0 fluorometer in combination with the Qubit® dsDNA Broad Range Assay Kit from Life Technologies (Carlsbad, CA, USA).



Detection of antibiotic resistant genes

Polymerase chain reaction (PCR) was performed for the detection of resistance-related genes, such as ESBL-encoding genes (blaTEM, blaSHV variants, blaOXA-1, 4 and 30, blaCTX-M-1 group, blaGES, blaPER-1 and 3, blaVEB-1 to 6), carbapenemase genes (blaKPC, blaOXA-48, blaIMP-1, blaVIM-2, blaNDM, blaSPM-1, blaGIM-1, blaSIM-1), aminoglycosides [armA, rmtB, aph(3′)-VIa (aphA6)], tetracycline (tetB), sulfonamide (sul-1, sul-2), colistin resistance (mcr-1), plasmid mediated quinolone resistance (PMQR) gene [aac(6’)-Ib-cr, qnrS1 and qnrS2], efflux pump (acrAB, tolC, and mdtK) genes. Amplicons were analyzed by gel electrophoresis in 1.0% agarose and visualized under ultraviolet (UV) light. Supplementary Table S1 provides information on amplicons length and PCR conditions.

One amplicon of each studied gene was purified using the Gel Band Purification Kit (Cellco Biotech., São Carlos, Brazil) and sequenced using the Sanger DNA sequencing method. The sequences were edited using Bioedit v7.0.5 (Hall, 1999), then compared with GenBank and Refseq sequences using BlastX tools: ACT53230.1 (blaCTX-M-15), QXU68638.1 (blaTEM-1), EKZ5222878.1 (blaNDM), SCZ84112.1 (blaSHV-2), WEA84669.1 (blaKPC), WP_240093217.1 (blaOXA-1), WP_047046709.1 (tolC), EFZ4507594.1 (qnrS), MCL7674773.1 (acrA), HBS1035150.1 (aac-(6’)-Ib), HEC1006964.1 (aph(3’)-VIa), QDB65114.1 (sul-2), and PLP19006.1 (mdtK). Subsequently, the nucleotide sequences of the genes were submitted to the GenBank database and assigned accession numbers: SRX22793090 (sul-2), SRX22793089 (mdtK), SRX22793063 (qnrS), SRX22793062 (tolC), SRX22793031 (acrA), SRX22789929 (aph(3’)-VIa), SRX22789927 (aac-(6’)-Ib), SRX22789878 (blaSHV-2), SRX22789871 (blaOXA-1), SRX22789802 (blaNDM), SRX22789553 (blaKPC), SRX22789857 (blaTEM-1), and SRX22789858 (blaCTX-M-15).



Genome sequencing

The K. aerogenes CRKA317 was selected for whole genome sequencing (WGS). The Nextera XT DNA Library Prep Kit (Illumina, San Diego, California, United States) was utilized to conduct the library preparation using 1 ng of DNA as our material to sequence. A limited cycle polymerase chain reaction (PCR) program was employed to amplify the libraries introducing Index 1 (i7) adapters, Index 2 (i5) adapters, and the requisite sequences for generating sequencing clusters. The amplified library was purified using 0.6 x Agencourt AMPure XP beads (Beckman Coulter, Brea, California, USA). The quality of the library and the size of fragmented DNA was evaluated on a 1.5% electrophoresis agarose gel and quantified using a fluorometric method involving the Qubit® 3.0 instrument and the Qubit® dsDNA Broad Range Assay Kit (Life Technologies, Carlsbad, California, United States). The resulting library concentrations were subsequently normalized to 4 nM using a standard dilution method. The libraries were then combined, denatured with 0.2 N sodium hydroxide (NaOH), and diluted to attain a final concentration of 1.8 pM. To ensure the run’s accuracy and control, a PhiX control was added to achieve a final concentration of 1.5 pM. The sequencing run involved a paired-end run comprising 75 cycles for each read (2 × 75), plus up to eight cycles for two index reads.



Genome assembly, annotation and prediction of orthologous group

Initially, FastQC v.0.12.01 was used to check the raw reads quality. The raw reads were filtered by quality, length, and adapter regions using Trim Galore! v.0.6.10.2 The genome assembly was made with SPAdes 3.2 (Bankevich et al., 2012) and SSPACE (Boetzer et al., 2011), using “careful” and “cov-cutoff auto” as settings. Contigs with less than 200 bp were discarded. PlasmidFinder 2.133 (Carattoli et al., 2014) and PlasmidSPAdes (Antipov et al., 2016) were used to plasmid detection and assembly attempts. QUAST v5.0.2 (Gurevich et al., 2013) were used to access the general statistics of assembled genome. The circular genome was built using Proksee4 (Grant et al., 2023). For the annotations of genome, both Prokka v.1.14.5 (Seemann, 2014) and Rapid Annotation using Subsytems Technology (RAST)5 (Aziz et al., 2008) servers were used. The completeness of the assembled genome was assessed using the BUSCO program (Simão et al., 2015).

The Clusters of Orthologous Group (COG) were annotated and distributed in categories using eggNOG-mapper v26 (Cantalapiedra et al., 2021). Kyoto Encyclopedia of Genes and Genomes (KEGG) was used to determinate Gene Ontology (GO)7 (Kanehisa et al., 2016).



Phylogenetic inferences using 16S rRNA gene sequences, ANI, dDDH, and TYGS

Our 16S rRNA gene sequence from our genome annotation was used in the analysis with another 36 16S rRNA reference sequences of Klebsiella genus obtained from the GenBank database (Supplementary Table S2). The 16S rRNA analysis was performed using Escherichia coli as its outgroup. Nucleotide sequences were aligned using the online software MAFFT8 (Katoh and Standley, 2013). JModelTest v2.1.10 (Posada, 2008) was used to estimate the best-fitting nucleotide substitution model and PhyML v3.0 (Guindon et al., 2009) to construct a maximum likelihood (ML) phylogenetic tree. Branches was supported by bootstrap analysis of 1,000 replicates.

The OrthoANI v0.93.1 tool (Yoon et al., 2017) was used to calculate the Average Nucleotide Identity (ANI) between our genome and another 18 reference and uncharacterized complete Klebsiella genus genomes (Supplementary Table S3). For the in silico calculation of digital DNA–DNA Hybridization (dDDH), Genome to Genome Distance Calculator (GGDC 3.0)9 (Meier-Kolthoff et al., 2013) was used with the same genomes. A heatmap with the results from OrthoANI and dDDH was constructed using CIMminer.10 To reinforce our phylogenetic inference, the Type (Strain) Genome Server (TYGS)11 was performed using all strains from the server database (Meier-Kolthoff et al., 2022).



Comparative pan-genome analysis of Klebsiella aerogenes strains

The online pipeline REALPHY12 (Bertels et al., 2014) was used to build a whole-genome sequence-based phylogenetic tree, using the 26 complete genomes of clinical strains of K. aerogenes available in NCBI (Supplementary Table S4). The result showed the closest Klebsiella species to our strain. These species were used in Orthovenn2 web server13 (Xu et al., 2019) to compare orthologous gene clusters using whole-genome sequence. Furthermore, Bacterial Pangenome Analysis Pipeline (BPGA) v.1.3 (Chaudhari et al., 2016) was performed against the Kyoto Encyclopedia Genomics and Genes Database (KEGG) to predict the core, accessory and unique genes as well as their functional distribution. REALPHY, Orthovenn2 and BPGA were used in default settings.



Characterization of resistance

The annotation of antibiotic resistance genes, efflux pumps and porins was made by CARD online14 (Alcock et al., 2019), ResFinder 4.4.215 (Bortolaia et al., 2020), ABRicate16 (Afgan et al., 2018), BlastKOALA17 (Kanehisa et al., 2016) and CARD and ARG-ANNOT (Gupta et al., 2014) databases. The parameters used for databases were 1E-5 e-value, ≥ 70% of identity and ≥90% coverage cut-off.

Known mutations in gyrA, gyrB, and parC, that are responsible for quinolone resistance, were investigated using BLASTp comparison. Furthermore, even though K. aerogenes CRKA317 is not resistance to colistin, mutations in phoP and phoQ were also evaluated to investigate polymyxin resistance. For the alignment we used the following sequences: gyrA (Klebsiella [multispecies]: WP_004201688.1), gyrB (Klebsiella [multispecies]: WP_004173845.1), parC (Klebsiella [multispecies]: WP_004181324.1), phoP (Klebsiella [multispecies]: WP_025714403.1) and phoQ (Klebsiella [multispecies]: WP_045393745.1).



Genomic islands and mobile genetic elements

The presence of Genomic Islands (GIs) was investigated with IslandViewer 4 webserver18 (Bertelli et al., 2017), using K. aerogenes isolate 57 as the reference strain. Integrons, transposons and insertion sequences were evaluated using Integron Finder (Afgan et al., 2018), TnCentral19 (Ross et al., 2021) and ISfinder20 (Siguier, 2006), respectively. MGEfinder21 (Durrant et al., 2020) was used to understand the relation between resistance genes with mobile genetic elements. The webserver ICEfinder22 (Liu et al., 2019) was used to identify Integrative and Conjugative Elements (ICE). Sequences of Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) were searched using CRISPRCas Finder23 (Couvin et al., 2018). To identify and annotate prophage sequences in genome, the PHASTER webserver24 (Arndt et al., 2016) was used. The Phigaro v.2.3.0 pipeline (Starikova et al., 2020) was used to indicate the possible phage family.



Genome accession number

Raw reads were submitted to Sequence Reads Archives,25 with submission number JAXIVA000000000. The draft genome is available at GenBank BioProject accession PRJNA1047945.




Results


Antimicrobial susceptibility, detection of resistance-related genes

A total of 10 non-repetitive clinical isolates of K. aerogenes were isolated from rectal swabs, (40%, n = 4), urine (30%, n = 3), tracheal aspirate (10%, n = 1), blood (10%, n = 1) and catheter tips (10%, n = 1) from adult patients admitted to the intensive care unit (ICU) of a tertiary hospital located in Brazil. All isolates were resistant to the β-lactam antibiotics tested, including SAM, TZP, CXM-S, CXM-AX, FOX, CAZ, CRO, FEP, ETP, IPM, and MEM. MDR was observed in 50% (n = 5) of the strains, and the most common MDR profiles were related to β-lactam-aminoglycosides-quinolone (20%, n = 2), β-lactam-quinolone-glicylcycline (20%, n = 2), and β-lactam-aminoglycosides-quinolone-glicylcycline (10%, n = 1). On the other hand, 80% of the isolates were susceptible to GEN, 80% to AMK, 70% to TGC, 50% to CIP, and 100% to CST. General data and susceptibility profiles of all clinical carbapenem-resistant K. aerogenes (CRKA) isolates are showed in Table 1 and Supplementary Figure S1.



TABLE 1 Antimicrobial resistance of K. aerogenes isolates and presence of genes coding for resistance, and efflux pumps.
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Of the 10 carbapenemase-producing K. aerogenes isolates, the blaNDM-1 gene was detected in 8 isolates (80%), followed by blaKPC-2 in 7 isolates (70%). Whereas the concomitant presence of blaKPC-2 with blaNDM-1 gene was detected in 5 isolates (50%). In addition, the blaTEM-1 (80%, n = 8) was the most common ESBL-encoding gene among K. aerogenes investigated, followed by blaCTX-M1-group (50%, n = 5), blaOXA-1,4, and 30 (40%, n = 4), and blaSHV variants (20%, n = 2) (Table 1 and Supplementary Figure S1).

Regarding the genes that provide resistance to aminoglycosides, 7 isolates (70%) carried the aph(3′)-VI (aphA6) and 8 strains (80%) carried the aac(6’)-Ib gene. Eight strains (80%) harbored qnrS (qnrS1 and/or qnrS2), capable of causing resistance fluoroquinolones antibiotics. The sulfonamide resistance gene (sul-2) gene was present in 8 isolates (80%). All the CRKA isolates we investigated had genes related to efflux pumps acrA and tolC. The mdtK gene, which is a multidrug efflux system transporter, was present in 7 strains (70%) (Table 1 and Supplementary Figure S1). The genes related to antibiotic resistance blaOXA-48; blaSPM-1; blaIMP-1; blaVIM-2; blaSIM-1; blaGIM-1, blaGES-1, 9,11; blaPER-1, 3; blaVEB-1 to 6, mcr-1, sul-1, aac(6′)-Ib-cr, armA, rmtB and tetB were not found in CRKA isolates.



Classes of antibiotics

β-lactams: SAM (ampicillin-sulbactam), TZP (piperacillin-tazobactam), CXM-S (cefuroxime sodium), CXM (cefuroxime axetil), FOX (cefoxitin), CAZ (ceftazidime), CRO (ceftriaxone), FEP (cefepime), ETP (ertapenem), IPM (imipenem), MEM (meropenem); aminoglycosides: GEN (gentamicin) and AMK (amikacin); quinolones: CIP. (ciprofloxacin); glycylcycline: TGC (tigecycline) and polymyxin: CST (colistin). MDR (multidrug-resistant) = resistance to at least one agent in three or more antibiotic categories. * Whole-genome sequencing was performed on CRKA317. +, the tested gene was detected by PCR and Sanger sequencing; –, the tested gene was not detected.



Genome and functional annotation

Given the existence of both the blaKPC-2 and blaNDM-1 genes in CRK317, as well as the strain’s resistance to a broad spectrum of antibiotics (except for gentamicin and colistin), whole genome sequencing (WGS) was employed to obtain comprehensive genomic data from the K. aerogenes CRKA317. The draft genome of CRKA317 comprised one circular chromosome, which is 5,462,831 bp in size, with an average GC content of 54.8%. The annotation of the bacterial genome predicted a total of 51 contigs, 5,403 coding sequences and 5,374 genes that covered 88.88% of genome. Of the 65 RNA genes predicted, 5 were rRNAs, 59 were tRNAs and one was a transfer-messenger RNA (tmRNA) (Supplementary Table S5 and Figure 1A). The assembly of plasmids was unsuccessful, but fragments of IncFIB (pQil), IncC, and IncFII (K) plasmids were detected.
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FIGURE 1
 Whole-Genome Sequencing and functional annotations of K. aerogenes CRKA317. (A) The circular diagram consists of four circles, numbered from 1 (outer) to 4 (inner). The outer two orange circles represent the coding sequence (CDS), the transfer RNA (tRNA) is indicated by a purple arrowhead, the ribosomal RNA (rRNA) is shown with a green arrowhead, and the transfer-messenger RNA (tmRNA) is denoted by a red arrowhead. The third, black circle represents the GC content. The fourth circle displays the GC skew curve indicating a positive skew in green and negative skew in violet. (B) The bar indicates the percentage of subsystem coverage, with the green segment representing the proportion of proteins included. The pie chart presents an overview of the distribution of various categories within these subsystems. (C) COG classification in categories: metabolism (yellow bars), information processing and storage (orange bars), cellular processes and signaling (green bars), and unknown function (blue bar).


According to the RAST analysis, the genome of K. aerogenes CRKA317 is composed of 398 subsystems that can be categorized into 27 distinct categories (Figure 1B). The six most significant categories included “carbohydrates” with a total of 398 genes, followed by “amino acids and derivatives” (382 genes), “protein metabolism” (217 genes), “cofactors, vitamins, prosthetic groups, pigments” (177 genes), “membrane transport” (158 genes), and “respiration” (125 genes). In the specific category of “virulence, disease and defense,” (52 genes) there were 32 genes related to resistance against antibiotics and toxic compounds; such as β-lactamase enzymes (one gene), fluoroquinolone resistance (two genes), fosfomycin resistance (one gene), copper homeostasis (11 genes), copper homeostasis: cooper tolerance (ten genes), cobalt-zinc-cadmium resistance (four genes), zinc resistance (two genes), adaptation to d-cysteine (one gene); Furthermore, we found 14 genes associated with invasion and intracellular resistance, four genes linked to adhesion, and two genes related to bacteriocins, ribosomally synthetized antibacterial peptides.

The analysis of protein-coding genes resulted in a total of 5,116 genes distributed across different functional categories within the Cluster of Orthologous Groups. The largest proportion of known protein coding genes was related to “transcription” (471; 9.21%), followed by categories such as “inorganic ion transport and metabolism” (431; 8.42%), “energy production and conversion” (384; 7.50%), “carbohydrate transport and metabolism” (368; 7.19%), and “amino acid transport and metabolism” (345; 6.74%). There were also gene associations with defense mechanisms (61; 1.19%) and a significant portion classified as having unknown functions (1,005; 19.64%) (Figure 1C).



Phylogenetic analysis and genome similarity among representative Klebsiella species

To gain insights into the evolutionary placement of K. aerogenes CRKA317, a phylogenetic tree was generated using 16S rRNA gene sequences from 36 reference sequences of Klebsiella species available at NCBI.26 Our findings indicated that CRKA317 was not closely related to K. aerogenes (Figure 2A). The use of 16S rRNA gene for species identification presents significant challenges in interpretation because of its hypervariable domains (Koroiva and Santana, 2022). Nevertheless, this approach allowed for an assessment of its relationship in the broader context of the genus.
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FIGURE 2
 (A) Phylogenetic tree based on 16S rRNA gene sequences, which shows the relationship between K. aerogenes CRKA317 and other. The number next to the node represents the age value, and the scale bar indicates 2.0 substitutions per nucleotide position. (B,C) display heat maps of average nucleotide identity (ANI, B) and in silico DNA–DNA hybridization (DDH, C) respectively, which compare K. aerogenes CRKA317 to Klebsiella species. (D) Phylogenomic tree based on TYGS. The numbers above the branches represent GBDP pseudo-bootstrap support values >60% of 100 replications, with an average branch support of 86.2%. The tree was rooted at the midpoint. Our strain is highlighted in pink.


Next, species validation and genomic similarity were assessed through in silico ANI, DDH and TYGS analysis. Our next step was a comparative analysis of 13 reference sequences of Klebsiella species, including 5 clinical isolates of Klebsiella spp. and our K. aerogenes CRKA317. ANI analysis revealed high similarity between K. aerogenes CRKA317 and K. aerogenes (Ka37751; GCA_007632255.1), with a close match of approximately 98.52% (Figure 2B). The genetic relatedness between these two strains was also confirmed with a DDH value of 88.90% (Figure 2C). The TYGS-based results showed that K. aerogenes CRKA317 is most closely related to K. aerogenes KCTC 2190, with dDDH values of 89%, also positioning CKA317 as a K. aerogenes (Figure 2D).



Phylogenomic analysis of Klebsiella aerogenes strains

Next, we determined the genetic similarity between K. aerogenes CRKA317 and 26 genomes of K. aerogenes obtained from the NCBI database. Our findings indicated that our K. aerogenes CRKA317 strain is more closely related to K. aerogenes 57, K. aerogenes CAVI1320, and K. aerogenes EA46506, which are forming a monophyletic clade (Figure 3A). Although the isolation source for the closest strain (K. aerogenes 57) was not specified in the NCBI website, the other two strains were isolated from clinical samples (Figure 3B).
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FIGURE 3
 Phylogenomic analysis of K. aerogenes strains. (A) Phylogenetic tree showing the similarity between CRKA317 and other 26 selected strains of K. aerogenes. (B) Genome Assembly and Annotation report of K. aerogenes strains. Our strain is highlighted in pink.




Comparative genomic analysis of four Klebsiella aerogenes strains

We also conducted a comparative analysis of the predicted gene numbers in three closely related strains of K. aerogenes with our K. aerogenes CRKA317. This allowed us to identify both common genes shared across these strains, as well as those that were unique to each individual strain. Our data showed the four K. aerogenes strains shared 4,242 genes, and K. aerogenes CRKA317 was found to contain 16 strain-specific gene clusters which were associated to metal ion transport including response to cadmium ion, and copper ion transport (Figure 4A). The K. aerogenes CRKA317 showed a higher number of singleton genes (n = 574) compared to other K. aerogenes strains (Figure 4B), including genes associated with resistance such as blaNDM-1, aadA/ant(3”)-Ia, aph(3’)-VI, and qnrS1.
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FIGURE 4
 Comparative genomic analysis. (A) Venn diagram and bar chart showing the numbers of unique and shared orthologous genes present in most closely related strains of K. aerogenes. (B) Number of proteins, clusters and singletons. (C) KEGG pathway classification in core, accessory and unique genomes. (D) Distribution of KEGG pathway classification.


The analysis of KEGG functional distributions in the 4 strains (K. aerogenes 57, K. aerogenes CAVI1320, and K. aerogenes EA46506) showed that the majority of genes were associated with the core genomes (94.16%; n = 2,950), followed by unique genomes (3.16%; n = 99), and accessory genomes (2.7%; n = 84) (Figure 4C). The genes were associated mainly with “metabolism” and were highly abundant in the accessory genome (73.91%; n = 62), followed by the core (69.29%; n = 2047), and unique (59.59%, n = 59) genomes (Figure 4C). Out of the total number of genes linked to human diseases (n = 158), 12.3% were found in the unique gene clusters, while 7.14% were present in accessory gene clusters and 4.73% was assigned to core gene clusters (Figure 4C).

Analysis of the annotations for all core genes revealed that a majority were associated with “carbohydrate metabolism” (15.83%), “overview” (11.2%), and “amino acid metabolism” (10.68%). Within the unique genome, significant proportions of genes were identified as belonging to categories such as “carbohydrate metabolism” (22.22%), “membrane transport” (15.15%), and “overview,” “infectious disease” and “replication and repair” with similar values (7.07%). In the accessory genome, most genes were categorized as “carbohydrate metabolism” (30.95%), “overview” (11.9%) and “membrane transport” (10.7%) (Figure 4D). Notably, we observed the presence of genes related to β-lactam resistance (0.61%, n = 18), vancomycin resistance (0.27%, n = 8), and cationic antimicrobial peptide resistance (1.35%, n = 40) within the core gene clusters specifically linked to drug resistance (Figure 4D).



Resistome of Klebsiella aerogenes CRKA317

Resistome analysis using WGS revealed that K. aerogenes CRKA317 harbored dozens of antibiotic resistance-associated genes, including genes coding for β-lactamases (blaOXA-9, blaTEM-1, blaNDM-1, blaCTX-M-15, blaAmpC-1, blaAmpC-2); aminoglycoside-modifying enzymes [aac(6’)-Ib, aadA/ant(3”)-Ia, aph(3’)-VI], a chloramphenicol acetyltransferase (catA-like chloramphenicol resistance), an erythromycin resistance methylase (ermC), a plasmid-mediated quinolone resistance protein (qnrS1), a sulfonamide resistance enzyme (sul-2), a glutathione transferase (fosA: fosfomycin resistance), PEtN transferases (eptA and eptB: resistance to peptide antibiotic), a glycosyltransferase (arnT: resistance to peptide antibiotic) (Table 2). We also found the bleMBL gene that encodes a bleomycin resistance protein (BRP). Although the majority of resistance genes identified through sequencing were consistent with those detected in whole genome sequencing (Table 1), blaKPC-2 was only detected through Polymerase Chain Reaction-based amplification and sequencing, but not predicted from incomplete genomic sequence of K. aerogenes CRKA317.



TABLE 2 Identification of the antibiotic resistance genes in the genome of K. aerogenes CRKA317.
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A rich repertoire of genes related to efflux-mediated resistance was found in the genome of K. aerogenes CRKA317 (Table 3), including an ATP-binding cassette (ABC) antibiotic efflux pumps (tolC), resistance-nodulation-cell division (RND)-type efflux pumps (oqxA, oqxB, acrA, acrB, acrD, HAE1, EefA, EefB, mdtA, mdtB), major facilitator superfamily membrane transport proteins (mdtH, KdeA, MFS-MMR-like), a multidrug and toxic compound extrusion transporter (MATE) (mdtK) and an outer membrane efflux protein (oprM). In addition, we have identified multiple MDR efflux pump acrAB transcriptional activators/regulators (marR, ramA, soxS), as well as genes that code for porin-associated proteins such as oprD, ompA, ompX, and ompW. The ramA and soxS genes were specifically associated with mobile genetic elements (Figure 5).



TABLE 3 Identification of the genes encoding multidrug efflux, activators/regulators and outer membrane proteins genes in the genome of K. aerogenes CRKA317.
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FIGURE 5
 Mobile genetic elements (MGEs) identified in K. aerogenes CRKA317. Schematic representation of MGEs identified. The orange line represents the DNA strand (contig 4), blue lines represent GIs and black lines (contig 12 and contigs 20 to 24) represent the ICEs. The colored arrows represent the following genes: dark green - conjugation of the ICEs (e.g., contig 12), purple – resistance genes (e.g., contig 28), pink – efflux pumps and their respective activators/regulators (e.g., contig 4). The red (contig 20) and light green triangles (contig 24) represent attL and attR sequences, respectively. The light blue circles represent insertion sequences (e.g., contig 40).


Klebsiella aerogenes CRKA317 presented amino acid substitutions in marR (Ser3Asn), which may play a role in the development of quinolone resistance (Maneewannakul and Levy, 1996). Additionally, we found more two novel mutations in marR (Val96Ile and Gly103Glu), and one novel mutation (Ala12Glu) in the transcription factor of the regulon, soxS (Supplementary Figure S2).



Genomic islands, mobile genetic elements, and prophage

We searched the K. aerogenes CRKA317 genome for the presence of GIs and Mobile Genetic Elements (MGEs). GIs are groups of genes within a bacterial genome that appear to have been obtained through horizontal gene transfer. We found 22 GIs in K. aerogenes CRKA317’s genome, which contained both resistance genes and insertion sequences. It is noteworthy that these antimicrobial resistance genes (blaOXA-9, blaTEM-1, blaNDM-1, bleMBL, blaCTX-M-15, aac(6’)-Ib, aadA/ant(3”)-Ia, aph(3’)-VI, and qnrS1) were located within an island in the contigs of the K. aerogenes CRKA317 genome that did not align with the reference strain K. aerogenes 57 isolate (Supplementary Figure S3). Furthermore, only one resistance gene (blaAmpC) was identified in islands located within the aligned contigs with reference strain K. aerogenes 57.

MGEs consist of a broad array of genomic sequences, such as plasmids, prophages, pathogenicity islands, restriction and modification systems, transposons, and Insertion Sequences (ISs). Our analyses showed that the K. aerogenes CRKA317 genome contained eight families of ISs, two copies of putative integrative and conjugative elements (ICE) with type IV secretion system (T4SS), and eight prophage regions. ISs are mobile repetitive DNA sequences that have the capacity to replicate and relocate within a host genome, playing a role in genetic diversity and regulation of gene expression in prokaryotes (Tempel et al., 2022). Our CRK317 strain contained two copies of MITEEc1 from the IS630 family, albeit only one copy carried genes such as MFS_MMR_MDR-like, acrR, acrA, and acrB (contig 4). The IS110 family presented one copy of IS4321/IS5075 and one copy of ISKpn25 harboring the aac(6’)-Ib, aadA1, blaOXA-9, and blaTEM-1 genes (contig 28). Contig 36 comprised the IS30 family harboring one copy of ISAba125, carrying blaNDM-1 and bleMBL genes and the ISKra4 family presenting one copy of ISKpn19, aph(3’)-VI and qnrS1 genes. The ISEcp1 member of the IS1380 family presented the blaCTX-M-15 gene (contig 40) (Figure 5). The ISRaq1 member of the IS3 family, the ISR1 member of the IS1 family and the IS26 member of the IS6 family did not present any resistance genes.

ICEs are found in the bacterial host chromosome and play a significant role in spreading resistance genes which significantly contribute to the evolution of discrete bacterial strains (Bean et al., 2022). Among the two putative ICEs containing a type IV secretion system (T4SS), contig 12 exhibited elements features of the ICE backbone, including a 16-base pair direct repeat attL sequence (5’-AAGAAGGGGAGTCCTG-3’); various integrases such as virB(s), rve, and phage integrases; T4SSs; T4CP; relaxases; and another 16-base pair direct repeat attrR sequence (5’-AAGAAGGGGAGTCCTG-3’). Additionally, contigs 20-24 contained similar components with a slight variation in the length of its direct repeats, 15 base pairs for both attL and attrR (Table 4). We did not detect CRISPR or Cas genes in K. aerogenes CRKA317 genome.



TABLE 4 The genetic compositions of the MGEs predicted in K. aerogenes CKA317.
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Among the eight prophage regions identified in CRK317, two were completely intact, four were incomplete, and two were classified as uncertain. Similarly, two other phages were observed in the fully intact regions: the first region (43.2 kb in size with 50.3% CG content and 63 CDS) showed similarities to Salmonella phage SEN34 (NC_028699.1), while the second region (54.5 kb in size with 52.32% CG content and 54 CDS) exhibited similarities to Escherichia phage vB_EcoM_ECO1230-10 (NC_027995.1) (Supplementary Figure S4).




Discussion

Klebsiella aerogenes is known as an opportunistic pathogen of patients admitted to the intensive care unit and is frequently associated with multidrug resistance (MDR) (Azevedo et al., 2018). It has been detected in various hospital sources and is known for its ability to adapt to this setting. This study found that K. aerogenes was mainly detected in rectal swabs and urine samples, followed by tracheal aspirate, blood, and catheter tips. Previous studies have highlighted that K. aerogenes is commonly present in human specimens such as urinary, gastrointestinal, respiratory, blood, abscesses, and cutaneous samples (Davin-Regli et al., 2019). Additionally, rectal swabs are employed for active surveillance of asymptomatic carriers. These findings are also consistent with prior studies demonstrating the presence of E. aerogenes in surveillance rectal swabs (Vrioni et al., 2012). But the small number of K. aerogenes isolates is one of the major limitations of this study.

Our study found that all K. aerogenes isolates displayed some level of resistance to the β-lactams tested, including carbapenems, and 50% of K. aerogenes isolates exhibited a MDR profile (Table 1). Carbapenems have traditionally been a preferred treatment for infections caused by MDR Gram-negative strains (Bouza, 2021). Therefore, the emergence of carbapenem-resistant K. aerogenes strains present a new challenge in the treatment of these infections and pose a public health threat worldwide (Kamio and Espinoza, 2022).

The presence of resistance genes was verified using polymerase chain reactions. Out of the 10 isolates, we discovered that two only contained the blaKPC-2 gene and three only contained the blaNDM-1 gene while, interestingly, five strains carried both the blaKPC-2 and blaNDM-1 genes. Previous studies have reported the presence of blaKPC or blaNDM genes in clinical K. aerogenes isolates from various countries (Pulcrano et al., 2016; Franolić et al., 2019; Ma et al., 2020), including Brazil (Bispo Beltrão et al., 2020; Soares et al., 2021). However, our literature review indicated that there has been only one study of K. aerogenes co-harboring both blaKPC and blaNDM genes, which was observed in China (Zhang et al., 2017). Therefore, to the best of our knowledge, this is the first report describing clinical samples of K. aerogenes isolated from Brazil with simultaneous carriage of blaKPC and blaNDM genes. It is noteworthy that we found a significant number of K. aerogenes isolates exhibiting a blaKPC-2 or blaNDM-1 carbapenemase in addition to ESBLs genes, including members of the blaCTX-M-1; blaOXA1, 4, 30; blaTEM; and blaSHVvariants. Our findings are in line with studies that reported the concomitant presence of carbapenemase and ESBLs genes in K. aerogenes strains (Ma et al., 2020; Pan et al., 2021).

Although most of the CRKA strains were susceptible to aminoglycosides (gentamicin and/or amikacin), a high percentage of the isolates were found to contain the aph(3’)-VI gene, a plasmid-encoded aminoglycoside phosphotransferase that confers resistance to amikacin. Studies have shown that Enterobacter aerogenes can carry both aph(3’)-VI and blaKPC (Firmo et al., 2019), and also aph(3’)-VI with blaNDM (Chen et al., 2015). However, to the best of our knowledge, this is the first report of Klebsiella aerogenes concomitant harboring aph(3’)-VI, blaKPC-2, and blaNDM-1 genes, as can be seen in the CRKA315 strain. Most of the CRKA isolates also harbored the aac(6’)-Ib gene, responsible for encoding an aminoglycoside 6’-N-acetyltransferase type Ib, which provides resistance to amikacin (Machuca et al., 2016). Interestingly, amikacin susceptible isolates harboring the aac(6′)-Ib gene have been reported in K. pneumoniae strains (Almaghrabi et al., 2014; Haldorsen et al., 2014; Galani et al., 2019). Despite half of the CRKA strains being susceptible to ciprofloxacin, 80% of the isolates harbored the qnrS (qnrS1 and/or S2) gene. The qnrS genes have been detected in a variety of microorganisms and environments, where they can be located in both the chromosome and in plasmids (Xu et al., 2023). Studies have indicated an association between qnrS1 and a Tn3-like-blaTEM-1-containing transposon, leading to enhanced recombination and insertion effectiveness (Guan et al., 2013). The expression of the qnrS1 gene is enhanced by quinolones, in contrast to certain other qnr genes (Monárrez et al., 2018). QnrS2, associated with quinolone resistance which demonstrates a 92% similarity in amino acid composition with qnrS1, is frequently identified in IncQ, IncU, and ColE-type plasmids as part of a mobile insertion cassette element bracketing inverted repeats but lacking a transposase (Picão et al., 2008; Han et al., 2012; Dobiasova et al., 2016; Wen et al., 2016). Notably, a newly identified surrounding genetic structure of qnrS2 flanked by IS26 elements was observed in E. coli strains from China (Tao et al., 2020). This finding highlights the important role of IS26 in facilitating the horizontal spread of quinolone resistance genes. Therefore, our data suggests that the variance in results between phenotyping and genotyping may be linked to the presence of multiple concurrent resistance mechanisms (Galani et al., 2019). However, we should mention that the incomplete sequencing of K. aerogenes CRKA317 may undermine the confidence level of this speculation.

Efflux pumps are important membrane proteins that play a crucial role as defense mechanisms by actively exporting harmful substances, such as antibiotics, detergents, and heavy metals (Jang, 2023). In our study, all of the isolates studied harbored acrA, encoding a subunit that functions as an adapter protein linked to AcrB, and TolC outer membrane channel proteins. Although we did not identify acrB in our analysis, together these proteins form the AcrAB-TolC stable efflux complex, known to contribute to multidrug resistance in nosocomial pathogens (Chen et al., 2022). These genes have been identified in K. aerogenes clinical isolates and are responsible for expelling various compounds, including antimicrobial agents like quinolones, tetracyclines, and chloramphenicol (Pradel and Pagès, 2002; Masi et al., 2007; Chevalier et al., 2008). Although the expression levels of acrAB and tolC genes were not determined in our K. aerogenes isolates, it was observed that all strains carried both genes which might be involved in the development of MDR carbapenem-resistant profile of K. aerogenes. The mdtK gene encodes an efflux pump that has the ability to expel acriflavine, doxorubicin, norfloxacin, and dipeptides (Hayashi et al., 2010; Andersen et al., 2015). This gene was found in a majority of our CRKA strains. Previous studies have reported the presence of the mdtK gene in K. aerogenes isolated from river sediment (Iyer et al., 2017).

WGS is a valuable tool for identifying and characterizing disease-associated bacteria in clinical settings. Thus, we conducted a comprehensive analysis of the entire genome of K. aerogenes CRKA317 to gain deeper insights into its genomic diversity, and methods of resistance.

The draft genome of K. aerogenes CRKA317 comprised of a single circular chromosome with a length similar to most K. aerogenes genomes in NCBI GenBank and harbored various essential genes for bacterial cellular processes. Additionally, the results of the RAST and eggNOG analyses showed that our K. aerogenes CRKA317 carried genes linked to drug resistance.

Next, we explored the phylogenetic affiliation of K. aerogenes CRKA317. The16S rRNA gene sequence analysis showed that the K. aerogenes CRKA317 was not closely related to K. aerogenes as a specie. Although, 16S rRNA gene is used extensively in bacterial phylogenetics, the limitations of using 16S rRNA gene relatedness to classify bacteria have been extensively documented (Rossi-Tamisier et al., 2015; Thorell et al., 2019; Soares et al., 2023). Therefore, a combination of ANI, dDDH, and TYGS technologies were employed to determine the phylogenetic position of the K. aerogenes CRKA317, which predicted a close phylogenetic relationship with K. aerogenes.

In our investigation of the genetic relationship between K. aerogenes CRKA317 and another 26 K. aerogenes strains, we found three strains (K. aerogenes 57, K. aerogenes CAVI1320, and K. aerogenes EA46506) that were closely related to K. aerogenes CRKA317. When analyzing the distribution of shared gene families among four strains, we found that our K. aerogenes CRKA317 had the highest number of singleton genes compared to its closest three relatives. Some of these singleton genes were related to antibiotic resistance. Singleton genes are typically acquired through horizontal gene transfer (HGT) or mutations in pre-existing genes. These genes are often associated with specific metabolic pathways, virulence, antibiotic resistance mechanisms, or other environmental adaptations (Costa et al., 2020). Furthermore, the KEGG pathway analysis revealed that most of the genes were in the core genome and were related to metabolic pathways. As the analyses were based on small number of K. aerogenes, we cautiously speculated that K. aerogenes might have genomic plasticity, that may contribute to antibiotic resistance and environmental adaptation.

Our comprehensive analysis of the K. aerogenes CRKA317 using WGS confirmed the correlation between the genotype and the phenotype to its antimicrobial resistance. Furthermore, our analysis found a large number of antibiotic resistance-associated genes such as porin and efflux pump-encoding genes giving resistance to both previously tested and untested antibiotics, suggesting a wide-ranging antibiotic resistance profile (Tables 2, 3). AmpC β-lactamases are usually encoded within the chromosome or found as ampC genes on a plasmid. Our K. aerogenes CRKA317 harbored two copies of blaAmpC gene. Several Gram-negative organisms, including E. aerogenes, Enterobacter cloacae, Serratia marcescens, Providencia stuartii, Pseudomonas aeruginosa, Hafnia alvei, and Morganella morganii, have presented AmpC in their genomes (Jacoby, 2009; Ghanavati et al., 2018; Tamma et al., 2019). This enzyme provides resistance against aminopenicillins, cephalosporins, oxyimino-cephalosporins (e.g., ceftriaxone, cefotaxime, and ceftazidime), cephamycins (e.g., cefoxitin and cefotetan), and monobactams (aztreonam) (Jacoby, 2009). The gene sul-2 implicated in sulphonamide resistance due to inducing high levels of dihydropteroate synthase was found in our strain (Teichmann et al., 2014). This gene has been widely studied and its association with sulfamethoxazole resistance has been demonstrated in numerous studies worldwide (Teichmann et al., 2014; Shin et al., 2015), including in an E. aerogenes from Brazil (Grazziotin et al., 2016). The K. aerogenes CRKA317 contained the fosA gene, which is commonly found in the genomes of K. pneumoniae, K. oxytoca, E. cloacae, E. aerogenes, S. marcescens, M. morganii, P. stuartii, and P. aeruginosa. All these species haboring fosA gene presented intrinsic resistance or reduced susceptibility to fosfomycin (Ito et al., 2017). The ermC gene, known for its role in conferring erythromycin resistance in S. aureus and other Staphylococci (Jamrozy et al., 2017) was also detected in the K. aerogenes CRKA317. The K. aerogenes CRKA317 also contained the catA-like gene, responsible for producing a chloramphenicol acetyltransferase that catalyzes chloramphenicol (Huang et al., 2017). This gene is commonly present on transposons and plasmids, and it is widespread among a range of organisms such as Acinetobacter spp., Bacillus methylotrophicus and Chryseobacterium indologenes (Obayiuwana and Ibekwe, 2020; Damas et al., 2022).

We also detected three alterations in amino acids in marA in our K. aerogenes CRKA317 (Ser3Asn, Val96Ile, Gly103Glu) and one in soxS (Ala2Glu). These findings partially corroborate the results of Maneewannakul and Levy (1996), where they identified three mutations in marA (Ser3Asn, Val96Glu, Gly103Ser) leading to resistance to fluoroquinolones in E. coli. Moreover, Aly et al. (2015) demonstrated that a mutation in soxS (Ala12Ser) contributed to resistance against ciprofloxacin, enrofloxacin, chloramphenicol, and doxycycline in E. coli strains. We suggest these same mechanisms gave rise to antimicrobial resistance in our K. aerogenes CRKA317 due to the similar mutations noted.

Additionally, our K. aerogenes CRKA317 presented several MGEs harboring resistance genes (Table 4). MGEs are important tools for acquiring resistance genes through horizontal gene transfer. ISs, for example, are transposable DNA segments that have been previously linked to resistance genes and can be transferred horizontally by plasmids or by bacteriophages (Siguier et al., 2014). The blaOXA-9, blaTEM-1 genes encoding for resistance to β-lactams, and aac(6’)-Ib, aadA1 encoding resistance aminoglycosides were related to an IS110 family transposase (IS4321/IS5075 and ISKpn25 insertion elements). These findings are partially supported by previous studies that have shown ESBL-encoding genes (blaTEM-1B) and genes related to aminoglycoside resistance (aph-Id, aph-Ib) are located near to an IS5075 insert in K. pneumoniae (Pajand et al., 2023). The blaCTX-M-15 gene was in close proximity to ISEcp1, which is a member of the IS1380 family (Poirel et al., 2008), and has been identified as one of several elements responsible for facilitating the transfer of blaCTX-M genes across various species of Enterobacteriaceae (Shawa et al., 2021; Wang et al., 2023). The blaNDM-1 and bleMBL genes (a class B3 β-lactamases with carbapenemase activity) were close to the insertion sequence ISAba125 (IS30 family). Studies have proposed that the ISAba125–bleNDM combination occurred initially in Acinetobacter spp. and later transferred to other Gram-negative bacteria (Castanheira et al., 2023). Additionally, the ISAba125–blaNDM-1–bleMBL combination has been found in a structure referred to as NDM-GE-U.S, first observed in a K. pneumoniae strain from the United States and subsequently detected in various strains worldwide (Hudson et al., 2014; Peirano et al., 2018).

The qnrS1 the aph(3”)-VI genes, were found in close proximity to the ISKpn19 insertion sequence of the ISKra4 family in our isolate. Studies have shown that qnrS1 gene, which confers resistance to ciprofloxacin, is related to ISKpn19 in various bacteria, such as Leclercia adecarboxylata, Salmonella corvallis; K. pneumoniae, E. coli, and S. marcescens (Xu et al., 2020; Chen et al., 2023; Sano et al., 2023; Zheng et al., 2024). The aph(3”)-VI gene, responsible for amikacin modification, was not found to be flanked by the ISKpn19 insertion sequence in our literature review. It is worth noting that K. aerogenes CRKA317 presents a large number of singleton genes, including blaNDM-1, aadA/ant(3”)-Ia, aph(3’)-VI, and qnrS1 and its presence indicates the variability and diversity within the genome of our strain. It is possible that these genes were obtained from other lineages through horizontal gene transfer, leading to the development of new functions, such as resistance to antibiotics. This assumption can be reinforced by the presence of a genomic island that carries most of the resistance genes (blaOXA-9, blaTEM-1, blaNDM-1, bleMBL, blaCTX-M-15, aac(6’)-Ib, aadA/ant(3”)-Ia, aph(3’)-VI, and qnrS1) found in our genome. Genomic islands are distinct regions in the bacterial genome with genes related to each other and often associated with specific functions. These islands are often acquired through horizontal gene transfer events and are associated with the widespread distribution of antimicrobial resistance factors among bacteria (Juhas et al., 2009). The composition of genomic islands is conducive to the acquisition of new antibiotic resistance genes, as they include several MGEs, which facilitate the incorporation of new genes, but also their own transfer, for example, using tRNA genes as recombination sites into the chromosome (da Silva Filho et al., 2018).

Our K. aerogenes CRKA317 displayed many genes of interested linked to antibiotic resistance (Table 3). The ramA, acrR, acrA and acrB genes, and MFS_MMR_MDR-like gene were found to be associated with MITEEc. MITEEc belongs to the IS630 family and was found in an extensively drug-resistant (XDR) Escherichia coli isolate (Jain et al., 2021). RamA belongs to the AraC/XylS protein family and shows a close association with the marA and soxS proteins (Rosenblum et al., 2011). Elevated expression of ramA is associated with the activation of the acrAB efflux pump, which confers multidrug resistance in various bacterial species such as E. aerogenes, K. pneumoniae, and E. cloacae (Chollet et al., 2004; Keeney et al., 2007; Ruzin et al., 2008). The acrR gene regulates the multidrug efflux pump AcrAB-TolC (Subhadra et al., 2018). The MFS_MMR_MDR-like gene is linked to methylenomycin resistance, and the antibiotic Methylenomycin A is produced naturally by Streptomyces coelicolor A3, a model organism for streptomycetes (Bentley et al., 2002; Bowyer et al., 2017). The acrAB-tolC system where the acrAB fusion protein, members of the RND-type efflux family, function with another antibiotic efflux pump, tolC, to pump out various compounds such as SDS, novobiocin, deoxycholate, aminoglycosides, and dianionic β-lactams including carbenicillin, oxacillin, nafcillin, and aztreonam (Guérin et al., 2023). We also found many other RND antibiotic efflux pumps, the first pair being eefA and eefB which are part of the eefABC locus known to encode a tripartite efflux pump that gives rise to resistance to erythromycin and other antibiotics in E. aerogenes (Pradel and Pagès, 2002; Masi et al., 2007). The oqxA and oqxB operon has also been described to increase antibiotic resistance in E. aerogenes, this time to quinolones as they combine to make the oqxAB efflux pump (Wong et al., 2015; Moosavian et al., 2021). The HAE1 family, also contained in our isolate, contains large number of identified RND transporters (Nikaido, 2018). These pumps are commonly found in Gram-negative bacteria, typically existing as trimers, and are involved in the transportation of drugs and other hydrophobic substances (Nikaido, 2018). In addition, we found members of the acrB/acrD/acrF family, specifically acrD, mdtA and mdtB. The mdtABC operon is transcriptionally activated by baeR and leads to the formation of the mdtABC tripartite complex, which provides resistance to novobiocin and deoxycholate in E. coli (Nagakubo et al., 2002). Related to this complex, it was found mdtH and mdtK both of which give rise to proteins that function has multidrug efflux pumps that contribute to resistance against quinolone antibiotics such as norfloxacin and enoxacin in E. coli strains (Nishino and Yamaguchi, 2001; Yu et al., 2020). The final RND antibiotic efflux pump sequenced in our isolate is oprM which is part of MexX-MexY-OprM efflux systems that mediate intrinsic antibiotic resistance to aminoglycosides and erythromycin in bacteria such as P. aeruginosa (Wong et al., 2001), Brevundimonas brasiliensis sp. nov and Burkholderia vietnamiensis (Shinoy et al., 2013; Soares et al., 2023).

We also found putative ICE with T4SS just harboring sul-2 gene, encoding for resistance to sulfonamide, and sox gene, a key component of a central regulatory system present in all Enterobacteriaceae, which detects and reacts to internal chemical stressors like antibiotics (Chubiz, 2023). ICEs are mobile elements integrated into the chromosomes that can be excised and transferred horizontally to other bacteria and, therefore, have been associated with antimicrobial resistance genes (Johnson and Grossman, 2015). Despite this, due to the finding of only one resistance gene in the ICEs studied here (sul-2), we can assume that this structure is not the main source of resistance gene acquisition in K. aerogenes CRKA317.

Genes associated with porins were the second category identified in our isolate (Table 3). Porins belong to a category of transmembrane proteins called omps, which form small channels in the membrane and facilitate the passive movement of hydrophilic compounds. They regulate cellular permeability and can either enhance or reduce resistance to antibiotics. In our strain, we specifically found the outer membrane protein encoding genes oprD, ompC, ompA, ompX and ompW which have been found to have clinical significance. For instance, a reduction or absence of OmpC in clinical E. aerogenes isolates has been linked to a slight increase in imipenem MIC (Lavigne et al., 2012). Meanwhile, overexpressing ompX in E. aerogenes results in elevated resistance to β-lactam antibiotics, possibly due to significant reduction in the Omp36 porin (Hejair et al., 2017). OmpW expression in A. baumannii isolates was found to increase when exposed to ciprofloxacin and decrease when exposed to imipenem (Gurpinar et al., 2022). Conversely, A. baumannii strains with mutations in ompA exhibited reduced permeability for cephalothin/cephaloridine and lower minimum inhibitory concentrations for a range of antibiotics including imipenem, colistin, meropenem, chloramphenicol, aztreonam, and nalidixic acid (Smani et al., 2014; Tsai et al., 2020). Finally, in P. aeruginosa, the porin oprD plays a significant role in the uptake of basic amino acids and carbapenems (Wong et al., 2001).

Other genes of interest included: a superoxide response transcriptional regulator (soxS), a multiple antibiotic resistance transcriptional regulator (marA), and a major facilitator superfamily member (kdeA),

Prophages play a role in the survival mechanisms of their hosts and contribute to the enhancement of genetic diversity within the host genome (Kondo et al., 2021). In our study, we found two intact regions which were associated with the presence of a prophage highly similar to the Salmonella phage SEN34 (National Center for Biotechnology Information reference sequence NC_028699.1), and Escherichia phage vB_EcoM_ECO1230-10 (NC_027995.1). Prophage regions of Salmonella phage SEN34 (NC_028699.1) has been identified in Salmonella salamae (Hounmanou et al., 2022), and Salmonella enterica serovar Paratyphi B (Castellanos et al., 2020) and have been linked to drug resistance.

There are limitations to our study that need to be acknowledged. We encountered difficulties in assembling complete plasmid sequences, primarily due to the short reads generated by high-throughput sequencer. This can result in antimicrobial resistance genes being located on incomplete contigs, leading to uncertainty about whether they are situated on a plasmid or within the chromosome (Orlek et al., 2017; Berbers et al., 2020). Nonetheless, it is important to highlight those studies conducted in China have shown that clinical isolates of carbapenem-resistant K. aerogenes carried blaNDM-1 gene on plasmids of the IncFIIAs type. In another study, Shen et al. (2019) identified a plasmid (p1564) containing genes for plasmid replication (IncA/C repA), antibiotic resistance (blaNDM-1, rmtC, aacA4, bleMBL, blaCMY-6 and sul-1), and conjugation (tra clusters). In K. aerogenes, there is still no consensus on the location of the blaKPC-2 gene in the plasmid, the transposon variants capable of carrying this gene, and which incompatibility (Inc) groups carry the blaKPC gene (Bispo Beltrão et al., 2020). However, a study conducted by Bispo Beltrão et al. (2020) in Brazil has described a non-Tn4401 element (NTEKPC-IId) that carries the blaKPC-2 and aph(3’)-VII genes in IncQ1 plasmids in K. aerogenes. To date, the IncQ1 blaKPC-2-positive plasmids have been found in different strains such as E. coli, K. pneumoniae of CG258, Klebsiella quasipneumoniae, and P. aeruginosa (de Oliveira Santos et al., 2018).

Although K. aerogens has not been reported to carry the plasmids found in our sequencing study, it is important to note genes such as blaKPC and blaNDM are commonly associated with the plasmid fragments found in K. aerogenes CRKA317. Takei et al. (2022) found nine isolates of K. pneumoniae carrying blaNDM-1 and blaCTX-M-15 on the IncFIB (pQil) plasmid and another five isolates carrying blaNDM-1 on the IncC plasmid. Similar data were also observed in the results of Zeng et al. (2022), who identified the blaNDM-1 gene in IncC plasmids from 21 K. pneumoniae isolates. Finally, the fragmented INCFIIK plasmid observed in our genome has already been noted to carry genes such as blaKPC-2, blaCTX-M-15, blaTEM-1 and, less commonly, blaNDM-1 (Chen et al., 2013; Bi et al., 2018). This suggests an emerging mechanism, using Inc. groups, that plays a role in the dissemination of carbapenem resistance in clinically important bacteria.

In conclusion, our current research has uncovered a concerning scenario involving K. aerogenes demonstrating resistance to commonly utilized drugs for treating infections, including those considered as last-resort options for life-threatening infections in ICU patients. Moreover, the presence of mobile genetic elements highlights the alarming potential for the transmission of various resistance genes such as blaNDM-1 and blaKPC-2 within hospital settings to susceptible populations. This scenario poses significant challenges for managing infectious diseases and underscores the necessity of early detection of such genetic features or mutations.

Our study did not involve human genetic material or biological samples. The strains were obtained from the collection of the Central Laboratory of Public Health, a leading diagnostic center in Tocantins, Brazil. This was a retrospective study and epidemiological data were obtained from a database at LACEN-TO in accordance with Resolution 466/12 of the National Health Council (Conselho Nacional de Saúde/Ministério da Saúde, 2012). Informed consent was not required as per Resolution 466/12 regarding research involving humans by the National Health Council. The study received approval from the Committee of Ethics in Human Research at the Federal University of São Carlos (no. 1.088.936), and permissions to conduct it were obtained from the State Department of Health in Tocantins and LACEN/TO.
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16   https://galaxy.pasteur.fr/
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22   https://bioinfo-mml.sjtu.edu.cn/ICEfinder/ICEfinder.html

23   https://crisprcas.i2bc.paris-saclay.fr/CrisprCasFinder/Index

24   https://phaster.ca/
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The worldwide spread of Pseudomonas aeruginosa, especially carbapenem-resistant P. aeruginosa (CRPA), poses a serious threat to global public health. In this research, we collected and studied the clinical prevalence, molecular epidemiology, and resistance mechanisms of CRPA in Fujian, China. Among 167 non-duplicated P. aeruginosa isolates collected during 2019–2021, strains from respiratory specimens and wound secretions of older males in the intensive care unit dominated. Ninety-eight isolates (58.7 %) were resistant to at least one tested antibiotic, among which 70 strains were carbapenem-resistant. Moleclar typing of the CRPA isolates revealed they were highly divergent, belonging to 46 different sequence types. It is noteworthy that two previously reported high risk clones, ST1971 specific to China and the globally prevalent ST357, were found. Several carbapenem resistance-related characteristics were also explored in 70 CRPA isolates. Firstly, carbapenemase was phenotypically positive in 22.9 % of CRPA, genetically predominant by metallo-β-lactamase (MBL) and co-carrige of different carbapenemase genes. Then, mutations of the carbapenem-specific porins oprD and opdP were commonly observed, with frequencies of 97.1% and 100.0%, respectively. Furthermore, the biofilm formation and relative transcription levels of 8 multidrug efflux pump genes were also found to be increased in 48.6 % and 72.9 % of CRPA isolates compared to the reference strain PAO1. These findings will help fill the data gaps in molecular characteristics of CRPA on the southeastern coast of China and emphasize the urgent need for data-based specific stewardship for antipseudomonal practices to prevent the dissemination of CRPA.
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Introduction

Pseudomonas aeruginosa (PA) is widely distributed and is considered as one of the most common opportunistic pathogens responsible for hospital-acquired infections (HAIs) (Qin et al., 2022). In recent years, the emerging and worldwide spread of multidrug-resistant (MDR)/extensively drug-resistant (XDR) ‘high-risk clones', especially carbapenem-resistant P. aeruginosa (CRPA), have further worsened patient outcomes for nosocomial infections of this pathogen (Karruli et al., 2023).

CRPA has been ranked by the World Health Organization (WHO) as a pathogen of highest priority in the “critical” category, urgently requiring novel antibiotics in clinical settings [World Health Organization (WHO) (2017)]. The global increase in CRPA incidence is particularly concerning due to the lack of effective treatment alternative. Various mechanisms, alone or combined, including mutation leading to an impermeable outer membrane (Atrissi et al., 2021), production of carbapenemase (Tenover et al., 2022), overexpression of efflux systems (Kao et al., 2016), and formation of biofilm (Ma et al., 2023), have been reported to be commonly found in CRPA. Among them, the carbapenemase-mediated mechanism is an increasing contributor of significant concern worldwide (Wang et al., 2021; Tenover et al., 2022). Firstly, the emergence of carbapenemase greatly weakens the efficacy of both commonly used antipseudomonal agents and newly introduced β-lactam/β-lactamase inhibitor combinations (Canton et al., 2022; Tenover et al., 2022). Furthermore, the carbapenem-resistant determinants in these organisms are usually carried by mobile genetic elements and frequently harbor additional resistance determinants (Yoon and Jeong, 2021). Thus, they not only greatly limit the choice of anti-infective strategies but also enhance the dissemination risk of resistant clones.

However, the carbapenemase enzymogram present in P. aeruginosa varies widely by region, including the Ambler Class A β-lactamases, metallo-β-lactamases (MBL), and the Class D enzymes (Hammoudi Halat and Ayoub Moubareck, 2022). Rapid confirmation and differentiation among the various classes of carbapenemases are crucial for initiating early and effective therapy. Local surveillance and prompt profiling of the predominant carbapenemase phenotype and genotype will facilitate data-driven precise therapeutic decisions and thus positive outcomes. In this paper, we analyze the clinical prevalence, molecular epidemiology and carbapenem resistance-ralated characteristics of clinical P. aeruginosa, particularly CRPA isolates, collected over three consecutive years in a representative hospital in Xiamen, Fujian, in southeast China. This study aims to enhance our understanding of their prevalence and thus facilitate developing effective control strategies.



Materials and methods


Bacterial isolates

A total of 167 non-duplicate (one strain maximum per patient) clinical isolates of P. aeruginosa were collected at the First Affiliated Hospital of Xiamen University from April 2019 to June 2021. Strains were isolated from various clinical specimens and identified using MALDI-TOF MS (Bruker Daltonics, Germany). P. aeruginosa PAO1 (Grace et al., 2022) was used as a reference strain in porin mutation analysis, quantification of biofilm production and relative transcription of efflux pump genes.



Antimicrobial susceptibility test of all collected isolates

The minimum inhibitory concentrations (MICs) of 167 clinical PA isolates against 13 antibacterial drugs from 7 different categories were determined using the broth microdilution method following the guidelines of the Clinical and Laboratory Standards Institute (CLSI), with P. aeruginosa ATCC 27853 as the quality control strain [Clinical and Laboratory Standards Institute (CLSI), 2022]. The antimicrobials tested included aminoglycosides (amikacin/AMK, gentamicin/GEN, and tobramycin/TOB), cephalosporins (ceftazidime/CAZ and cefepime/FEP), carbapenems (imipenem/IMP and meropenem/MEM), quinolones (ciprofloxacin/CIP and levofloxacin/LVX), β-lactams/β-lactamase inhibitors (piperacillin/tazobactam/TZP and ticarcillin/clavulanic acid/TCC), monobactam (aztreonam/ATM), and penicillin (piperacillin/PIP). MDR isolates were defined as those resistant to at least one agent in three or more antimicrobial categories (Magiorakos et al., 2012). The CRPA isolates were defined as strains resistant to either imipenem or meropenem, or both, with a MIC value of ≥8 μg/mL.



Multilocus sequence typing (MLST) of CRPA

MLST analysis of 70 CRPA isolates was performed as described in the PubMLST database of P. aeruginosa (Jolley et al., 2018) through polymerase chain reaction (PCR) amplification and sequencing of seven housekeeping genes (acsA, aroE, guaA, mutL, nuoD, ppsA, and trpE). Gene sequences were then submitted to query the PubMLST database (http://pubmlst.org/paeruginosa/) to determine the allelic numbers and sequence types (STs). The types that could not match any known types were submitted to obtain new STs. A minimum spanning tree (MST) was inferred using the goeBURST algorithm (http://www.phyloviz.net/) (Ribeiro-Gonçalves et al., 2016) based on the MLST allelic profiles. A clonal complex (CC) is defined as containing at least two STs sharing any six out of the seven alleles.



Carbapenem resistance mechanisms of CRPA
 
Phenotypic and genotypic carbapenemase testing of CRPA

Testing and interpreting of phenotypic carbapenemase in 70 CRPA isolates were performed by modified carbapenem inactivation method (mCIM) per CLSI standard [Clinical and Laboratory Standards Institute (CLSI), 2022]. Routine quality control was conducted with each mCIM run with carbapenemase-positive Klebsiella pneumoniae ATCC BAA-1705 and carbapenemase-negative K. pneumoniae ATCC BAA-1706. Additionally, meropenem disks incubated in tryptic soy broth (TSB) with no microbial inocula for 4 h at 37°C were also applied to the Escherichia coli ATCC 25922 lawn. Zones were evaluated after overnight incubation to ensure they fell within CLSI quality control ranges.

All mCIM positive isolates were then assessed for the presence of carbapenemase genes through PCR. Nine carbapenemase genes, including blaKPC, blaGES, blaIMP, blaNDM, blaVIM, blaOXA − 23 − like, blaOXA − 24 − like, blaOXA − 48 − like and blaOXA − 58 − like, were amplified using the primers presented in Table 1. The positive amplification products were sequenced and compared with those available in the GenBank database (www.ncbi.nil.gov/BLAST) to identify specific variant.


TABLE 1 Primers used in this study.
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Analysis of oprD and opdP mutations in CRPA

The full-length oprD and opdP genes from each CRPA isolate were amplified and sequenced using the primers listed in Table 1. DNA sequences and protein transcripts were compared with the corresponding sequences from the reference strain PAO1 (accession number NC_002516) using MEGA11 to dentify mutations (Tamura et al., 2021).



qRT-PCR assay for transcriptional levels of multidrug efflux pump genes in CRPA

To evaluate the correlation of multidrug efflux system with carbapenem resistance, the relative transcriptional levels of 8 Mex transporter genes (Table 1) in all 70 CRPA isolates were determined against PAO1 using qRT-PCR. Total RNA of these strains was extracted and purified using the RNAsimple Total RNA Kit (Tiangen Biotech, Beijing, China) according to the manufacturer's instructions. The cDNA was synthesized using the Hifair® V one-step RT-gDNA digestion SuperMix for qPCR (Yeasen, Shanghai, China). qRT-PCR was performed on the QuantStudio 5 real-time PCR system (Applied Biosystems) with SYBR Green Master Mix (Yeasen, Shanghai, China). The housekeeping gene rspL was used for normalization of the expression levels of the target genes. Each test was performed in triplicates and the results were analyzed by the QuantStudio Design & Analysis Software 2.6.0.



Assay for biofilm formation of CRPA

The biofilm formed by 70 CRPA isolates was quantified using microtiter plate assay (Haney et al., 2021). Briefly, the isolates were grown overnight in LB at 37°C and then adjusted to an OD600 = 0.1. Twenty microliters of each culture were inoculated to 180 μL LB in 96-well plates, and incubated at 37°C in a static incubator for 24h. Eight replicates were tested for each isolates and negative control wells contained LB only. After measuring the OD600 to evaluate planktonic growth, the bacteria were discarded and each well was washed three times with 250 μL PBS, dried for 30 min at room temperature, and then stained with 250 μL of 0.1 % crystal violet for 40 min. After rinsing off excess stains by washing three times with PBS, the plate was dried for another 30 min. The biofilm was resuspended with 260 μL of 95 % ethanol and quantified at 590 nm using a SpectraMax_i3X microplate spectrophotometer (Molecular Devices, Austria).




Statistical analysis

Data were analyzed with the GraphPad Prism analysis package. The antimicrobial rates of PA in different groups was compared using Pearson's chi-square test. One-way ANOVA (Analysis of Variance) analysis with Holm-Sidak comparison test was used to determine statistical differences of biofilm formation and relative transcription level of efflux genes between groups. A Spearman correlation test was performed to analyze the association of carbapenem resistance (indicated with MIC values) with possible mechanisms (i.e., carbapenemase production, porin mutation, relative transcription of multidrug pump genes and biofilm yield). P < 0.05 was considered statistically significant.

Moreover, an overall flowchart of the research (Supplementary Figure S1) was presented.




Results


Clinical prevalence of all collected P. aeruginosa isolates
 
Isolation sources, specimen types, and demographics of patients

A total of 167 non-duplicate PA isolates were collected from samples across 26 different clinical departments (Table 2). They were most commonly isolated from the intensive care unit (ICU) followed by the geriatric medicine department. Varying numbers (n = 1–11) of PA strains were also isolated in departments such as orthopedics, hepatobiliary and pancreatic vascular surgery, hematology, and so on.


TABLE 2 The prevalent characteristics of clinical Pseudomonas aeruginosa (PA) isolates.
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The respiratory samples and wound secretions represented as the most common specimen. Puncture fluids and blood were also frequently encountered, with more than 20 isolates collected each. The remaining 28 PA strains were isolated from various sources such as urine, gastrointestinal tract samples, etc., varying from 0.6 % to 6.6 %.

These strains were recovered from patients aged 1 to 94 years old. The median age of the patients was 82 years, with patients over 60 years old accounting for 59.9 % (n = 100). As for patient gender, male was overwhelmingly higher than female (Table 2).



Antimicrobial susceptibility of all collected PA isolates

Overall, 58.7 % (n = 98) of the 167 clinical PA isolates were resistant to at least one tested drug. The resistant ratio of PA to the 13 tested antibiotics differed significantly from each other (P < 0.01), regardless of within a specific year or totally (Table 3). Among them, the highest resistant rates were found for PA against the TCC, IMP, LVX and MEM, reaching 41.9 %, 38.3 %, 35.3 % and 34.1 %, respectively. Tested PA strains were most sensitive to AMK and TOB, with fewer than 10 out of 167 strains found to be resistant. For antibacterial drugs other than the 6 types mentioned above, the resistant rate of PA strains ranged from 6.6 % to 26.9 %. The resistant rates of PA to PIP, ATM, IMP, MEM, CIP, and LVX varied significantly from year to year, whereas the resistant rates to the other 7 antibiotics remained relatively stable. However, there was no overall trend of change over the years, but a relatively high drug resistant rate was found in 2020. More isolates and longer duration of collection are needed for further confirmation of such trend.


TABLE 3 Number of resistant isolates within clinical P. aeruginosa isolates.
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It was particularly noteworthy that PA had developed a high level of resistance against carbapenems, one of the last resorts for effective treating of MDR gram-negative bacteria. Totally, 70 isolates were found to be resistant to imipenem and/or meropenem, accounting for 41.9 % of the tested strains. Among them, 51 were resistant to both carbapenems while 13 and 6 exhibited resistance against only IMP or MEM. Furthermore, compared to carbapenem-nonresistant PA (CNPA), the resistant rates to antibiotics other than TZP and TOB were significantly higher (P < 0.05) in CRPA (Table 3).

The combined use of β-lactamase inhibitor tazobactam, with PIP significantly enhanced its inhibitory effect against PA, leading to a decrease in the overall resistant rate from 21.0 % to 6.6 %. In contrast, another tested complex TCC with clavulanic acid as an inhibitor has no such effect. Seventy out of 167 isolates were found to be resistant to TCC. The proportion of strains with a MIC value over 128 μg/mL to ticarcillin (β-Lactam in TCC complex) was 46.7 % (n = 78), which was not significantly higher than that of TCC-resistant PA (with MIC value ≥128/2 μg/mL).

Compared with isolates collected from other clinical specimens, PA isolates from the respiratory tract (n = 43) and urine (n = 11) exhibited a higher resistant rate to the majority of the tested antibiotics (Figure 1). The proportion of resistant strains in these two sample types exceeded 80.0 %, which is significantly higher than strains from wound secretions, puncture fluids and blood. On contrary, strains collected from blood are highly sensitive to most tested drugs. Twenty-three blood isolates were fully sensitive to AMK, GEN, TOB and TZP while their resistant rates to the remaining 9 drugs were all below 20.0 %, except for TCC (26.1 %).
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FIGURE 1
 Comparison of resistant rates of P. aeruginosa isolated from different clinical specimens. *(P < 0.05), **(P < 0.01) and ***(P < 0.001) denoted statistical difference of resistant rate between PA strains of respiratory sources and those from other sources determined by chi-square test.


Ninety-eight resistant strains were distributed among 44 different resistotypes (Supplementary Table S1). Among them, 13 isolates were resistant to antimicrobial in one category, with 9 being carbapenem-resistant. Within the 23 isolates resistant to two types of antibiotic, there were 7 different resistotypes. The most common combinations were co-resistance to carbapenem with TCC or quinolone, and quinolone with TCC. An overwhelming majority (62 out of 98) of the resistant isolates were MDR. They were dispersed diversely into 34 different resistotypes, with co-resistance to quinolone-carbapenem- β-Lactam/β-Lactamase inhibitor-monolactam being the most common (n = 10). One isolate recovered from ascites of an 85 year old male patient in geriatric medicine department was found to resist against all 7 tested antimicrobial categories.




Molecular epidemiology and phylogenetic relationship of CRPA isolates

High clonal diversity was revealed among 70 CRPA isolates, with 34 known sequence types (STs) identified among 56 isolates, while 12 new STs were found for 14 other isolates. ST553 was the most common ST with 6 strains identified. There are three strains in each of the five types: ST162, ST485, ST1437, ST2330, and ST3306. Out of the remaining 40 ST types, 9 types contain two strains, and 31 types only contain one isolate. The dominant ST types varied depending on the year of collection and sample types. Compared to the following 2 years, the isolates collected in 2019 were relatively diverse (Figure 2A). Among various sample sources, the PA isolates from respiratory samples exhibited the highest diversity in STs harboring more than 2 strains (Figure 2B). This result indicated that P. aeruginosa isolated from samples such as sputum and bronchoalveolar lavage fluid (BALF) were more diverse than those isolated from other samples. It was noteworthy that two previously reported high-risk STs, the regionally specific ST1971 (Zhao et al., 2023c) and the globally prevalent ST357 (Del Barrio-Tofiño et al., 2020), were found. They each only have one isolate collected from sputum and BALF, respectively.
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FIGURE 2
 Distribution and relationship analysis of sequence types (STs) of 70 CRPA isolates. (A) Distribution of STs over different years. (B) Distribution of STs within various samples. Green, red, yellow and blue in (A, B) denoted STs with 6, 3, 2 and 1 isolates, respectively. (C) Minimum spanning tree created by PHYLOViZ Online (https://online.phyloviz.net/index). Each solid circle represented one ST and colors were assigned to nodes per sample sources. The circle size was related to the number of strains within this ST. The numbers on the lines connecting each node indicated the genetic distance between the two adjacent ST types.


The BURST analysis (https://pubmlst.org) revealed 4 CCs within the tested CRPA isolates. While the largest CC contained only 4 STs (ST1601, ST319, ST2944, and ST3949) with 5 strains, the remaining 3 CCs included only 2 STs. Out of a total of 46 ST types, thirty-six were found to be singletons. As showed in the MLST-based MST, four main groups were clustered, with most isolates from the respiratory specimen grouped in the center with a new ST (ST3954) (Figure 2C). Other CRPA isolates were relatively sporadically distributed and had distant genetic relationships.

Furthermore, no specific ST type was found to be associated with any particular resistance profile. Compared to other CRPA isolates, strains of ST485 were found to be more resistant against cephalosporins and aminoglycosides (Figure 3). However, it contained only 3 isolates in this study. Further investigation with more clinical isolates is needed to confirm this correlation.
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FIGURE 3
 Antimicrobial susceptibility of CRPA strains belonging to the top six sequence types (STs). *(P < 0.05) and ***(P < 0.001) indicated statistical differences determined by chi-square test.




Carbapenem resistance mechanisms of CRPA isolates
 
Carbapenemase production by CRPA isolates

Using the mCIM, a total of 16 carbapenemase-positive isolates were identified from 70 CRPA strains, accounting for 22.9 %. As presented in Table 4, the specimen types and genetic distribution of such isolates were highly diverse. No correlation of carbapenem production with specific specimen type or ST could be found.


TABLE 4 Characteristics of 16 carbapenemase-positive CRPA isolates.
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Six out of the 16 strains exhibited strong enzyme activity comparable to that of the positive control strain K. pneumoniae ATCC BAA-1705. The meropenem disc treated with these CRPA strains showed little to no inhibitory effect against the carbapenem-susceptible indicator E. coli ATCC 25922 (Table 4). The enzyme activity of the remaining 10 strains was relatively weak, as indicated by an inhibitory diameter ranging from 11.3 to 14.7 mm. From the perspective of drug resistance spectrum, 13 out of 16 carbapenemase-producing CRPA (CP-CRPA) strains were resistant to both tested carbapenems, accounting for 81.3 %.

Through PCR screening, 16 CP-CRPA isolates were revealed to carry diverse carbapenemase genes (Table 4). MBL-encoding genes were the most widespread, with blaIMP and blaVIM detected in 12 (75.0 %) and 10 (62.5 %) isolates, respectively. However, blaNDM is far less prevalent, being positive in only 3 out of 16 isolates. As for A-type carbapenemases, blaKPC was detected in 6 isolates, while no blaGES was amplified. D-type carbapenemases were the least common, with only 1 isolate carrying the blaOXA − 23 gene. Overall, 9 different carbapenemase gene profiles were found. Except for 5 isolates harboring a single blaIMP (n = 4) or blaVIM (n = 1) gene, most strains (68.8 %) were found to simultaneously carry two or more different carbapenemase genes. It was noteworthy that 6 isolates co-harbored MBLs along with class A (KPC-2) and/or class D (OXA-23-like) carbapenemases. Sequence analysis revealed that each identified gene encoded a distinct carbapenemase variant, such as IMP-9, NDM-1, VIM-2, and KPC-2.

Spearman correlation test revealed no significant (P > 0.05) association of carbapenemase activity (indicated by inhibitory zone diameter) with carbapenem resistance levels (indicated by MIC values of IMP or MEM) of CP-CRPA isolates. This may be due to the fact that different mechanisms interplayed with each, but not worked singularly, to determine the antibiotic phenotypes. For example, when blaIMP − 9 was first described, it seemed that MEM was consistently more active than IMP against blaIMP − 9-harboring strains (Xiong et al., 2006). However, the blaIMP − 9-carring isolate No. 6 in this study was found to be more resistant to MEM rather than IMP (Table 4). Other resistance mechanisms such as efflux overexpression by nearly 5 folds or OprD and OpdP mutation might also work there.



Mutation of carbapenem-specific porins OprD and OpdP in CRPA isolates

Sixty-eight out of 70 CRPA isolates showed at least one change in oprD. Forty-three isolates (61.4 %) were found to harbor truncated OprD proteins varying in length from 5 amino acids (aa) to 435aa instead of the intact 443aa. Among them, a frameshift mutation caused by the deletion or insertion of 1~26 bp nucleotides were most commonly found (n = 26). Premature stop codons created by point mutations were detected in 13 other isolates, with G831A leading to a truncated 276aa protein being most common (n = 7). Furthermore, the other 4 isolates simultaneously contained both forms of the mutation. For the remaining 27 isolates, 24 contained amino acid substitutions, 2 remained intact, and 1 was tested negative by PCR amplification, possibly due to a more severe mutation or complete deletion. Amino acid substitutions of T103S and F170L, located in loop 2 (L2) and loop 3 (L3) of the OprD topology, were most frequently found (8 out of 24). L2 and L3 in the OprD protein have been revealed to contain entrance and/or binding sites for imipenem (Ochs et al., 2000). Therefore, any mutations within these two regions could cause conformational changes and thus carbapenem resistance.

In contrast to OprD, the inactivated premature mutation in OpdP was less frequently encountered. Only 7 out of 70 CRPA strains contained premature OpdP due to the insertion or deletion of 1-2 nucleotides, resulting in truncated OprP with only 6aa or 336aa rather than 484aa. All other CRPA-sourced OpdP proteins were found to contain 15-21aa substitutions or a completely different sequence after amino acid 307. Among them, 11 kinds of amino acid mutations (N4Y, S9G, L17M, A19S, S20A, N31T, A34T, E42Q, A50E, T60S, and V63F) located within the first 63 amino acids were identified in the OpdP of all 63 isolates.



Biofilm formation by CRPA isolates

By conducting a one-way ANOVA, it was found that the biofilm developed by individual isolates significantly differed from each other (P < 0.0001). Among the 70 clinical CRPA strains assessed, 34 (48.6 %) and 14 (20.0 %) were found to exhibit significantly higher or statistically equivalent biofilm-forming capabilities compared to PAO1 (Figure 4A).
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FIGURE 4
 Comparison of biofilm formation by clinical CRPA isolates collected from various anatomical sites (A) or belonging to different MLST types (B). Data points represented the average biofilm biomass of individual isolates as determined by the microtiter plate assay. Line bar represented the median biofilm biomass for each group. Only ST types with more than three individual strains were used for the comparison. One-way ANOVA analysis with the Holm-Sidak comparison test was used to determine statistical differences between groups. A dashed line represents the biofilm biomass formed by PAO1.


The median biofilm biomass (indicated by OD590) of P. aeruginosa strains from seven specimen types varied from 1.4 to 2.7. Except for isolates from urine and gastrointestinal specimens, which showed lower biofilm formation compared to PAO1, those from the other five sources exhibited a higher median level of biofilm formation. However, there were no statistically significant differences in biofilm formation ability among strains from different sources (P > 0.05).

ST types with more than three isolates were further assessed to determine the relationship between biofilm formation and specific ST. As shown in Figure 4B, clinical isolates from ST2330 and ST3306 exhibited a slightly higher, yet statistically insignificant, capacity for biofilm formation compared to the other four STs, as indicated by the median OD590 levels after crystal violet staining of the biofilms. Moreover, correlation analysis showed that the different ST types also did not have a significant impact on bacterial biofilm formation ability (P > 0.05).



Relative efflux pump gene transcript levels of CRPA isolates

Compared to PAO1, 72.9 % of CRPA isolates (51 out of 70) had higher general Mex (MexA~MexY) transcription levels, with median relative transcription level ranging from 1.1 to 149.2. For the other 19 isolates with lower Mex levels, the relative transcription level was 0.1~1.0 of that from PAO1. Therefore, most of the clinical CRPA isolates exhibited higher transcript levels of efflux pump genes compared to the control strain. One-way ANOVA analysis revealed that the total transcription level of the 8 tested Mex genes varied significantly among different isolates. However, no significant correlation (P < 0.05) was found between their overall transcriptional level and the sources of isolation.

Among strains from various isolation sources, significant differences in relative transcription levels of specific Mex gene were observed only among the respiratory, urine, and blood samples of the MexA gene compared to the “others” group. In contrast, the transcription levels of the other seven genes were not significantly associated with the sample sources (Figure 5). Among them, only the median relative transcriptional levels of the MexA gene of PA isolates in all specimen types exceeded that of PAO1, while those of the MexD gene are lower than PAO1 in all types of samples except for those from urine. Regarding the overall transcriptional levels of each gene in 70 CRPA strains, apart from MexD, the transcriptional levels of all other genes were increased to varying degrees (1.1 to 2.9-fold) compared to PAO1.
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FIGURE 5
 Relative transcription levels of MexA~MexY of CRPA isolates compared to PAO1. (A–H) MexA, MexB, MexC, MexD, MexE, MexF, MexX and MexY, respectively. The figure legends were the same as those of (A). Data points represented the average transcription level of each gene from individual isolate compared to PAO1. Line bar represented the median transcription level for each group. One-way ANOVA analysis with Holm-Sidak comparison test was used to determine statistical differences between groups. *(P < 0.05) and **(P < 0.01) inidcated significant differences between the two groups as determined by chi-square test.




Relationship of carbapenem resistance levels with the resistance-related mechanisms tested

No significant (P > 0.05) associations was found between carbapenem resistance levels (MIC values of CRPA against IMP or MEM) with any singular factor tested (i.e. carbapenemase activity or genotype, OprD or OpdP mutations, relative transcription of mex genes and biofilm production).





Discussion

P. aeruginosa is one of the most common opportunistic pathogens in nosocomial infections, posing a significant threat to immunocompromised and ICU patients, with very high morbidity and mortality rates (Botelho et al., 2019; Behzadi et al., 2022a). In this study, we analyzed the clinical prevalence, epidemiology and carbapenem resistance mechanisms of 167 P. aeruginosa isolates collected from a tertiary hospital in southeast China between 2019 and 2021. It was found that respiratory and wound secretion samples were the primary specimen of isolation, while elderly male patients in the ICU and geriatric health units were the most common hosts. Nearly 60 % of the strains showed resistance to at least one antibiotic commonly used for treating P. aeruginosa, with 44 different resistotypes. The carbapenem-resistant isolates accounted for an alarmingly high rate of 41.9 % and were dispersed among 46 sequence types. A high proportion of porin mutation, together with elevated multidrug efflux pump gene transcription and biofilm production were found in CRPA isolates, while 22.9 % (n = 16) of them were carbapenemase-positive.

In this study, respiratory specimens were the most common sample where clinical PA isolates, especially CRPA, were recovered. Similar results were obtained not only from global cohort studies (Gill et al., 2022; Reyes et al., 2023), but also from specific national or regional research (Del Barrio-Tofiño et al., 2019; Folic et al., 2021; Zhao et al., 2023b; Bai et al., 2024). These facts showed that the respiratory system was the most common site of P. aeruginosa infection, making it a serious threat for hospital-acquired pneumonia. In terms of the demographics of the patients, elderly males in ICU or geriatric health units were found to be significantly more prevalent than other populations. The same epidemiological characteristics were also identified in other studies from Japan (Kainuma et al., 2018), the USA (Dunphy et al., 2021), China (Fan et al., 2016; Bai et al., 2024), and multi-center, multinational data (Gill et al., 2021; Reyes et al., 2023). The high incidence rate of male patients may be associated with the underlying lung diseases caused by their higher smoking rates compared to women.

The clinical PA isolates we collected exhibited a high resistant rate to various anti-pseudomonal drugs. The top 5 drugs with the highest resistant rates were TCC, IMP, LVX, MEM and ATM. The trend was consistent with the latest data reported by the China National Monitoring Network (CHINET) (available at http://www.chinets.com/Data/AntibioticDrugFast). The relatively higher resistant ratio of P. aeruginosa from respiratory specimen found in this work had also been documented in a nationwide study in Spain (Del Barrio-Tofiño et al., 2019) and a multidimensional surveillance in the USA (Dunphy et al., 2021). Through the collection of the 10 most commonly prescribed antimicrobials prior to PA isolation from each source, a strong association was found between specific antimicrobial resistance and the history of prescribing antipseudomonal medications in the latter study.

The CRPA ratio identified in this study was comparable to previous findings from a burn center in southwestern China (Yin et al., 2018) and a general hospital in Zhejiang (Hu et al., 2021), but twice of that from a hospital in southeastern Shanxi (Bai et al., 2024). However, the counterpart was reported to be alarmingly high (over 90 %) for 212 PA strains collected from Guangdong (Zhao et al., 2023a). Differences in carbapenem resistance were also notable within European Union (EU) member states, ranging from 2.4 % to 59.3 % in different countries (European Centre for Disease Prevention Control, 2023). Such differences may be attributed to variations in antimicrobial treatment strategies and methods for evaluating in vitro drug sensitivity among hospitals in different regions. Nationally, a resistant rate of 23.0 % (Zeng et al., 2023) was reported in China, equivalent to that reported in EU (European Centre for Disease Prevention Control, 2023) and United States (Tenover et al., 2022). Furthermore, we also found the CRPA isolates had a significantly higher resistant rate against various other antibiotics compared to the CNPA in this study. This may be due to the fact that carbapenem-resistant gram-negative bacteria usually carry resistance determinants to other drugs, thus limiting treatment options for their infections (Jean et al., 2022).

MLST is a crucial epidemiological typing method based on the sequences of seven different housekeeping genes. It has been widely utilized in studies on the evolution and population diversity of P. aeruginosa isolates (Castañeda-Montes et al., 2018). The high genetic heterogeneity of CRPA strains found in this research had also been reported in multiple regional (Hu et al., 2021; Zhao et al., 2023a,b; Bai et al., 2024) and national (Fan et al., 2016) studies in China. In addition, a similar phenomenon was found in an international collaborative study that involved strains from multiple countries (Reyes et al., 2023; Zhao et al., 2023c). The high genetic diversity and varied resistance patterns revealed among P. aeruginosa isolates collected in this study indicate that the clonal dissemination of this bacterium is low in this region. Contrastly, a nationwide survey in Spain reported a convergent relationship within1445 clinical PA isolates, with over 50 % of the strains being attributed to the top two most prevalent types (Del Barrio-Tofiño et al., 2019). Moreover, among the 46 STs revealed for 70 CRPA isolates in this study, two previously reported high-risk clones (HiRiCs), the global prevalent ST357 (Del Barrio-Tofiño et al., 2020) and China-specific ST1971 (Zhao et al., 2023b), were found. ST357 is an exoU+ T3SS genotype that appears to be particularly common in Asia, but has also been reported in Europe and South America (Kainuma et al., 2018). The multidrug-resistant and highly virulent clone ST1971 has only been identified in China and defined as a regional epidemic risk type for nosocomial healthcare (Zhao et al., 2023c). This is the first report of ST1971 in Fujian, which is geographically close to previously reported collection locations Guangxi and Guangdong.

Carbapenem-resistant P. aeruginosa poses a serious threat to public health due to the limited alternatives for antimicrobial therapy and high mortality rates (Mancuso et al., 2023). Carbapenemase production is thought to be a relatively uncommon but increasingly significant cause of carbapenem resistance in P. aeruginosa (Wang et al., 2021; Tenover et al., 2022). It had been revealed that the prevalence and carbapenemase enzymogram carried by CRPA varied widely across geographical regions. In our study, 22.9 % CRPA isolates were found to produce carbapenemase, genetically dominated by MBL. The proportion is higher than those reported from other researches in China. The carbapenemase gene-positive ratio in CRPA strains collected in Guangdong is 12.7 % (54/416), with blaIMP − 45 and blaCARB − 3 being the most prevalent (Zhao et al., 2023b). Only two out of the 57 CRPA collected in Shanxi, China carried the acquired carbapenemase genes, being blaIMP − 1- or blaIMP − 10− and blaOXA − 10-positive, respectively (Bai et al., 2024). A national surveillance in China found 9.8 % of 182 IMP-insusceptible PA isolates carried KPC or IMP carbapenemases (Zhu et al., 2023). This was comparable to the data reported by Fan et al. (2016), in which 19 out of 254 (8.2 %) CRPA isolates collected nationally carried acquired carbapenemase genes. Similarly to our finding, IMP-9 was found to be most prevalent in this study, followed by VIM-2, IMP-1, IPM-10 and KPC-2. However, a high ratio of 32% (54 out of 171) were identified as CP-CRPA genetically for PA isolates collected from Zhejiang, Beijing, Shanghai, and Sichuan of China in a global cohort study (Reyes et al., 2023). KPC-2 (74.1 %) and VIM-2 (11.1 %) were most commonly found there. Globally, carbapenemase genes were detected in 22 % of 972 CRPA isolates, with 19% having a single carbapenemase gene and 3 % having two (Reyes et al., 2023). The prevalence of carbapenemase-positive CRPA (CP-CRPA) was lowest in the USA (2 %) and varied from 30 % to 69 % in other regions. According to another study on the global collection of CRPA with no Chinese isolates included, 33 % of the strains tested were positive for carbapenemase production, with rates varying by region from 11 % to 68 % (Gill et al., 2021). Among them, 86 % were genetically positive, with the most common being VIM followed by GES.

In contrast to the predominance of single enzymology reported in other studies (Gill et al., 2021, 2022; Reyes et al., 2023), we found that the majority (11 out of 16, 68.8 %) of CP-CRPA strains collected in this study co-harbored two or more carbapenemase genes. The coexistence of multiple enzymes further restricted treatment options. It has been proven that KPC-producing organisms are resistant to the anti-pseudomonal drug ceftolozane-tazobactam, while VIM carbapenemases cannot be inhibited by avibactam and relebactam, making them resistant to both ceftazidime-avibactam and imipenem-relebactam (Bail et al., 2022). On the other hand, the detection of carbapenemases, especially MBLs (Behzadi et al., 2020), will indicate the need to consider cefiderocol (Timsit et al., 2022; Gill et al., 2024) or combination therapy including aztreonam (Losito et al., 2022). Thus, the increased resistance of CP-CRPA contributed to the higher mortality reported among patients infected with these organisms compared to non-carbapenemase-producing CRPA (Reyes et al., 2023).

Except for carbapenemase, some other mechanisms have also been found to be critically responsible for carbapenem resistance in CRPA. In China, the inactivation of the oprD gene was commonly found in CRPA. Zhao et al. (2023b) showed oprD in an overwhelming proportion of 96.2 % of CRPA isolates were mutated. However, no correlation was explore between specific mutation forms with IMP or MEM resistant level. Overexpression of MexAB-oprM caused by mutations in regulatory genes MexR and nalD might also drive the development of CRPA. Similar results were also reported in a study covering 196 PA isolates collected in a burn center in southeast China (Yin et al., 2018). Mutational inactivation of oprD (88.65 %), accompanied by overexpression of AmpC (68.09 %), were both popular in CRPA. AmpC has been well characterized to related to resistance against penicillin, cephalosporins, β-lactamase inhibitors in P. aeruginosa (Berrazeg et al., 2015; Slater et al., 2020). The high proportion of elevated AmpC transcription revealed there may due to high resistant rate against AmpC-targeted drugs in CRPA isolates. Extended spectrum cephalosporinase-related carbapenem resistance was previously described in PA (Rodríguez-Martínez et al., 2009), but it is commonly considered as a rare carbapenem-resistance mechanism which was not explored in the present study. Furthermore, we also found a high mutation frequency of porins, being 97.1 % and 100 % for oprD and opdP, respectively. The outer membrane porins OprD and OpdP serve as important entry ports for carbapenems (Ude et al., 2021). The oprD mutations were also commonly found in a global collection of CRPA isolates. Reyes et al. (2023) found that 69 % of 972 CRPA isolates collected from 44 hospitals in 10 countries were identified to harbor oprD mutations. A high ratio of oprD mutations was also found in XDR PA isolates collected nationwide in Spain (Del Barrio-Tofiño et al., 2019). Regretfully, similar to Zhao et al. (2023b), we also cannot found a significant correlation of IMP or MEM MIC values with porin mutations. Moreover, the connection of antimicrobial resistance with biofilm production in CRPA isolates was also explored in this study, but again with negative results produced. Similar results were obtained by Gajdács et al. (2021) and Behzadi et al. (2022b) with clinical and environmental PA isolates, respectively. However, using MIC90 or MIC50 as indicator, Cho et al. (2018) revealed significantly higher resistance in aminoglycoside (AMK, GEN and TOB) and cephalosporins (CAZ and FEP), but not carbapenems (IMP and MEM) and quinolone (LVX) in biofilmproducer (n = 76) compared to non-producer (n = 6) within CRPA isolates. Likewise, a significantly elevated biofilm formation for XDR clinical PA group compared to nonXDR ones was reported by Kaiser et al. (2017). The difference may attribute to lacking of universal and robust association of these two factors among different PA isolates.

In conclusion, a high carbapenem resistance rate was found among clinical PA isolates collected from a specific hospital in southeast China. CRPA isolates there were most commonly recovered from respiratory specimens and were characterized with high genetic diversity. The emergence of high-risk clones (ST 357 and ST 1971) and prevalence of co-carriage of more than one carbapenemase genes in CRPA indicated an urgent need for specific antimicrobial therapy stewardship in this region. To the best of our knowledge, this is the first molecular epidemiological study on the clinical isolates of PA in this region. These findings highlighted the importance of regular monitoring and accurate establishing clinical diagnosis-based antibiotic prescriptions to improve the effectiveness of anti-infection measures and prevent the spread of CRPA. Unfortunately, though carbapenemase production, elevated biofilm production and multidrug efflux pump gene transcription, together with high proportion of carbapenem-related porin mutations were commonly found in CRPA isolates in this work, we failed to explore their significant association with the carbapenem resistance levels. This may be due to the following reasons: the carbapenem resistance of PA isolates was developed through mixed and complicated mechanisms and differed by strains. Multiple mechanisms interplayed with each other to finally produce the antimicrobial phenotype. So it may be hard to find a significant and robust association of the carbapenem MIC with singular and limited resistance-related mechanisms tested in this work. Furthermore, CRPA isolates is different from each other not only in varied carbapenem resistance levels, but also resistance to other antibiotics and maybe virulence levels and other phenotypes connecting to the tested mechanisms. Thereafter, we will seek coupled clinical isolates with similar genetic background but different carbapenem resistance and apply them for exploring the possible mechanisms underlying the carbapenem resistance development. More resistance-related mechanisms through next generation whole genomic sequencing, transcriptome and proteomics should be included for full exploration.
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Purpose: We aimed to retrospectively investigate an outbreak of linezolid-resistant Staphylococcus epidermidis (LRSE), at Tours University Hospital between 2017 and 2021.

Methods: Twenty of the 34 LRSE isolates were included in the study. Antimicrobial susceptibility testing was performed using the disk diffusion method and MICs of last-resort antibiotics were determined using broth microdilution or Etest®. Seventeen of the 20 resistant strains were sent to the French National Reference Centre for Staphylococci to determine the mechanism of resistance to linezolid. The clonal relationship between LRSE strains was assessed by PFGE and the sequence type determined by MLST. We retrospectively evaluated a new typing tool, IR-Biotyper®, and compared its results to PFGE to evaluate its relevance for S. epidermidis typing. Medical records were reviewed, and antibiotic consumption was determined. Search for a cross transmission was performed.

Results: All LRSE strains showed high levels of resistance to linezolid (MICs ≥ 256 mg/L) and were multi-drug resistant. Linezolid resistance was associated with the 23S rRNA G2576T mutation and none of the 17 strains analyzed carried the cfr gene. Ninety-five percent of the 20 LRSE studied strains were genetically related and belonged to sequence-type ST2. The dendrogram obtained from IR-Biotyper® showed 87% congruence with the PFGE analysis. Prior to isolation of the LRSE strain, 70% of patients received linezolid. No patients stayed successively in the same room.

Conclusion: Linezolid exposure may promote the survival and spread of LRSE strains. At Tours University Hospital, acquisition of the resistant clone may also have been triggered by hand-to-hand transmission by healthcare workers. In addition, IR-Biotyper® is a promising typing tool for the study of clonal outbreaks due to its low cost and short turnaround time, although further studies are needed to assess the optimal analytical parameters for routine use.
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1 Introduction

Coagulase-negative Staphylococci (CoNS), including Staphylococcus epidermidis, are opportunistic pathogens that are frequently implicated in human disease, particularly in the context of healthcare-associated infections such as catheter-associated bloodstream or prosthetic joint infections (PJI) in immunocompromised patients. Linezolid is one of the most widely used antibiotics against Gram-positive cocci. Linezolid resistance is mediated by different mechanisms, often co-expressed. Mutations in 23S rRNA at linezolid binding sites (the G2576U substitution being the most frequent) and mutations in ribosomal proteins L3 and L4 located on the surface of the 50S RNA subunit are the most prevalent. Acquisition of plasmid-mediated multidrug resistance genes, either cfr encoding an RNA-methyltransferase, or optrA or poxtA encoding ABC transporters, confers transferable resistance to oxazolidinones (Brenciani et al., 2022; Long and Vester, 2012). Global surveillance studies report that only 0.75% of CoNS are resistant to linezolid (Flamm et al., 2016). Nevertheless, the spread of LRSE is an emerging public health concern because methicillin and linezolid resistance are often combined, leaving very few therapeutic options.

Numerous previous studies have already reported hospital outbreaks of linezolid-resistant S. epidermidis (LRSE) from countries around the world (Bouiller et al., 2020; Dortet et al., 2018; Kelly et al., 2008; Liakopoulos et al., 2010). Coustillères et al. described highly linezolid-resistant S. epidermidis strains isolated from patients with PJI since the introduction of protocolized postoperative linezolid in six French referral centers, including Tours University Hospital. They noted that LRSE carriage appeared to be directly related to linezolid use (Coustillères et al., 2023).

An increase in the incidence of LRSE has however been reported despite a decrease in linezolid use in some institutions (Huber et al., 2021). Linezolid resistance has also been observed in patients with no history of linezolid administration (Huber et al., 2021; Kelly et al., 2008; Liakopoulos et al., 2010; Seral et al., 2011), suggesting that clonal cross-transmission may lead to the emergence of LRSE outbreaks in addition to the selection of resistant strains under linezolid antibiotic treatment (Mihaila et al., 2012).

In this study, we report an outbreak of LRSE mainly in the orthopedic surgery department and the surgical intensive care unit (ICU) of the Tours University Hospital between 2017 and 2021. The strains were phenotypically and genotypically characterized to demonstrate their clonal relationship. These results were linked with the patients’ clinical characteristics in order to analyze potential risk factors for the acquisition of clonal LRSE strains. Furthermore, the ability of IR-Biotyper® (IRBT) as a S. epidermidis typing method was evaluated and these results were compared to those of pulsed-field gel electrophoresis (PFGE), given the lack of bibliographic data on S. epidermidis IRBT typing.



2 Materials and methods


2.1 Bacterial strains

Thirty-four LRSE strains were isolated from clinical diagnostic samples between 2017 and 2021 at the Tours University Hospital. However, only 20 isolates were included as the other 14 were not preserved due to the retrospective nature of the study. In addition, linezolid-susceptible S. epidermidis (LSSE) strains had been isolated from three patients before their LRSE infection. These three isolates were also included in the study.

In accordance with standard hospital laboratory methods, strains were previously identified to species level by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS, Bruker Daltonik, Bremen, Germany) using the Biotyper reference library. Linezolid resistance was detected by the disk diffusion method (30 μg) and/or E-test®. The isolates were then stored appropriately at −80°C. All subsequent analyses were carried out on fresh strains after 18 to 24 h of aerobic incubation on Columbia blood agar plates at 35 ± 2°C.

A random isolate of S. epidermidis was used as an unrelated PFGE control strain. It was susceptible to methicillin and linezolid.



2.2 Susceptibility testing

In vitro phenotypic antimicrobial susceptibility testing was performed using the disk diffusion method according to CASFM-EUCAST 2021 recommendations for penicillin G, kanamycin, tobramycin, gentamicin, ofloxacin, tetracycline, rifampicin, and trimethoprim-sulfamethoxazole. Methicillin-resistance was detected with cefoxitin disks (30 μg). The following MICs were determined using the E-test method: ceftaroline, ceftobiprole, linezolid, tedizolid, daptomycin, dalbavancin, tigecycline, and delafloxacin. Susceptibility to vancomycin and teicoplanin was determined by the broth microdilution method. The results were interpreted using the CASFM-EUCAST 2021 Staphylococcus aureus breakpoints.

Seventeen of the 20 LRSE strains were sent to the French National Reference Centre for Staphylococci: genetic determinants of resistance were evaluated by whole genome sequencing. The acquired mecA gene, the acquired cfr, optrA and poxtA resistance genes, as well as point mutations in 23S rRNA were investigated by in silico analysis (Côrtes et al., 2022).



2.3 Patient characteristics

Medical record review was used to retrospectively collect demographic and clinical data. Search for a cross transmission was performed. Written information about the study was posted in each center and the non-opposition of each patient was sought before inclusion. Ethic approval was not required.



2.4 Linezolid usage data

Annual data on linezolid use were examined in the surgical ICU and orthopedic surgery from 2017 to 2021. Linezolid use was measured in Defined Daily Doses (DDDs) per 100 patient-days. Doses of 1,200 mg/day were considered as 1 DDD. These data were compared with the number of LRSE strains in these two units. The aim was to identify whether there was a trend in the use of linezolid and whether this might be linked to the emergence of linezolid resistance in S. epidermidis at Tours University Hospital.



2.5 PFGE and MLST typing

To search for clonality, strains were genotyped by pulsed-field gel electrophoresis (PFGE) of SmaI-digested total DNA for molecular typing, as previously described (Neoh et al., 2019), allowing bacterial isolates to be clustered into pulsotypes. We further characterized our strains using multilocus sequence typing (MLST) (Thomas et al., 2007) using primers listed in Supplementary Table S1. We assigned sequence types (STs) to each allelic profile using an MLST website.1



2.6 FTIR spectroscopic analysis

Further phenotyping studies were performed using a new typing method, the IR-Biotyper® (IRBT) (Bruker Daltonik, Bremen, Germany), a Fourier transform infrared (FTIR) spectroscopy system that provides cost-effective results within 4 h (Hong et al., 2022).

Here, we retrospectively tested 22 of the 23 isolates from our study after they had been genotyped by PFGE. Each sample was analyzed in triplicate in a single experiment (Figure 1). Ethanol/water suspensions were prepared from blood agar cultures according to the manufacturer’s recommendations. We applied each bacterial suspension in triplicate to the FTIR silicon plate along with the two quality control spots provided in the kit. Dendrograms were automatically generated after spectra acquisition. The IRBT software automatically calculates a cut-off value that defines the distance at which spectra are considered to belong to the same cluster.

[image: Figure 1]

FIGURE 1
 Dendrogram of 24 Staphylococcus epidermidis isolates (including one unrelated control strain) based on IR-Biotyper® spectra. In the dendrogram, isolates that were clustered using the IR-Biotyper® are shown in orange, while those that were not clustered are shown in green. ND, No Data.





3 Results


3.1 Patient characteristics

In this study, 20 patients were retrospectively included with at least one LRSE isolate. Fourteen were male and six were female patients, with a mean age of 65 ± 16 years. These patients were hospitalized in three clinical departments: orthopedic surgery (12 patients), surgical ICU (6 patients), and gastrointestinal and liver surgery (2 patients). The clinical characteristics of the patients are shown in Table 1. The majority had at least one comorbidity, including type 2 diabetes (30%), hypertension (45%), or obesity (35%).



TABLE 1 Clinical characteristics of patients.
[image: Table1]

Fourteen of 20 patients were exposed to linezolid in the 3 months prior to the onset of LRSE, with exposure ranging from five to 16 days (Table 1). The patients’ hospitalization date and LRSE isolation date are shown in Figure 2. No patients were found to have shared a double room or stayed successively in the same room within a department.

[image: Figure 2]

FIGURE 2
 Dates of patient hospitalization and isolation of LRSE strains.




3.2 Linezolid usage data

We reviewed linezolid consumption in surgical ICU and orthopedic surgery (Figure 3). In relation to hospital-wide linezolid use at our institution, the surgical ICU and orthopedic surgery accounted for 1.5 and 16.7% of the total number of linezolid dosage units dispensed in 2017, 2.8 and 15.6% in 2018, 0.63 and 30.7% in 2019, 1.2 and 30.0% in 2020, and 1.7 and 28.7% in 2021, respectively.

[image: Figure 3]

FIGURE 3
 Annual linezolid consumption data from (A) the surgical ICU and (B) the orthopedic surgery from 2017 to 2021 versus the total number of LRSE isolates, including those that were not preserved. Linezolid use was calculated in DDDs/100 patient-days. Doses of 1,200 mg/day were considered as 1 DDD. Bars indicate the number of patients with initial detection of LRSE in the respective year in the unit.




3.3 Clonality of LRSE isolates: PFGE and MLST analysis

Twenty LRSE isolates were genotyped and shared the same PFGE pulsotype (A), with the exception of one (called pulsotype B) obtained from patient 11 (Figure 1). The three LSSE were not genetically related to each other or to the LRSE clone, demonstrating the genomic diversity among susceptible strains (Figure 1). The PFGE results were confirmed by MLST typing, which showed that all LRSE isolates with pulsotype A belonged to ST2. The pulsotype B strain belonged to ST57. The LSSE strains were ST21, ST87, and ST470 (Figure 1).



3.4 Correlation between IR-Biotyper® dendrogram and PFGE

The ability of the IRBT to assess the degree of genomic relatedness between isolates using a dendrogram generated by the instrument was evaluated and compared to PFGE, considered the gold standard in this study. IRBT clustering showed a clonal distribution of the population similar to that obtained by PFGE (Figure 1). Due to colony dissociation, one strain was tested twice. The PFGE profiles of both isolates were identical, whereas IRBT surprisingly identified two different spectra. Eight IR-spectra were identified among the isolates: IRBT detected clonality of 16 of the 19 ST2 LRSE strains of pulsotype A and distinguished the non-ST2 LRSE strain of pulsotype B and the three LSSE strains from the clonal strain. However, the IRBT assigned different IR-spectra to the Pulsotype A LRSE strains of Patient 1 and Patient 6 (Figure 1). The discriminatory power of IRBT was calculated using Simpson’s index of diversity. It assesses the reliability of IRBT in distinguishing between unrelated strains (Hunter and Gaston, 1988). The concordance of clusters of related strains identified by PFGE and IRBT was determined by calculating the adjusted Wallace coefficient (Severiano et al., 2020). These results are presented in Table 2, together with the sensitivity, specificity, positive predictive value and negative predictive value of IRBT.



TABLE 2 Discriminatory power, concordance between IRBT and PFGE and performance of IRBT.
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3.5 Antimicrobial susceptibility and determinants of methicillin and linezolid resistance

LRSE isolates were resistant to methicillin, gentamicin, ofloxacin, erythromycin, clindamycin, rifampicin, and cotrimoxazole. No resistance to vancomycin or teicoplanin was observed. LRSE showed a high level of resistance to linezolid, with MICs ≥ 256 mg/L, and to tedizolid (MICs > 32 mg/L), except for the pulsotype B LRSE strain. Surprisingly, this latter was susceptible to tedizolid (MIC = 0.19 mg/L) (Table 3). Most LRSE isolates were susceptible to delafloxacin (18/20), but resistant to ceftaroline (13/20), and ceftobiprole (19/20). Methicillin resistance was due to the presence of the mecA gene. Analysis of the 23S rRNA fragment performed on 17 of the 20 LRSE strains showed the G2576T mutation (regardless of pulsotype), as previously described in clinical isolates of LRSE (Bouiller et al., 2020; Coustillères et al., 2023; Treviño et al., 2009). No transferable oxazolidinone resistance genes, including the cfr, optrA and poxtA genes, were acquired by any of these 17 strains.



TABLE 3 Antimicrobial susceptibility results of 20 LRSE and three LSSE strains, and characterization of the resistance determinants.
[image: Table3]




4 Discussion

In our study, we phenotypically and genotypically characterized the LRSE strains involved in an outbreak at the Tours University Hospital between 2017 and 2021. All LRSE strains, even the non-clonal one, showed high levels of resistance to linezolid, with MICs [image: image] 256 mg/L. All 17 LRSE strains analyzed had the G2576T mutation in domain V of the 23S rRNA gene, which appears to be most common in clinical settings (Pillai et al., 2002). None of the 17 strains analyzed carried the cfr gene, limiting concerns about plasmid-mediated resistance spreading to more pathogenic Staphylococcus species such as S. aureus.

PFGE showed that all but one of the LRSE strains tested were genetically related. They belonged to the ST2 according to MLST, which appears consistent with previous studies reporting LRSE clonal occurrence of ST2 (Bouiller et al., 2020; Coustillères et al., 2023; Kosecka-Strojek et al., 2020). However, ST2 appears to be a common lineage in S. epidermidis, regardless of linezolid susceptibility (Martínez-Santos et al., 2022). Although PFGE is still a routinely used tool in nosocomial outbreak investigations, it would have been interesting for this study to perform whole genome sequencing (WGS), which provides greater resolution than any other microbial strain typing method.

We used IRBT to analyze the outbreak after PFGE typing. It was mostly congruent with the PFGE results: IRBT showed 87% congruence with PFGE analysis. One limitation of our study, however, is that because IRBT was performed retrospectively, it could have introduced a bias into our analysis. Also, IRBT discriminated two deposits of the same strain as two different IR-types. Because our IRBT experiment was only performed once, we assumed this could have been caused by technical factors. Random error or a contamination could also not be excluded. Moreover, our study included only a small number and low diversity of strains tested, so further studies are needed to assess the optimal analytical parameters to validate the technique for routine epidemiological use. Rakovitsky et al. showed that performing a dozen replicates in a single run, instead of three or four, can optimize the generated cut-off value, thus limiting the under- or over-sensitivity of the IRBT analysis (Rakovitsky et al., 2020). To date, our study is the first one to evaluate IRBT for S. epidermidis, but previous studies have shown promising results for the typing of other microorganisms, including for clinical outbreak investigation purposes (Hong et al., 2022; Hu et al., 2020; Pascale et al., 2022; Rakovitsky et al., 2020). IRBT is less expensive than PFGE, with a cost of 20 Euros per sample analyzed in triplicate, although it requires the purchase of an automated system. In comparison, PFGE costs 50 Euros per sample. IRBT is technically easy to use, and a sample can be prepared in about 20 min, compared to 4–5 h for PFGE, which requires skilled technicians. Thus, due to its short turnaround time, IRBT appears to be a promising tool for outbreak investigation. Results can be obtained in a matter of hours (compared to several days for PFGE), allowing infection control measures to be implemented quickly to contain the outbreak.

Regarding the emergence of the LRSE epidemic clone, three patients (3, 14, 17) harbored linezolid-susceptible S. epidermidis (LSSE) strains a few months before isolation of the clone, with, respectively, 1/5, 1/5, and 4/5 positive osteoarticular intraoperative specimens. As the LSSE strains belonged to a different clone from the LRSE strain, this may argue against the selection of linezolid resistance mutations in pre-existing LSSE strains.

Most patients (at least 14 out of 20) had prior exposure to linezolid in the 3 months prior to isolation of the LRSE clone. The orthopedic surgery department and the surgical ICU were at the center of the outbreak. Orthopedic surgery was the biggest user of linezolid, with consumption accounting for almost a third of the total doses dispensed by Tours University Hospital in 2019, 2020, and 2021. Previous studies have mainly highlighted the direct link with the consumption of linezolid in healthcare establishments. In fact, selective antimicrobial pressure may promote the survival and spread of LRSE strains by suppressing patients’ susceptible microbiota, allowing resistant strains to predominate (Huber et al., 2021; Weßels et al., 2018). Thus, limiting the prescription of oxazolidinones could help to limit this incidence (Dortet et al., 2018).

However, an Austrian institution reported an increase in the isolation of LRSE strains, with a peak of 84 isolates in 2018, despite the reduction in linezolid consumption compared with 2012 and 2013 (Huber et al., 2021). The authors reported that 47 of the 347 patients had no history of linezolid administration in the year prior to isolation of LRSE strains.

The development of linezolid resistance does not appear to be triggered solely by the use of linezolid. Indeed, the number of LRSE isolates appears to be associated with linezolid use data in orthopedic surgery, but not in the surgical ICU. The total number of LRSE strains was similar in both departments, whereas linezolid consumption was lower in the surgical ICU.

In our study, 5 out of 20 patients did not receive linezolid prior to isolation of the LRSE strain, suggesting the hypothesis of a reservoir and hand transmission of the clone by healthcare workers.

In addition, more than 40% of LRSE clonal strains were considered colonization or contamination. Indeed, the clinical histories of two patients (13 and 18) showed that the LRSE strain isolated in their blood cultures was a contaminant, suggesting (i) skin colonization of the patients with this strain and/or (ii) hand-carriage of this strain by healthcare workers. These two patients were hospitalized in the same department, but never shared the same room. A year and a half separated the two stays. Given that carriage of the strain by healthcare staff would probably be more transient, we cannot rule out the possibility that contaminated surfaces, such as computer keyboards, acted as a reservoir for the LRSE strain.

The retrospective nature of the study did not allow us to screen patients and healthcare providers in these units for carriage, nor to sample the environment, thus limiting exploration of the chain of transmission. It is likely that infection with the resistant strain was linked to surface contamination, followed by hand-transmission by healthcare workers, leading to colonization of patients’ skin. Since most of the patients in our study had previously received linezolid, this antibiotic may have suppressed the susceptible skin microbiota, allowing the LRSE clone to take advantage of this niche.

Kelly et al. (2008) reported an outbreak of a LRSE clonal strain in 16 ICU patients: the epidemic clonal strain was found in the ICU environment and surfaces and may therefore be a reservoir. None of the 58 ICU healthcare workers screened for nasal carriage were carriers of the epidemic strain, but transient skin carriage may have occurred during the early stages of the outbreak. Other studies have reported transmission of S. epidermidis by healthcare workers through hand contact (Christensen et al., 1982; Kotilainen et al., 1990; Simpson et al., 1986). Although 6 of 16 patients did not receive linezolid, the authors reported a significant increase in linezolid use prior to the LRSE clonal outbreak. Restriction of linezolid use and reinforcement of contact precautions eradicated the outbreak (Kelly et al., 2008). A Spanish study also reported an outbreak of linezolid resistant S. aureus. Again, none of the healthcare providers carried the epidemic clone, but it was recovered from environmental surfaces (Sánchez García et al., 2010).

To maintain the efficacy of linezolid, it is important to carefully manage its use. The increase in linezolid resistance in S. epidermidis should temper its probabilistic use in infections commonly caused by Staphylococci, such as catheter-associated bloodstream infections.

The multidrug-resistant ST2 LRSE clone was able to persist and spread within the same hospital for 4 years and, to our knowledge, may continue to spread today. This is why the emergence of resistant clones should be detected at an early stage so that appropriate measures may be taken to control their spread, especially since CoNS are known to be a reservoir of resistance genes (Côrtes et al., 2022).
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A virulence-associated small RNA MTS1338 activates an ABC transporter CydC for rifampicin efflux in Mycobacterium tuberculosis
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The efficacy of the tuberculosis treatment is restricted by innate drug resistance of Mycobacterial tuberculosis and its ability to acquire resistance to all anti-tuberculosis drugs in clinical use. A profound understanding of bacterial ploys that decrease the effectiveness of drugs would identify new mechanisms for drug resistance, which would subsequently lead to the development of more potent TB therapies. In the current study, we identified a virulence-associated small RNA (sRNA) MTS1338-driven drug efflux mechanism in M. tuberculosis. The treatment of a frontline antitubercular drug rifampicin upregulated MTS1338 by >4-fold. Higher intrabacterial abundance of MTS1338 increased the growth rate of cells in rifampicin-treated conditions. This fact was attributed by the upregulation of an efflux protein CydC by MTS1338. Gel-shift assay identified a stable interaction of MTS1338 with the coding region of cydC mRNA thereby potentially stabilizing it at the posttranscriptional level. The drug efflux measurement assays revealed that cells with higher MTS1338 abundance accumulate less drug in the cells. This study identified a new regulatory mechanism of drug efflux controlled by an infection-induced sRNA in M. tuberculosis.
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1 Introduction

Persistence of Mycobacterial tuberculosis, the aetiological agent of tuberculosis (TB), in the hostile environment of host macrophages relies on fast and precise reprogramming of transcriptional profile in response to external stimuli (Miotto et al., 2022; Arnvig and Young, 2012; Dutta and Srivastava, 2018; Taneja and Dutta, 2019). An array of complex regulatory networks controlled by transcriptional modulators, two-component systems, sigma factors, riboswitches, and small RNAs (sRNAs) fine-tune the mycobacterial gene expression for adaptation to external challenges in real-time (Miotto et al., 2022; Taneja and Dutta, 2019; Smith et al., 2013; Petchiappan and Chatterji, 2017), which render them notoriously difficult to eliminate from infected patients. Consequently, prolonged treatment with frequent administration of multiple antibiotics is required to treat TB (Ginsberg and Spigelman, 2007; Dhar and McKinney, 2010; van den Boogaard et al., 2009). M. tuberculosis exploits a plethora of intrinsic mechanisms to combat anti-TB drug therapy (Remm et al., 2022). Its complex hydrophobic cell envelope is impermeable to many drugs and is considered as one of the key features of defense against drug influx (Sarathy et al., 2012). M. tuberculosis possesses additional machinery for drug tolerance, which includes multiple efflux pumps that deport antimycobacterial compounds out of the cells, mycobacterial enzymes capable of chemical modification of antibiotics, and alterations in gene expression to adapt to antibiotic-exposed conditions (Briffotaux et al., 2019; Nasiri et al., 2017). Antibiotics also lead to the development of acquired M. tuberculosis resistance against it through target mutations (Takiff and Feo, 2015), which is associated with the reduced fitness of the resistant mutants (Andersson and Hughes, 2010). Because of the above-mentioned capabilities of M. tuberculosis, illegitimate drug usage by patients frequently causes a high degree of treatment failure leading to disease relapse and emergent drug resistance (Dhar and McKinney, 2010; van den Boogaard et al., 2009) triggering onward transmission and amplification of drug-resistant strain (Barilar and Battaglia, 2024).

Traditional antimycobacterial compounds interfere with the biosynthetic processes, e.g., biogenesis of cell wall, transcription, and protein synthesis, which are necessitated for cell growth (Dhar and McKinney, 2010). A few of these antibiotics like isoniazid, ethambutol, etc. for inhibition of cell wall formation, rifampicin for interference with transcription, and streptomycin for the inhibition of protein synthesis of M. tuberculosis are regarded as the frontline anti-TB drugs (Briffotaux et al., 2019). M. tuberculosis cells although highly susceptible to death in the presence of these antibiotics in vitro, are less affected by the same antimycobacterial agents while grown in vivo in mammalian hosts (Dhar and McKinney, 2010; Young et al., 2008; McKinney, 2000). Therefore, chronic TB is more difficult to control through a single antibiotic therapy and calls for second-line regimens. Patient nonadherence to such an extended therapeutical procedure, insufficient health infrastructure, and lack of antibiotics help promote the development of resistant strains of exceedingly slow-growing M. tuberculosis (Briffotaux et al., 2019). Hence, multidrug-resistant TB (MDR-TB) and extremely drug-resistant TB (XDR-TB) strains have evolved (Almeida Da Silva and Palomino, 2011; Udwadia et al., 2012) which accentuates the requirement for new strategies to develop novel anti-TB drugs. For that reason, it is essential to comprehensively understand the regulatory networks promoting resistance in M. tuberculosis against antibiotics.

Although sRNAs have been identified to be a ubiquitous class of regulators contributing to antibacterial resistance in pathogenic bacteria (Mediati et al., 2021), sRNA-mediated regulation of antibiotic resistance in M. tuberculosis has not been investigated yet. Only a handful of sRNAs among a few dozen discovered in M. tuberculosis until now have been identified with associated functions given the difficulty of understanding sRNA function in vivo in M. tuberculosis (Dutta and Srivastava, 2018; Arnvig et al., 2011; Singh et al., 2021). MTS1338 (or ncRv11733) is one among those sRNAs, which exists only in the pathogenic mycobacterial genome (Dutta and Srivastava, 2018; Arnvig et al., 2011; Moores et al., 2017), and is highly accumulated during M. tuberculosis infection (Arnvig et al., 2011). Consequently, MTS1338 is highly upregulated in response to stresses associated with infection (Singh et al., 2021; Salina et al., 2019) and configures a stress-resistance signature in M. tuberculosis (Martini et al., 2023). Substantial alteration of the transcriptomic profile of M. tuberculosis overexpressing MTS1338 suggests its potential role in the global gene regulatory network, which promotes the survival of M. tuberculosis in host macrophages through an adaptive mechanism (Martini et al., 2023). Participation of MTS1338 in the regulation of numerous physiological processes firmly indicated that MTS1338 might play an important role in antimycobacterial resistance.

In the current study, we identified that MTS1338 is highly induced while the cells are exposed to antibiotic like rifampicin. Cells with higher intracellular MTS1338 accumulation were ascertained to grow at a higher rate than the cells with basal MTS1338 level. Investigations on how MTS1338 in its higher abundance promotes M. tuberculosis growth affirmed that MTS1338 increases the abundance of the mRNA of an efflux protein CydC by binding to its coding region potentially protecting it at the posttranscriptional stage from cellular endoribonucleases. Inhibition of efflux proteins of the cells undergone a prior treatment with rifampicin resulted in a better mycobacterial growth rate for the cells overexpressing MTS1338. A higher abundance of intracellular MTS1338 resulted in a lower accumulation of antibiotics in the cell suggesting a potential role of this sRNA in dealing with mycobacterial adaptation to antibiotics.



2 Materials and methods


2.1 Materials

Middlebrook 7H11 agar, Middlebrook 7H9 broth, and OADC (oleic acid-albumin-dextrose-catalase) were purchased from Difco Laboratories (United States). Tween 80, lysozyme, and antibiotics (rifampicin, tetracycline, kanamycin) were procured from Sigma-Aldrich. RNeasy Mini Kit and UniPro GelEx/clean-up kit were obtained from Qiagen (Germany). Genomic DNA extraction kit, GoTaq green master mix, and nuclease-free water were from Promega. Oligonucleotides were synthesized by Sigma Chemical Co. (United States). SYBR green master mix and iScript™ cDNA synthesis kit were procured from Bio-Rad (Bio-Rad). Restriction enzymes, e.g., BamHI and HindIII were obtained from New England Biolabs. MEGAshortscript™ T7 transcription kit and Max™ Prehyb/hyb buffer solution were purchased from Invitrogen. Hybond-N+ nylon membrane was purchased from GE Healthcare. carbonyl cyanide m-chlorophenylhydrazone (CCCP) was purchased from Sigma Chemical Co. (United States). Plasmid pST-Ki was a generous gift from Dr. V. K. Nandicoori of the National Institute of Immunology, India. All other chemicals were of molecular biology grade.



2.2 Bacterial strain and growth conditions

The M. tuberculosis avirulent strain H37Ra was used as a model strain. The frozen glycerol stock was streaked on a Middlebrook 7H11 solid agar plate and stored at 37°C for 4–5 weeks. In a culture tube, one colony from the growing plate was inoculated with Middlebrook 7H9 broth (Difco Laboratories) supplemented with 10% OADC (oleic acid-albumin-dextrose-catalase; Difco Laboratories) and 0.05% (v/v) polysorbate 80 (Sigma-Aldrich). Subsequently, the cells were incubated at 37°C under shaking at 200 rpm. Cell growth while attaining OD600 0.6–0.9, was regarded as the exponential growth phase of M. tuberculosis.



2.3 Antibiotic treatment

M. tuberculosis H37Ra cells were grown at 37°C in an orbital shaker incubator at 200 rpm until OD600 of the culture reached 0.9. The cells were then harvested at room temperature. After that, the cells were again suspended in 7H9 media and treated with rifampicin (2 μg/mL) for 30 min. Cells cultured under identical conditions without the addition of antibiotics were taken as control.



2.4 RNA isolation and RT-qPCR

Cell pellets with or without prior antibiotic treatment were re-suspended in 4 mL of PBS containing lysozyme (4 mg/mL). Lysozyme treatment was continued for 2 h at 37°C in a water bath with circulation. After that, cells were sonicated for 90 s (with alternate 10 s on or off pulse) using a Branson sonicator at 4°C. Total RNA was extracted using RNeasy Mini Kit (Qiagen). RNA concentration was measured using a JENWAY Genova Nanodrop spectrophotometer and RNA quality was assessed in a 1% agarose gel.

Total RNA (1 μg) from treated/untreated cells was used to synthesize cDNA using iScriptTM cDNA synthesis kit (Bio-Rad), along with random hexamer (Bio-Rad C1000, United States) as a primer. Complementary DNAs were diluted 100 times with nuclease-free water and 1 μL of diluted cDNA was employed in a quantitative real-time PCR reaction using SYBR green utilizing a CFX96 Touch™ Real-Time PCR detection system (Bio-Rad). A representative qPCR reaction of 20 μL contains 20 ng of cDNA, 1 μM of forward and reverse primers (P1 & P2 for MTS1338, P5 & P6 for 5S RNA, P7 & P8 for cydC mRNA in Supplementary Table S1), 10 μL of SYBR green master mix, and 8 μL of nuclease-free water mix. 5S RNA gene of M. tuberculosis was taken as an internal control. The 2-ΔΔCt technique was used to calculate relative gene expression. Every experiment was carried out in compliance with the manufacturer’s guidelines.



2.5 Northern blot

Total RNA (15 μg), isolated from untreated or treated M. tuberculosis cells, were separated on 2% agarose-formaldehyde gel using 1X MOPS [3-(N-morpholino) propane sulfonic acid] buffer, which was then washed with deionized water. RNA was transferred from agarose gel to Hybond-N+ nylon membrane (GE Healthcare) by downward capillary transfer in 10X SSC buffer at room temperature overnight and UV crosslinked to the membrane by UV crosslinker (Herolab, Germany). A 5′-Cy5 labeled DNA probe (P11 for MTS1338 and P12 for 5S RNA in Supplementary Table S1) was used to detect MTS1338. Hybridization (Shake ‘n’ Stack™ Hybridization Chamber, Thermo Fisher Scientific, United States) of Cy5-labeled probe to crosslinked RNA on the membrane was promoted by incubating them in Northern Max™ Prehyb/hyb buffer solution (Invitrogen) overnight. The membrane was subsequently washed with pre-warmed SSC buffer three times and the bands were visualized by high-resolution gel imaging for the fluorescence system (G:Box Chemi-XX9, SYNGENE). Bands were quantitated by ImageJ.



2.6 Cloning and overexpression of MTS1338

The genomic DNA of M. tuberculosis H37Ra cells was extracted using the Genomic DNA Extraction Kit (Promega Co., United States). The gene encoding MTS1338 was amplified from genomic DNA in a PCR reaction using KOD hot start polymerase (Invitrogen) with primers P3 and P4 listed in Supplementary Table S1. The amplicon was purified by gel extraction (Qiagen). Both the PCR products and the shuttle vector pST-Ki were digested with BamHI and HindIII for 2 h at 37°C. Digested products were purified through phenol: chloroform: isoamyl alcohol (25, 24:1) extraction and were ligated by T4 DNA ligase (New Eng Biolab). The resulting recombinant plasmids (pMTS1338) were transformed into Escherichia coli DH5α cells, which were grown on an LB (Kan+) plate overnight at 37°C. Cloning of gene encoding MTS1338 under the control of tetracycline promoter was confirmed by DNA sequencing. Recombinant pMTS1338 from E. coli cells was electroporated into M. tuberculosis H37Ra cells and subsequent MTS1338 overexpression was monitored upon the addition of tetracycline (1 μg/mL) for 72 h.



2.7 Growth analysis

The 7H9 medium supplemented with 10% OADC and 0.05% Tween 80 was used to grow the mycobacterial bacilli. Carbonyl cyanide 3-chlorophenylhydrazone (4 μg/mL) was added to the cells 5 days after the cells (OD600-0.9) were treated with rifampicin (2 μg/mL). The cells were continued to grow for 16 days under shaking (200 rpm) at 37°C. Growth was monitored by measuring the optical density of the culture at 600 nm every 24 h with a UV spectrophotometer (JASCO).



2.8 RNA decay

Overnight cultures were diluted 1:100 into fresh 7H9 medium supplemented with 10% OADC and 0.05% Tween 80 and grown to exponential phase (OD600-0.9) followed by treatment with 500 μg/mL rifampicin (Chen et al., 2019). Equal volumes of cells were removed for the zero-time sample after 1 min of rifampicin addition to allow complete inhibition of new transcription and immediately mixed with ice-cold stop solution (95% ethanol, 5% phenol). Additional samples were removed at indicated time points in the figure legends. Changes in cydC mRNA accumulation were determined by RT-qPCR analysis.



2.9 In vitro transcription

Genomic DNA of M. tuberculosis H37Ra cells was used as a template for the synthesis of genes of CydC and MTS1338 by PCR amplification using primers (P8 & P14 for cydC, P2 & P13 for MTS1338 and P10 & P11 for katG mRNA) listed in Supplementary Table S1. The forward primer was fused with a promoter sequence of T7 RNA polymerase. Templates were gel extracted using a QIAquick® gel extraction kit. Each template of 100 nM was added in an in vitro transcription reaction using a MEGAshortscript™ T7 transcription kit. Transcripts were extracted with phenol: chloroform: isoamyl alcohol (25: 24: 1) and precipitation overnight with ethanol at-20°C. The concentration of RNA was estimated spectrophotometrically by NanoDrop® spectrophotometer (Maestrogen, Taiwan) and RNA quality was checked on 6% polyacrylamide, 7.5 M urea gel.



2.10 Electrophoretic mobility shift assay

Transcripts of MTS1338 and cydC mRNA fragment (916–1,030 residues) were denatured at 80°C for 10 min and then cooled on ice. Binding reactions (10 μL) were conducted by incubating cydC mRNA (10 nM) with increasing amounts of MTS1338 (0–8 μM) at 37°C for 30 min in 1X binding buffer [100 mM Tris acetate pH 7.6, 500 mM NaOAc, and 25 mM Mg (OAc)2]. Aliquots of each binding reaction were separated in an agarose gel (2%) using 1X MOPS buffer at 4°C. Gel was stained with 1X SYBR™ Gold Nucleic Acid Gel Stain (Invitrogen) and bands were visualized by high-resolution gel imaging for the fluorescence system (G: Box Chemi-XX9, SYNGENE).



2.11 EtBr accumulation assay

H37Ra cells harboring empty pST-Ki or recombinant pMTS1338 plasmid were grown in 7H9 medium supplemented with 10% OADC until the mid-exponential phase (OD600-0.9). Cells were then treated with tetracycline (1 μg/mL) for 72 h for the extrachromosomal induction of MTS1338 followed by the addition of EtBr (1 μg/mL). After 10 min of EtBr exposure at 37°C, cells were treated with an efflux pump inhibitor CCCP with a final concentration of 6.25 μM. Cells were then pelleted down by centrifugation at 3500 g for 5 min and then resuspended in 1 mL of Phosphate buffer saline with/without CCCP. Intracellular accumulation of EtBr was measured in situ by fluorimetry with excitation at 520 nm and emission at 590 ± 20 nm. Fluorescence was monitored every 20 min, and the measurements were continued for 60 min.



2.12 Statistical analysis

Data obtained from experimental studies were presented as mean ± standard deviation. One-way analysis of variance was conducted, and a difference of p < 0.05 was considered statistically significant.




3 Results


3.1 MTS1338 is upregulated following rifampicin treatment

H37Ra cells were used as a model strain for our experiments as both strains of M. tuberculosis, H37Ra, and H37Rv exhibit equivalent minimum inhibitory concentrations to most antituberculosis drugs (Heinrichs et al., 2018). Given the induction of MTS1338 in response to multiple infection-associated stresses and its regulation to remodel the global gene expression of M. tuberculosis, it insinuated that MTS1338 might play some role in mycobacterial adaptation to antibiotic treatment. To address that hypothesis M. tuberculosis H37Ra cells were grown in Middlebrook 7H9 broth supplemented with 10% OADC and 0.05% (v/v) polysorbate 80, until OD600 reached 0.9 and then treated with rifampicin (2 mg/mL), a frontline antimycobacterial drug, for 30 min at 37°C under shaking condition. The concentration of rifampicin was used in a similar experiment as described (Lake et al., 2023). Another M. tuberculosis culture identically treated except for rifampicin was considered as a control. MTS1338 abundance in the total RNA isolated from rifampicin-treated and untreated cells was measured by RT-qPCR analysis. Figure 1A clearly shows that cells accumulate as much as ~5-fold more MTS1338 in 30 min following rifampicin treatment. In addition, northern blotting for MTS1338 in the total RNA isolated from rifampicin-treated or control cells revealed a 4-fold more accumulation of MTS1338 in rifampicin-treated cells (Figures 1B,C) than in the control untreated cells. These observations lead to the conclusion that MTS1338 is a rifampicin-induced sRNA that is potentially involved in adaptation to rifampicin-treated conditions.
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FIGURE 1
 Effect of rifampicin (A) treatment on the intracellular abundance of MTS1338 in Mycobacterium tuberculosis cells. Mid-exponentially grown cells (OD600–0.9) were exposed to rifampicin (2 μg/mL) and then were harvested. Total RNA was isolated and MTS1338 abundance was estimated by RT-qPCR analysis. 5S gene was taken as an internal control. The relative amounts of the transcripts are presented as the average ± standard deviation (SD) from three separate experiments and normalized to the level of the untreated sample. One-way ANOVA was conducted and a difference of *p < 0.05 was considered statistically significant. (B) Total RNA (15 μg) isolated from the cells treated with/without rifampicin (2 μg/mL) were separated in a 2% agarose formaldehyde gel and analyzed by northern blot. The number under each lane represents the relative amount of MTS1338 when compared to untreated sample, which was set as 1. 5S rRNA gene was taken as a loading control. Northern blots were carried out three times and one representative blot is presented. (C) Northern blot experiments were carried out three times with 5′-Cy5 labeled DNA oligonucleotide probes for RNAs. Bands were quantitated by ImageJ. The amount of MTS1338 and 5S RNA in the untreated cell was set at 1.




3.2 Enhanced intracellular MTS1338 abundance increases the growth rate in the presence of rifampicin

As MTS1338 accumulates to a higher degree following antibiotic treatment on M. tuberculosis cells, it was of immense interest to investigate whether overexpression of MTS1338 ameliorates the growth rate of the cells. To address that question, the gene encoding MTS1338 was cloned in the pST-Ki shuttle vector under the control of Ptet promoter, and the recombinant plasmid thus obtained (pMTS1338) was electroporated in M. tuberculosis H37Ra cells. Overexpression of MTS1338 was monitored by adding tetracycline (1 μg/mL) to the culture media for 72 h. Estimation of intracellular MTS1338 abundance upon addition of tetracycline resulted in ~3.5-fold more accumulation of MTS1338 when compared to the control cells analyzed by RT-qPCR (Figure 2A). Northern blot analysis (Figure 2B) of MTS1338 in the total RNA isolated from the cells with/without MTS1338 overexpression also substantiated ~4-fold more accumulation of MTS1338 in the cells harboring pMTS1338 plasmid (Figure 2C).

[image: Figure 2]

FIGURE 2
 A higher MTS1338 abundance increases the growth rate in the presence of rifampicin. (A) Tetracycline (1 μg/mL) was added to the exponentially grown M. tuberculosis cells (OD600 = 0.9) harboring empty or recombinant pMTS1338 plasmids. Cells continued to grow for 72 h and the total RNA was extracted from each sample. MTS1338 abundance was estimated by RT-qPCR analysis. 5S gene was taken as an internal control. The relative amounts of the transcripts are presented as the average ± SD from three separate experiments and normalized to the level of the untreated sample. One-way ANOVA was conducted and a difference of *p < 0.05 was considered statistically significant. (B) Northern blot was carried out using 15 μg of total RNA isolated from the cells with/without overexpressing MTS1338. 5S RNA gene was taken as loading control. Northern blot experiments were carried out three times and identical results were obtained. A representative of Northern blots was presented. The number under overexpressed lane represents the relative amount of RNA when compared with control lane, which was set 1.0. (C) Bands of three independent northern blots were quantitated by ImageJ. Data were presented as the average ± SD. The amount of MTS1338 and 5S RNA in the untreated cell was set at 1. (D) H37Ra cells harboring recombinant pMTS1338 plasmid or empty vector were grown at 37°C. OD600 was monitored in regular interval and was plotted against time. The data presented was the average ± S.D. of three independent experiments. Growth experiments were also carried out in presence of rifampicin (5 μg/mL) added at the day 1 (E).


To examine whether higher MTS1338 abundance affects cell growth or not, we monitored the growth of cells with/without extrachromosomal MTS1338 overexpression and found that overexpression of MTS1338 in H37Ra cells under normal conditions did not show any alteration of growth rate (Figure 2D). This fact indicated that a higher accumulation of MTS1338 is not detrimental to cell viability. However, growth analysis in the presence of rifampicin revealed a significant difference in the growth rate of the cells with or without MTS1338 overexpression (Figure 2E). H37Ra cells overexpressing MTS1338 appeared to grow at a higher rate with a generation time of 6 days than the cells containing empty vector (generation time 9 days). This firmly established that MTS1338 promotes cell growth in the presence of first-line antibiotic rifampicin.



3.3 Elevated MTS1338 induces the gene encoding efflux protein CydC

MTS1338-driven increased cellular robustness in opposition to rifampicin apprised us to investigate how MTS1338 acts to relieve the antagonistic effect created by rifampicin. To address that question, we aimed to examine the expression of genes encoding ABC transporters since it is one of the most predominant intrinsic mechanisms by which M. tuberculosis can ride out antibiotic treatment is drug efflux (Remm et al., 2022). The mycobacterial cydC gene, transcribed from the cydABDC gene cluster, encodes an efflux protein. The absence of CydC in M. tuberculosis alleviates its ability to survive the transition from acute to chronic infection. Expression of cydABDC has also been shown to be induced by hypoxia and NO stress (Shi et al., 2005). We selected cydC gene for our investigation of whether MTS1338 exerts any effect on cydDC expression as in many instances cydDC transporters are recognized to help persist M. tuberculosis against drugs like isoniazid (8). To settle that hypothesis, we compared the expression of cydC gene in H37Ra cells harboring either pMTS1338 or empty pST-Ki vectors and found >3-fold induction of cydC in MTS1338 overexpressing cells (Figure 3A). Northern blot analysis (Figure 3B) for the determination of cydC accumulation revealed that the cells with higher MTS1338 abundance upregulated cydC transcripts by >3-fold (Figure 3C), which reinforced RT-qPCR data. These experiments pointed to the involvement of MTS1338 in inducing the cydC gene.

[image: Figure 3]

FIGURE 3
 (A) Relative expression of cydC mRNA was estimated by RT-qPCR analysis in the exponentially grown M. tuberculosis cells (OD600 = 0.9) harboring control or recombinant pMTS1338 vectors. 5S gene was taken as an internal control. The relative amounts of cydC mRNA are presented as the average ± standard deviation from three separate experiments and normalized to the level of the untreated sample. One-way ANOVA was conducted and a difference of *p < 0.05 was considered statistically significant. (B) Northern blot was carried out using 5’-Cy5-labeled DNA probe to detect cydC mRNA present in the total RNA isolated from the cells with/without overexpressing MTS1338. 5S was taken as a loading control. A representative of three independent northern blots with identical results was presented. The number under each lane represents the relative amount of cydC when compared with control. (C) Bands of three independent northern blots were quantitated by ImageJ. Data were presented as the average ± SD. The amount of cydC and 5S RNA in the control cell was set at 1.


Upregulation of cydC in response to higher intracellular MTS1338 abundance and enhanced accumulation of MTS1338 following antibiotic treatment instigated us to investigate whether cydC is also upregulated in response to antibiotic treatment. To examine that objective, we compared the intracellular cydC levels in the cells treated with/without rifampicin by RT-qPCR and northern blot analysis. It is conspicuous from Figure 4A that cydC accumulation analyzed through RT-qPCR was induced by ~4-fold following rifampicin treatment. An analogous result of rifampicin-driven cydC induction was obtained through northern blot analysis (Figures 4B,C). Investigation of the expression of cydD, which encodes a different efflux protein, revealed that rifampicin treatment did not show any significant effect on its intracellular abundance in M. tuberculosis (Singh and Dutta, unpublished observation). These experiments firmly established that MTS1338 has a profound effect in maintaining intracellular cydC levels against antibiotic treatment.
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FIGURE 4
 Accumulation of cydC in M. tuberculosis while treated with rifampicin (2 μg/mL). (A) Mid-log phase H37Ra cells (OD600 = 0.9) were exposed to antibiotics for 30 min at 37°C. Relative amount of cydC in the total RNA was measured by RT-qPCR analysis. 5S gene was taken as an internal control. The relative amounts of cydC mRNA are presented as the average ± standard deviation from three separate experiments and normalized to the level of the untreated sample. One-way ANOVA was conducted and a difference of *p < 0.05 was considered statistically significant. (B) Total RNA (15 μg) from rifampicin treated and untreated samples were separated in in a 2% agarose formaldehyde gel and analyzed by northern blot. The number under each lane represents the relative amount of cydC when compared to untreated sample, which was set as 1. 5S RNA gene was taken as a loading control. Northern blots were carried out three times and one representative blot is presented. (C) Northern blot experiments were carried out three times with 5′-Cy5 labeled DNA oligonucleotide probes for RNAs. Bands were quantitated by ImageJ. The amount of MTS1338 and 5S RNA in the untreated cell was set at 1.




3.4 MTS1338 directly interacts with the coding region of cydC mRNA

MTS1338-mediated upregulation of cydC mRNA brought up the question of whether MTS1338 regulates cydC abundance by directly interacting with it. To address that question, both cydC mRNA and MTS1338 sequences were used in the IntaRNA (Mann et al., 2017) to identify if any complementary region(s) exists between them. A region of 15-nt on cydC mRNA (966–980 residues) was found to be completely complementary to an intermediate portion (56–70 residues) of MTS1338 (Figure 5A). To confirm that hypothesis, both MTS1338 RNA and cydC mRNA fragments surrounding residues 916 to 1,030 that possesses region complementary to MTS1338 were transcribed and purified in vitro. Incubation of MTS1338 with cydC fragment resulted in the formation of cydC-MTS1338 binary complex, which was observed as a high molecular weight band generated in the gel-shift assay (Figure 5B). Addition of increasing amounts of MTS1338 to a constant amount of cydC mRNA gave rise to a concomitant increase in the population of cydC-MTS1338 binary complex. This experiment confirmed that MTS1338 directly interacts with the coding region of cydC mRNA potentially stabilizing it at the posttranscriptional level. A control experiment with katG mRNA did not show any interaction with MTS1338 (Figure 5C).
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FIGURE 5
 (A) Base pairing region between MTS1338 and cydC mRNA fragment as predicted by IntaRNA program. The numbering of nucleotides on MTS1338 and cydC mRNA is relative to the transcription start site of each RNA. (B,C) Interaction between MTS1338 and cydC mRNA (B) and katG (C). Fragment of cydC and katG mRNA (10 pmol) was incubated with 10, 20 and 30 pmol of MTS1338 (lanes 4, 5, and 6 respectively) in a 20 μL reaction. Numbers at the bottom of the gels represent the lanes (C).




3.5 MTS1338 overabundance increases the stability of cydC mRNA

Direct interaction of MTS1338 to the coding region of cydC mRNA raised the question of whether MTS1338 binding to cydC mRNA increased its stability in vivo. To help answer this question, we first overexpressed MTS1338 in exponentially growing cells (OD600–0.9) and subsequently rifampicin (500 μg/mL) was added to it. The use of this high concentration of rifampicin completely inhibits new transcription. The amount of cydC mRNA in the cells with/without overexpressing MTS1338 was measured at different time points after rifampicin addition by RT-qPCR analysis. As can be seen in Figure 6, overexpression of MTS1338 led to dramatic stabilization of the cydC message, increasing its half-life from ~4 min to ~15 min. This firmly indicated that the binding of MTS1338 to cydC mRNA protected from intracellular degradation possibly by ribonucleases.
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FIGURE 6
 Stability of cydC mRNA with/without MTS1338 overexpression. Cells harboring either empty or pMTS1338 plasmids were grown to exponential phase (OD600–0.9) and then tetracycline (1 μg/mL) was added to cells. Cells were further grown for 72 h and were treated with 500 mg/liter rifampicin. Samples were withdrawn at the indicated time points and the amount of cydC mRNA was determined by RT-qPCR analysis.




3.6 A higher accumulation of MTS1338 increases rifampicin efflux from axenically grown Mycobacterium tuberculosis

We measured intrabacterial ethidium bromide (EtBr) accumulation as a substitute for rifampicin efflux as EtBr has been considered as an artificial efflux pump substrate (Lake et al., 2023). The fluorescence of EtBr increases by ~20-fold when intercalated with DNA (Jernaes and Steen, 1994). Thus, occluding EtBr efflux from M. tuberculosis cells by efflux pump inhibitor renders it more fluorescent, which can be measured by spectrofluorimetry. To examine the effect of a higher accumulation of MTS1338 on rifampicin efflux, M. tuberculosis cells with/without overexpressing MTS1338 were exposed to EtBr for 10 min at 37°C and the efflux pump inhibitor CCCP was subsequently added to the cells. Cells were then centrifuged and resuspended in PBS and CCCP was added to the resuspended cells. Figure 7A shows the accumulation of EtBr in M. tuberculosis with/without overexpressing MTS1338 treated with CCCP. It is evident in Figure 7A that cells with a higher intracellular MTS1338 abundance accumulated as much as 50% less EtBr than what was obtained in the cells with a low abundance of MTS1338. This experiment firmly suggested that a higher abundance of MTS1338 promoted a lower accumulation of EtBr potentially deporting it from the cells.
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FIGURE 7
 (A) Accumulation of EtBr in M. tuberculosis cells with/without MTS1338 overexpression. Cells (OD600 = 0.9) containing empty or recombinant pMTS1338 plasmids were allowed to grow in presence of tetracycline (1 μg/mL) for 72 h followed by the addition of EtBr (1 μg/mL). After 10 min CCCP (6.25 μM) was added to the culture. Cells were then pelleted down and resuspended in PBS containing CCCP. Intracellular EtBr fluorescence was measured by fluorimetry. Data was presented as the average ± SD from three separate experiments. One-way ANOVA was conducted and a difference of *p < 0.05 was considered statistically significant. (B) After the treatment with EtBr and CCCP, cells were resuspended in PBS and intracellular accumulation of EtBr was measured by fluorimetry at indicated time points. Data was presented as the average ± SD from three separate experiments.


In a similar line, to investigate the rate of EtBr efflux in cells with empty/recombinant pMTS1338 plasmids, EtBr-containing cells were treated with CCCP and then resuspended in PBS to substantially diminish the inhibitory effect of CCCP on efflux proteins. After that intracellular EtBr accumulation was measured by spectrofluorimetry every 20 min up to 60 min. Figure 7B shows that the decrease in the inhibitory effect of CCCP resulted in the outflow of EtBr from the cells, which was reflected by the concomitant decrease in EtBr fluorescence with increasing time. Interestingly, a nearly 75% decrease in EtBr fluorescence was observed for the cells with higher MTS1338 abundance, whereas for the cells with low intracellular MTS1338 population, only a ~ 20% decrease in EtBr fluorescence was measured after 60 min. This experiment established that MTS1338 facilitates the deportation of EtBr, a surrogate of rifampicin, from the cells.




4 Discussion

Although M. tuberculosis possesses an array of eccentric mechanisms to withstand antibiotic action, sRNA-mediated drug tolerance of mycobacteria has not been reported earlier. In the current study, we systematically analyzed the remodeling of an intracellular regulatory circuit of M. tuberculosis in response to antibiotic treatment. MTS1338, a distinctive sRNA exists only in pathogenic mycobacterial strains (Arnvig et al., 2011) and can confer pathogenic properties to nonpathogenic mycobacteria while expressed in a heterologous manner (Bychenko et al., 2021). Treatment of first-line antitubercular drug rifampicin on M. tuberculosis upregulated MTS1338, which in turn was found to ameliorate its survival in the presence of the drug. The treatment of a second-line drug kanamycin on M. tuberculosis also showed an identical effect on MTS1338. Examination of how MTS1338 promotes M. tuberculosis survival under rifampicin-exposed conditions revealed that a higher MTS1338 abundance induced an efflux protein CydC that minimizes drug concentration in the cell.

The global emergence of pathogens resistant to antimicrobial agents accounts for the increasing health crisis of people. Multifaceted approaches for the mitigation of disease prevalence by promoting antibiotic stewardship are required to control antimicrobial resistance and tolerance. Understanding how pathogens remodel their gene regulatory pathways against the existing antibiotic arsenal is a critical step for the development of new antimicrobial drugs or improving the self-life of current antibiotics (Mediati et al., 2021). Although multiple mechanisms have been elucidated for mycobacterial resistance against antibiotics, a small RNA regulator contributing to antimycobacterial resistance has never been reported before this study. However, the instances of sRNAs exist in pathogens other than mycobacteria acting as regulatory hubs for antibacterial resistance. A highly conserved sRNA SprX in Staphylococcus aureus causing bacteraemia, infective endocarditis, and osteomyelitis in humans alters antibiotic sensitivity by negatively regulating transcription factor SpoVG (Mediati et al., 2021; Eyraud et al., 2014; Liu et al., 2016). Two sRNAs, Sr0161 and ErsA, in multidrug-resistant Pseudomonas aeruginosa negatively regulate a major outer-membrane porin OprD, which is responsible for the uptake of carbapenem antibiotic. Thus, sRNA-mediated downregulation of OprD leads to bacterial resistance against carbapenem (Ochs et al., 1999; Zhang et al., 2017). Numerous sRNA in E. coli, e.g., MicF, GcvB, RyhB, etc. have been shown to modulate antibiotic sensitivity leading to resistance (Dersch et al., 2017). Many other pathogens like Salmonella sp. (Acuña et al., 2016), Vibrio sp. (Peschek et al., 2020), etc. exploit sRNAs to develop resistance against antibiotics. MTS1338-mediated growth advantage of M. tuberculosis under antibiotic-treated conditions confirms the sRNA orchestration of cydC upregulation for mycobacterial adaptation to antibiotic treatment.

Efflux of drugs through membrane transporters or efflux pump proteins is one of the paramount strategies of M. tuberculosis for acquiring antibiotic resistance (10). Efflux pumps are membrane-spanning proteins primarily controlled by regulatory systems that have evolved to counter antibiotics (Smith et al., 2013). In the current context, MTS1338 after being induced by rifampicin acts as a pivot that upregulates a higher intracellular abundance of efflux proteins CydC thereby promoting the deportation of drugs leading to the improvement of cellular fitness (Andersson and Hughes, 2010). Thus, CydC activity in M. tuberculosis is coupled to MTS1338 regulation and is conceivable to be involved during mycobacterial infection owing to MTS1338’s role under that condition. M. tuberculosis possesses at least 18 different transporters related to antibiotic susceptibility (Viveiros et al., 2012). Thus, it would not be surprising if MTS1338 controls multiple transporters in response to antibiotic treatment. An example lies in M. tuberculosis, as a transcription regulator Lsr2 in this bacterium being upregulated by isoniazid and ethambutol negatively controlled the expression of two transporters IniBAC and EpfA, which led to obtaining resistance against antibiotics (Colangeli et al., 2007). CydC also can be controlled by multiple regulators as it happens in E. coli where three regulatory systems for antibiotics controlled a single transporter protein AcrB, a major determinant for multidrug resistance (Alekshun and Levy, 1997). Additional studies are required to unfold the MTS1338-driven regulatory processes how MTS1338 facilitates the outflow of antibiotics through CydC.

Given the multidimensional role of MTS1338, it would not be surprising if MTS1338 is accountable for turning on other pathways leading to antimycobacterial resistance. As MTS1338 is induced in response to both front-line and second-line drugs, it is conceivable that MTS1338 might promote antibacterial resistance against a broad range of antibiotics. Several sigma factors and WhiB protein transcription factors have been identified to be responsible for antibiotic susceptibility (Miotto et al., 2022). The key among the WhiB proteins that promote antibacterial drug resistance is WhiB7 (Burian et al., 2013; Reeves et al. 2013; Pisu et al., 2017). WhiB7 is upregulated by several 100-folds upon exposure to front-line drugs like rifampicin and is barely controlled by MTS1338 as increased intracellular abundance does not significantly alter the intracellular accumulation of whiB7 transcript (Singh and Dutta, unpublished observation). Likewise, SigE in M. tuberculosis was reported to be one of the leading among 13 Sigma factors gaining resistance against antibiotics (Pisu et al., 2017). M. tuberculosis also exploits many other transcription factors like GntR, XRE, etc. to obtain resistance (Miotto et al., 2022). Additional work is required to establish whether MTS1338 is involved in all the abovementioned mechanisms.

The current study depicted a novel antimycobacterial resistance mechanism regulated by a distinctive sRNA MTS1338 in M. tuberculosis. This adds substantially to our knowledge of how M. tuberculosis triggers a regulatory cascade for acquiring resistance against antimycobacterial drugs controlled by a sRNA, which was never unveiled before.
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Sterols are essential for eukaryotic cells and are crucial in cellular membranes’ structure, function, fluidity, permeability, adaptability to environmental stressors, and host-pathogen interactions. Fungal sterol, such as ergosterol metabolism, involves several organelles, including the mitochondria, lipid droplets, endoplasmic reticulum, and peroxisomes that can be regulated mainly by feedback mechanisms and transcriptionally. The majority of sterol transport in yeast occurs via non-vesicular transport pathways mediated by lipid transfer proteins, which determine the quantity of sterol present in the cell membrane. Pathogenic fungi Candida, Aspergillus, and Cryptococcus species can cause a range of superficial to potentially fatal systemic and invasive infections that are more common in immunocompromised patients. There is a significant risk of morbidity and mortality from these infections, which are very difficult to cure. Several antifungal drugs with different modes of action have received clinical approval to treat fungal infections. Antifungal drugs targeting the ergosterol biosynthesis pathway are well-known for their antifungal activity; however, an imbalance in the regulation and transport of ergosterol could lead to resistance to antifungal therapy. This study summarizes how fungal sterol metabolism and regulation can modulate sterol-targeting antifungal drug resistance.
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1 Introduction

Invasive fungal infections increased considerably in immunocompromised or critically ill patients, such as HIV-positive patients, cancer patients undergoing chemotherapy, and organ transplant recipients, which poses a significant global threat to human health (Pfaller and Diekema, 2007; Low and Rotstein, 2011; Garnacho-Montero et al., 2024). Worldwide, 150 million immunocompromised individuals suffer from fungal diseases, which claim the lives of about 1.7 million of them annually (Bongomin et al., 2017; Kainz et al., 2020). Usually, Candida, Aspergillus, and Cryptococcus spp., infections account for more than 90% of nosocomial fungal infections, primarily affecting immunocompromised individuals (Brown et al., 2012). Numerous species of Candida can cause invasive candidiasis, a severe infection that can affect the heart, brain, eyes, bones, blood, and other body parts of patients (Pfaller and Diekema, 2007; McCarty and Pappas, 2016; Lass-Flörl et al., 2024). The prevalence of Candida albicans and non-albicans species has grown, particularly in the last two decades (Deorukhkar et al., 2014; Pfaller et al., 2014). This is attributable to a rise in immune-related disorders, the overuse of immunosuppressive medicines, and the prolonged use of medical equipment. The C. albicans mainly cause candidiasis, however, several non-albicans species such as C. parapsilosis, C. glabrata, C. krusei, C. tropicalis, C. dubliniensis, C. lusitaniae also reported from clinical samples of candidiasis patients (Deorukhkar et al., 2014; Hani et al., 2015; Makanjuola et al., 2018).

Several classes of antifungal drugs with different modes of action have been approved for use in clinical settings to treat fungal infections (Fuentefria et al., 2018). These antifungal drugs include azoles, allylamines, morpholines, polyenes, nucleoside analogs, and echinocandins. Azoles (e.g., fluconazole, voriconazole, and isavuconazole) mainly inhibit the ergosterol biosynthesis pathway enzyme lanosterol-14α-demethylase encoded by ERG11 and interrupt the ergosterol biosynthesis (Chen and Sobel, 2005; Allen et al., 2015; Lee et al., 2023). Allylamines (e.g., terbinafine and naftifine) inhibit the squalene epoxidase encoded by ERG1, and morpholine (e.g., amorolfine, fenpropimorph, and tridemorph) inhibits the biosynthesis of sterol by blocking two successive enzymes (a) C-14 sterol reductase (ERG24) and (b) C-8 sterol isomerase (ERG2) (Debieu et al., 2000). Polyene (e.g., amphotericin B, nystatin, and natamycin) interacts with ergosterol in the cell membrane, creating pores and causing cell lysis, while echinocandin (e.g., caspofungin and micafungin) mainly inhibits the enzyme β-1,3-D-glucan synthase encoded by FKS1 (Perlin, 2015; Ahmady et al., 2024). Nucleoside analogs, such as 5′-flucytosine (5-FC), are taken up by cytosine permease, a membrane transporter of fungal cells. Cytosine deaminase then transforms the 5-FC into 5-fluorouracil (5-FU), which is its active form. 5-fluorouracil is metabolized to produce 5-fluorouridine monophosphate (5-FUMP) and 5-fluorodeoxyuridine monophosphate (5-FdUMP), which, respectively, blocks RNA and DNA synthesis (Bhattacharya et al., 2020; Sigera and Denning, 2023). The chemical structure of antifungal drugs that selectively target the ergosterol production pathway of S. cerevisiae is shown in Figures 1A,B.
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FIGURE 1
 (a) The chemical structures of various antifungal drug that specifically targets the ergosterol biosynthesis pathway. (b) Schematic representation of ergosterol biosynthesis pathway reported in S. cerevisiae. The production of ergosterol molecules begins with the condensation of acetyl-Co and takes place mainly in the ER, whereas farnesyl-PP biosynthesis occurs in the vacuole. Allylamine inhibitors inhibit squalene epoxidase, which is encoded by ERG1. Azole inhibitors primarily target ERG11, resulting in the generation of hazardous sterols. Morpholines target step catalyzed by ERG24 and ERG2, inhibiting ergosterol production, whereas polyene targets membranes’ ergosterol [Adapted and modified from Onyewu et al., 2003].


The existence of intrinsic, acquired, or clinical resistance poses a significant challenge that limits the potential for the development of novel therapeutics against Candida species (Sanguinetti et al., 2015; Chowdhary et al., 2017; Spivak and Hanson, 2018). The rise in clinical isolates of fungal pathogens that are highly virulent and resistant to drugs poses a severe threat to human health (Taei et al., 2019; McDermott, 2022). Public health worldwide is seriously threatened by the emergence of pan-resistant C. auris clinical isolates (Lockhart, 2019). Therefore, a fundamental comprehension of the molecular pathways that an appropriate drug can target aids in preventing the development of fungal drug resistance.

Ergosterol, a key sterol in fungal membranes, primarily regulates membrane fluidity, membrane-bound enzyme activity, growth, and other cellular processes, which makes them a potentially valuable target for drug development (Iwaki et al., 2008; Rodrigues, 2018). After being produced in the endoplasmic reticulum (ER), ergosterol is transferred to the plasma membrane (PM), which contains an enormous amount of the cell’s free ergosterol pool (Mesmin et al., 2013). Newly produced ergosterol equilibrates with the PM localized sterol pool, with roughly 105 ergosterol molecules entering and exiting the PM per second (Hu et al., 2017). Sterols are insoluble in water, hence equilibration of free/available sterols between organelles needs lipid transfer proteins between membranes. Soluble lipid transfer proteins take a lipid from a donor membrane and deposit it to an acceptor membrane (Wong et al., 2019). Oxysterol-binding protein (OSBP) and OSBP-related proteins (ORPs) are key candidates of the eukaryotic gene family, including ORP in humans and oxysterol-binding homologous (Osh) proteins in yeast that transfer and regulate sterols and phospholipids between organelle membranes (Weber-Boyvat et al., 2013). Although ergosterol production and transport are well understood in model yeast, little is known about how they contribute to antifungal drugs. This study describes the key steps in ergosterol production and transport pathways that lead to antifungal drug resistance.



2 Ergosterol biosynthesis pathway

Ergosterol is mainly synthesized in the ER and transferred to various organelles such as mitochondria, Golgi body, and PM through vesicular and non-vesicular transport mechanisms (Lv et al., 2016; Jordá and Puig, 2020; Zheng Koh and Saheki, 2021). Sterol concentrations are low in the ER but raised in secretory organelles, with the maximum concentration in the PM (Zinser et al., 1993; Hannich et al., 2011). Ergosterol comprises four rings, an acyl side chain, and a hydrophilic hydroxyl group that makes it easy to introduce into membranes. Ergosterol’s structure varies from cholesterol by two additional double bonds (at position C7 and C8) and an extra methyl group (at position C22 and C23) in the side chain (Vanegas et al., 2012).

Sterol biosynthesis in the model yeast Saccharomyces cerevisiae begins with the condensing two acetyl-CoA molecules to produce acetoacetyl-CoA, catalyzed by Erg10p (Liu et al., 2019). Erg13p catalyzes the conversion of a third acetyl-CoA to acetoacetyl-CoA, resulting in 3-hydroxy-3-methylglutarylCoA (HMG-CoA) (Miziorko, 2011). HMG-CoA is then reduced to mevalonate by HMG-CoA reductase encoded by Hmg1p and Hmg2p (Basson et al., 1986). Sterol intermediates block these reductases, making this a critical metabolic checkpoint. Erg12p phosphorylates mevalonate during the subsequent process (Oulmouden and Karst, 1991). Erg8p, a phosphomevalonate kinase, further phosphorylates to produce mevalonate-5-pyrophosphate (Tsay and Robinson, 1991). Next, Erg19p, a mevalonate pyrophosphate decarboxylase, decarboxylates isopentenyl pyrophosphate (IPP) (Berges et al., 1997). IDI1 encodes the IPP isomerase, which converts IPP to dimethylallyl pyrophosphate (DPP). DPP then condenses with another IPP molecule to produce geranyl pyrophosphate, a further addition of IPP results in the formation of farnesyl pyrophosphate (FPP). The geranyl/FPP synthase, Erg20p, catalyzes both processes (Anderson et al., 1989).

Next, squalene synthase (Farnesyl-diphosphate farnesyl transferase) enzyme Erg9 uses two farnesyl-pyrophosphate (farnesyl-PP) molecules to form squalene. The enzymes squalene epoxidase ERG1 and lanosterol synthase ERG7 work in tandem to convert squalene to lanosterol. Lanosterol is converted into 4,4-dimethyl-cholesta 8,14, 24-trienol by lanosterol 14α-demethylase encoded by ERG11 which is further converted into 4,4-dimethyl-zymosterol which is catalyzed by C14 sterol reductase (ERG24). 4,4-dimethyl-zymosterol is further converted into zymosterol by involving enzymes such as ERG25, ERG26, and ERG27. Finally, the enzyme C24-methyltransferase (Erg6p) converts the zymosterol into fecosterol. In the next step, fecosterol is converted into episterol, a reaction catalyzed by the C8 isomerase enzyme ERG2, and in the last step, episterol is transformed into ergosterol through a complex process involving C5-sterol desaturase (ERG3), C22-sterol desaturase (ERG5) and C24-sterol reductase (ERG4) reactions (Shakoury-Elizeh et al., 2010; Kathiravan et al., 2012; Joshua and Höfken, 2017; Ward et al., 2018; Liu et al., 2019; Vil et al., 2019). The sterol-desaturase enzyme, encoded by CaERG3, is known to utilize 14α-methyl-fecosterol in C. albicans. This enzyme catalyzes the conversion of 14α-methyl-fecosterol to 14α-methyl-ergosta-8,24(28)-dienol-3,6-diol, a toxic sterol linked to the antifungal activity of triazoles. Ergosterol biosynthesis in yeast depends on oxygen and iron at multiple steps such as enzymatic reactions catalyzed by ERG1, ERG3, ERG5, ERG11, and ERG25 use molecular oxygen and heme as the electron acceptor (Jordá et al., 2022).



3 Ergosterol mediated antifungal drug resistance


3.1 Allylamine resistance

These days, allylamines such as naftifine and terbinafine are a relatively new class of synthetic antifungal medications against filamentous, dimorphic, yeast-like fungi (Hammoudi Halat et al., 2022). Allylamines act as non-competitive inhibitors mainly by interfering with the initial rate-limiting step of ergosterol biosynthesis catalyzed by squalene epoxidase encoded by ERG1 (Petranyi et al., 1984). C. albicans, and C. parapsilosis squalene epoxidase, are susceptible to allylamine, while mammalian liver squalene epoxidase is significantly less sensitive to allylamines (Ryder, 1987; Ryder and Dupont, 1985). Naftifine is a topical fungicidal that is efficient against dermatophytes and is used to treat cutaneous candidiasis. Terbinafine hypersusceptibility was observed in strains overexpressing ERG1, ERG9, and ERG26. Erg9p converts FPP to produce squalene, a substrate for Erg1p. The overexpression of Erg9p or Erg1p may cause FPP or squalene pools to be diverted toward ergosterol biosynthesis rather than other cellular functions, leading to susceptibility in these strains (Bhattacharya et al., 2018). The C. albicans erg2Δ/Δ and erg24Δ/Δ mutants are also susceptible to terbinafine, due to the enhanced fluidity and permeability of their PMs (Luna-Tapia et al., 2015). Low terbinafine susceptibility was observed in oropharyngeal C. albicans isolates from HIV-positive individuals in a prior investigation (Odds, 2009). Another study also revealed that, except for C. lusitaniae, C. parapsilosis, and C. krusei, other Candida spp., isolates were resistant to terbinafine (MIC >32 mg/L) (Tøndervik et al., 2014).



3.2 Azole resistance

The azole-antifungal is the most extensive and frequently utilized class of antifungal drugs (Jangir et al., 2023). Azole targets the ergosterol biosynthesis leading to the formation of unusual sterols disrupting the fungal cell membrane. Azoles inhibit the enzyme called lanosterol 14α-demethylase, encoded by ERG11 (CYP51), which is a fungal cytochrome P450-(CYP50) family-dependent enzyme that converts lanosterol into 14α-dimethyl-lanosterol in the ergosterol biosynthesis pathway. The inhibition of this enzyme increases lanosterol and 14α-methyl sterol levels while ergosterol levels decrease. This causes the fungal cell membrane’s typical permeability and fluidity to change, which inhibits the growth of fungal cells (Peyton et al., 2015; Zhang et al., 2019). ERG2 deletion or HMG1 overexpression strains showed increased susceptibility when treated with azoles due to lower ergosterol contents (Donald et al., 1997; Bhattacharya et al., 2018). In S. cerevisiae and C. albicans Δerg3 and Δerg6 deletion strains are resistant to fluconazole due to their inability to manufacture toxic dienol, which accumulates in the wild-type cell after azole treatment (Kodedová and Sychrová, 2015). Fluconazole resistance is also observed in ERG3 deletion/missense mutant strains of Cryptococcus neoformans, C. glabrata, C. parapsilosis, and C. albicans (Branco et al., 2017; Sanglard et al., 2003). Mutation in ERG25 leads to sterol intermediate accumulation and decreases fluconazole’s binding affinity (Kodedová and Sychrová, 2015; Cavassin et al., 2021). Overexpression of ERG11 in C. albicans, C. glabrata, C. krusei, and multidrug resistance C. auris showed higher resistance to azoles (He et al., 2015; Feng et al., 2017; Bhattacharya et al., 2019).



3.3 Morpholine resistance

The ergosterol production pathway enzymes, mainly C14-sterol reductase (ERG24), and C8-sterol isomerase (ERG2) are targeted by the morpholine class of antifungals e.g., amorolfine, fenpropimorph (FEN) and tridemorph, which leads to the accumulation of abnormal sterols ignosterol (ergosta-8,14 dieno) (Polak, 1988; Lorenz and Parks, 1992; Parks and Casey, 1995). The observation of FEN resistance in strains overexpressing ERG24 supports that Erg24p is the principal morpholine drug target (Henry et al., 2000). In addition, FEN resistance was observed in disruption mutants of ERG4. FEN hypersusceptibility was detected in the strains that overexpressed NCP1, ERG1, and HMG1 or in Δerg3 and Δerg6 deletion strains (Bhattacharya et al., 2018). It was discovered that C. albicans sensitivity to the morpholines can be decreased by overexpressing the ERG2 or ERG24 genes (Luna-Tapia et al., 2015). The erg2Δ deletion mutant of C. albicans was sensitive to FEN, whereas the erg24Δ deletion mutant was hypersensitive to amorolfine, FEN, and tridemorph. Mutation in the open reading frame of gene FEN2 from S. cerevisiae that encodes a PM H+-pantothenate symporter was shown to be FEN resistance (Stolz and Sauer, 1999). These findings support the theory that the morpholine’s antifungal action depends on the simultaneous inhibition of Erg2p and Erg24p.



3.4 Polyene resistance

Polyene class includes amphotericin B (AmB), nystatin, natamycin, and filipins that target PM ergosterol and create a pore in the membrane (Madaan and Bari, 2023). Changes in ergosterol content or the substitution of sterol intermediates are the causes of polyene resistance (Ahmady et al., 2024). Previous research concluded that C. lusitaniae may become resistant to AmB due to mutations in or changes in the expression of ergosterol biosynthesis genes (Young et al., 2003). Elevated ERG6 transcript levels and decreased ergosterol content were observed in C. lusitaniae resistant to AmB, indicating mutations or dysregulation in the ergosterol biosynthesis pathway (Bhattacharya et al., 2018). In clinical isolates of C. glabrata, ERG6, and ERG2 are important targets associated with reduced susceptibility to AmB (Ahmad et al., 2019). AmB-resistant isolates also showed lower expression of the ERG3 gene, which codes for C5 sterol desaturase, suggesting a possible involvement of ERG3 in the clinical emergence of AmB resistance (Young et al., 2003). C. neoformans strains with sterol compositions corresponding to ERG2 deletion mutant of S. cerevisiae are resistant to AmB (Kelly et al., 1994). A previous study in S. cerevisiae reported that, as compared to the parental strain, the mutant lacking ERG4 was slightly more sensitive to nystatin; moreover, the deletion of ERG2, ERG6, and, to a lesser extent, ERG3, also conferred resistance to this polyene, most likely because of the decreased drug binding affinity for the accumulated fecosterol, zymosterol, and episterol in these mutants (Kodedová and Sychrová, 2015). Natamycin and nystatin-induced loss of inhibition was demonstrated by the loss of double bonds in the B-ring of ergosterol produced by deletions of ERG3 (5,6 position) and particularly ERG2 (7,8 position) (te Welscher et al., 2010).

mRNA expression levels of ERG3 and ERG6 were decreased but increased for ERG11 in AmB-resistant isolates of C. parapsilosis (Lotfali et al., 2017). The loss of function of ERG5 (C22 sterol desaturase) or substitution in ERG11 has been associated with AmB resistance in C. albicans (Martel et al., 2010; Vincent et al., 2013). Inactivation of ERG2 (C8 sterol isomerase) and ERG6 (C24 sterol methyl-transferase) was reported to have a similar impact on C. glabrata (Ahmad et al., 2019). One of the only mechanisms of AmB resistance in C. neoformans that has been described involves a mutation that renders ERG2 inactivated (Kelly et al., 1994). Altered sterol profile due to mutations in several ergosterol biosynthetic pathways genes ERG11, ERG3, ERG2, and ERG6 also cause AmB resistance in Candida species (Vandeputte et al., 2008; Vincent et al., 2013; Carolus et al., 2021; Rybak et al., 2022). Table 1 lists the genes related to ergosterol metabolism and transport pathways that are implicated in resistance to antifungal drugs.



TABLE 1 A list of ergosterol metabolic and transport pathways genes involved in antifungal drug resistance.
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4 Ergosterol biosynthesis regulation

Ergosterol biosynthesis and degradation must be balanced and regulated to prevent the buildup of free sterols, which can be harmful to cells. Yeast cells have evolved distinct regulatory systems that carefully control the ergosterol composition of lipids. Feedback regulation of ergosterol biosynthesis at the biosynthetic level and transcriptional regulation is responsible for regulating the amount of ergosterol (Jordá and Puig, 2020). Furthermore, the ergosterol pathway enzymes exhibit differential localization. For example, ERG1 localizes exclusively to the ER to enhance ergosterol synthesis; ERG6 localizes to the ER, mitochondria, and cytoplasm; however, ERG1 and ERG6 also localize in a lipid particle (Leber et al., 1998; Shakoury-Elizeh et al., 2010).

Several enzymes involved in the process of ergosterol biosynthesis work together to control the level of ergosterol produced. Squalene, epoxy squalene, and polyepoxyl squalene, for instance, increase when ERG27 is inhibited, but not lanosterol, which is identical to that in the erg7∆ mutant and suggests that ERG7 and ERG27 interact genetically (Teske et al., 2008). Subsequent research demonstrated that ERG27 can interact with ERG7 and facilitate a relationship between ERG7 and lipid particles to inhibit ERG7 degradation; additionally, ERG27 regulates ERG7 activity in lipid particles (Layer et al., 2013). Similarly, double deletion mutants of ERG24 and ERG4 cannot grow in either nutrient-rich medium YEPD or a synthetic complete medium in the presence of calcium. This phenomenon is also observed when ERG24 is altered with three additional genes, namely ERG3, ERG5, and ERG6 (Luna-Tapia et al., 2015). Furthermore, the expression of ergosterol synthesis is also regulated by the intracellular transportation of ergosterol.

Two endoplasmic reticulum-localized acyl-coenzyme A: sterol acyltransferases, ARE1 and ARE2, which are significantly implicated in sterol esterification, are encoded by S. cerevisiae (Yang et al., 1996). Under normal growth conditions, Are2p esterifies the final product, while Are1p primarily esterifies intermediates in sterol biosynthesis (Valachovic et al., 2001). In S. cerevisiae, neutral lipids are generated by four enzymes: Are1p and Are2p, which generate stearyl esters; and Lro1p and Dga1p, which generate triacylglycerol and are stored as lipid droplets (Jacquier et al., 2011). ARE genes are differently regulated in response to variations in sterol metabolism. The major isoform of the enzyme in a wild-type cell developing aerobically is Are2p. The accumulation of ergosterol pathway intermediates or heme deficiency causes the ARE1 gene to be up-regulated, while ARE2 is repressed under heme deficiency. This suggests that the controlled removal of intermediates in the biosynthesis process before they become toxic or contribute to accumulation in the final product is a novel form of sterol homeostasis (Jensen-Pergakes et al., 2001). Despite altered sterol composition, in an ARE1, ARE2 double mutant, stearyl esters (SE) biosynthesis is blocked without any growth defects (Ploier et al., 2015). The double mutant exhibits an increase in free sterols and a decrease in total sterol biosynthesis, suggesting that the formation of SE can also regulate sterol biosynthesis (Ploier et al., 2015). Optimizing culture conditions and metabolic pathway engineering are the two primary techniques for increasing ergosterol productivity since ergosterol biosynthesis is controlled by genes that regulate the biosynthesis and environmental factors (Náhlík et al., 2017). For example, ergosterol biosynthesis can be markedly increased by overexpressing sterol biosynthesis genes (e.g., ERG1, ERG4, EGR9, and ERG11) or ARE2. Thus, ergosterol biosynthesis regulation is a complicated process influenced by various factors.

Another important metabolic checkpoint for the biosynthesis of ergosterol is the synthesis of HMG-CoA, which is catalyzed by HMG-CoA reductase (HMGR) (Burg and Espenshade, 2011). Excessive sterols in S. cerevisiae can cause HMGR (Hmg2) to be degraded via the ER-related degradation (ERAD) pathway, which lowers mevalonate synthesis and down-regulates sterol production (Espenshade and Hughes, 2007). The ERAD process primarily initiates HMGR degradation with the help of membrane-spanning ubiquitin-protein ligase Hrd1, ubiquitin-conjugating enzyme Ubc7, and the chaperone proteins NSG1 and NSG2 (Hampton and Bhakta, 1997; Burg and Espenshade, 2011; Theesfeld and Hampton, 2013; Figure 2A). ERG1 is also degraded by the ERAD pathway via ubiquitin ligase Doa10 when lanosterol concentration increases to prevent the accumulation of toxic sterol intermediates (Foresti et al., 2013; Huang and Chen, 2023). As a result, ERAD is crucial for preserving cellular sterol homeostasis.

[image: Figure 2]

FIGURE 2
 (a) Ergosterol biosynthetic pathway regulatory mechanism contributes to antifungal drug resistance. Overabundance of ergosterols may cause HMG-CoA reductase (HMGR) to be degraded via the proteasome, reducing mevalonate synthesis and down-regulating ergosterol biosynthesis. The ER-related degradation (ERAD) pathway mediates the proteasome recognition process of HMGR. The ERAD process primarily initiates HMGR breakdown by HRD1 and the chaperone proteins NSG1 and NSG2 recognizing sterols (Omelchuk et al., 2018). (1) In excessive sterol conditions, the ergosterol pathway, specifically transcription factor UPC2, binds with ergosterol and Hsp90 and stays in the cytosol as a repressed state. (2) Under low ergosterol, dissociation of ergosterol leads to the relocalization of Upc2 from cytosol to the nucleus by nuclear transport proteins such as importins α. transcription factors UPC2 can bind to the SRE of the sterol biosynthesis genes to promote their expression or Activated Upc2 also triggers the expression of the Adr1 transcription factor, which further serves to direct the expression of ergosterol biosynthesis genes. Activation of Upc2 or Adr1-enhanced azole, AmB, and terbinafine resistance in Candida (Shrivastava et al., 2023). (3) Three members of the heme-binding damage resistance proteins (Dap) family—DapA, DapB, and DapC in A. fumigatus modulate cytochrome P450 enzymes Erg5 and Erg11 in a coordinated manner and influence azole susceptibility (Song et al., 2016). (b) Overview of oxysterol binding protein-mediated sterol transport in S. cerevisiae. (1) Osh1 and Osh4p acts as a sterol-PI4P exchanger where it acquires the sterol from the donor membrane (ER) and exchange it for a PI4P at the acceptor membrane (trans-Golgi) and then carries the PI4P back to the donor membrane, completing the exchange cycle (Mochizuki et al., 2022). Sec14 protein is involved in the transport of PI from ER to Golgi. PI4P is converted into PI at the ER by Sac1p, and PI is phosphorylated into PI4P at the trans-Golgi by Pik1p (De Saint-Jean et al., 2011). (2) OSH2 and OSH3 contain the pleckstrin homology (PH) domain in the N-terminal region, the OSBP-related ligand binding domain (ORD) in the C-terminal region, and the (FFAT) motif. These play a part in the counter-transport of ergosterol and PI4P from the ER to the PM and from the PM to the ER, respectively. PI is phosphorylated into PI4P at the PM by Stt1. (3) Lam1p, Lam2p, Lam3p, and Lam4p is involved in retrograde transport of sterol. (4) LAM5 and LAM6 are involved in retrograde transport from ER to mitochondria (Elbaz-Alon et al., 2015; Gatta et al., 2015).


Most fungi including fission yeast Schizosaccharomyces pombe and opportunistic pathogen C. neoformans contain a homolog of the mammalian sterol regulatory element binding protein (SREBP) known as Sre1, while in Aspergillus fumigatus called SrbA (Brown and Goldstein, 1997; Willger et al., 2008; Chang et al., 2009). SREBP-like proteins are activated upon cleavage by SREBP activating protein (SCAP) known as Scp1, that is absent in A. fumigatus (Willger et al., 2008). Sre1 localizes to the ER and regulates sterol-specific gene expression (Gómez et al., 2020). Under low sterol conditions, Sre1 gets cleaved and enters the nucleus, binds to sterol regulatory elements (SREs), and increases the expression of sterol-synthesizing genes (Hughes et al., 2005). In addition, hypoxic conditions also induce cleavage of Sre1 and lead to the expression of oxygen-dependent enzymes in the ergosterol biosynthesis pathway including Erg3 and Erg25 (Bien and Espenshade, 2010; Tong et al., 2018). Nevertheless, ergosterol production and absorption are regulated differently depending on the kind of yeast. Fission yeast without Sre1 and Scp1 cannot grow in anaerobic conditions as they cannot manufacture ergosterol at low oxygen levels (Hughes et al., 2005; Stewart et al., 2011; Chong and Espenshade, 2013). Similarly, budding yeast does not take up exogenous sterol, under aerobic or normal growth conditions. But in hypoxic/anaerobic environments, budding yeast does take up exogenous sterol; in fact, sterol absorption is critical to the survivability of budding yeast during anaerobic growth when sterol production is restricted by low oxygen supply (da Costa et al., 2018). Under aerobic circumstances or in the presence of azoles, C. glabrata can also absorb cholesterol (Nakayama et al., 2007; Nagi et al., 2013). Moreover, C. glabrata can import cholesterol and use it instead of ergosterol when vital genes ERG1, ERG7, or ERG11 are knocked down, but this is not the case when ERG25 and ERG26 are knocked down (Okamoto et al., 2022).

While budding yeast lacks SREBP homologs, it does have a unique sterol regulatory mechanism that controls ergosterol production. This mechanism involves Upc2 and its paralog Ecm22, both are transcription factors specific to the fungal family able to bind with sterol regulatory elements (SRE) through their amino-terminal Zn2Cys6 DNA binding domain (Vik and Rine, 2001; Yang et al., 2015). Lethality results from the deletion of Ecm22 and Upc2, indicating that both proteins are crucial for controlling sterol metabolism in budding yeast (Shianna et al., 2001). Upc2 has a hydrophobic pocket in its C-terminal domain that binds to sterol and controls the protein’s transition between the cytosol and nucleus (Vik and Rine, 2001; Marie et al., 2008). Under normal conditions, ergosterol binds with the UPC2 carboxy-terminal domain causing repression of the UPC2 transcription factor (Shianna et al., 2001). Under ergosterol depletion or hypoxic conditions, ergosterol ligand dissociation causes conformational changes and the Upc2 transcription factor translocated to the nucleus and activates SRE-containing genes including ergosterol biosynthesis genes, sterol uptake genes (AVS1, PDR11), and DAN1/TIR mannoprotein genes during the anaerobic remodeling of the cell wall (Abramova et al., 2001; Figure 2A).

Dimerization of UPC2 essential for regulatory function, gain of function mutation in UPC2 leads to azole resistance while deletion of UPC2 in C. albicans sensitizes them toward azoles (Whaley et al., 2014; Yang et al., 2015). According to previous research, the transcription factors ECM22 and UPC2, the SRE region of the sterol biosynthesis genes enhance their expression under hypoxic conditions (Davies and Rine, 2006; Woods and Höfken, 2016). AUS1 and PDR11, two ATP-binding transporters, can also be expressed in response to UPC2, which promotes yeast to absorb sterols from its surroundings. Ergosterol production is further impacted by additional environmental variables such as oxidation, ethanol stimulation, and iron availability (Barchiesi et al., 2005).



5 Ergosterol transport pathways

Sterol transport between organelles and release into the medium rely on vesicular or nonvesicular transport pathway (Jacquier and Schneiter, 2012). Under aerobic conditions, yeast does not incorporate exogenous sterols, however, under hypoxia/anaerobic conditions ability to synthesize sterol is decreased which is compensated by the import of sterol from the medium through nonvesicular intracellular trafficking (Lev, 2010). Newly produced lipids are transported non-selectively from the ER to the PM via secretory vesicle flux (Wong et al., 2019). Lipid transfer proteins and sterol binding proteins are two evolutionarily conserved families of proteins that mediate intracellular sterol distribution (Lin et al., 2023). All eukaryotes have the evolutionarily conserved lipid transport proteins (LTPs) known as Oxysterol-binding protein Homology [Osh] in yeast, and Oxysterol-binding Protein [OSBP] and OSBP-Related Protein [ORP] in mammals (Schulz and Prinz, 2007; Lev, 2010; Ngo et al., 2010). The primary biological functions of OSBP and ORP include signaling, vesicular trafficking, lipid metabolism, and non-vesicular transport (Raychaudhuri and Prinz, 2010; Jackson et al., 2016). It has been demonstrated that these proteins can bind and transport different lipids, such as phosphoinositides (PIPs), and sterols (Ngo et al., 2010; Delfosse et al., 2020; Lin et al., 2023; Nakatsu and Kawasaki, 2021).

There is evidence supporting the function of a cytoplasmic nonvesicular protein sterol transporter, and the structure of an oxysterol-binding protein homolog (OSH) in yeast (Osh4p/Kes1p) has been solved, without a ligand and in complexes with many oxysterols, cholesterol, and ergosterol, identifying it as a sterol-binding protein (Schulz and Prinz, 2007). A seven-member oxysterol-binding protein family (Osh1-7) in S. cerevisiae performs redundant, overlapping roles in sterol metabolism collectively necessary for maintaining intracellular sterol distribution and homeostasis. All seven proteins are demonstrated to have the highest homology within the restricted region of 150–200 amino acid residues that make up OSBP-related domains (ORD) involved in oxysterol binding and intracellular sterol distribution is significantly changed in mutants lacking any of these proteins, which is consistent with an involvement of Osh proteins in intracellular sterol transport (Beh et al., 2001; Beh and Rine, 2004; Schulz and Prinz, 2007).

All these proteins may have a hydrophobic binding tunnel that is important for interaction with sterol. PH domain located at N- the terminal of Osh1p, Osh2p, and Osh3p proteins may control protein targeting to membranes and function as membrane adaptors by interacting with phospholipids (Powis et al., 2023). Osh1p demonstrated a remarkable dual localization at the Golgi and nucleus-vacuole (NV) junction (Levine and Munro, 2001). According to the deletion mapping of Osh1p, the PH domain is shown to be targeting the Golgi while the ankyrin repeat targets the NV junction (Kvam and Goldfarb, 2004). Osh2p is present in the PM, primarily found in the budding region of G1 phase cells around the mother-daughter bud neck of S-phase cells and in the scattered cytoplasmic pool (Levine and Munro, 2001). Osh3p is distributed throughout the cytoplasm and Osh4p is localized into the Golgi membrane (Li et al., 2002). Osh4p binds to phosphatidyl inositol 4-phosphate (PI4P) and its conserved OSBP domain is crucial for Osh4p localization to the Golgi membrane (Kyte and Doolittle, 1982; Rogaski et al., 2010). Osh5 protein is involved in the regulation of ergosterol biosynthesis and facilitates the transfer of phosphatidylserine (PtdSer) to autophagosome membranes (Muramoto et al., 2024), while Osh6p and Osh7p, located in the membrane contact site between the ER and PM, preferentially transporting PtdSer from the ER to PM (Maeda et al., 2013).

Primarily all Osh proteins contain a conserved OSBP-related domain (ORD) made up of an N-terminal lid and a β-barrel core, which transports lipids including sterol and phospholipids between membranes. Budding yeast mutants that lack all seven Osh (Osh1-7) proteins are not viable; nevertheless, they can become viable again if they express one of the Osh proteins. Moreover, abrupt Osh protein depletion causes a growth arrest and a massive buildup of sterol in cells (Beh and Rine, 2004). This suggests that Osh proteins perform roles in maintaining cell viability, probably by supporting the distribution of sterol throughout the cell.

Specific Osh proteins mediate the directional transport of sterol between two distinct membrane compartments by exchanging PI4P with sterol. Osh4 and other Osh proteins, including Osh3 and Osh5, mediated sterol transport from the PM to the ER. Osh4 localizes to the Golgi and is involved in controlling the amount of PI4P present in this organelle. Osh4 mutually exclusively binds Sterol and PI4P, and Osh4 counter-transports sterol between artificial membranes in vitro in return for PI4P (Rogaski et al., 2010). Previously, it was demonstrated that Osh4p plays a crucial role in maintaining the proper distribution of PI4P in yeast, a function that requires the cooperation of the oxysterol-binding proteins Osh1–Osh7 (LeBlanc and McMaster, 2010; Ling et al., 2014; Figure 2B). Two main PI 4-kinases in budding yeast oversee PI4P production at Golgi and PM. While Stt4 operates at the PM, Pik1 is a lipid kinase in the Golgi apparatus (Audhya et al., 2000). C. albicans contains four Osh proteins (Osh2-4 and Osh7), with Osh4 and Osh7 sharing approximately 60% similarity with their S. cerevisiae counterparts.

A novel evolutionarily conserved family of LTPs, known as Lam proteins belonging to the steroidogenic acute regulatory protein-related lipid transfer (StART) family was discovered in yeast (Gatta et al., 2015). These StART family proteins contain one or two StART-like domains that are conserved in eukaryotes and involved in transporting sterol between intracellular membranes. Six yeast proteins Ysp1/Lam1, Ysp2/Lam2, Sip3/Lam3, Lam4, Lam5, and Lam6 make up this family in budding yeast exhibit a C-terminal transmembrane region that attaches them to the membrane, and N-terminal StART-like domains, and other pleckstrin-homology (PH) superfamily domain (Gatta et al., 2015; Murley et al., 2015). The budding yeast that lacks Ysp1, Ysp2, or Sip3 exhibits reduced sterol trafficking from the PM to the ER and increased susceptibility to AmB and is rescued by multicopy expression of sterol-binding StART domains (Gatta et al., 2015). This suggests a persistent build-up of PM ergosterol in these yeast mutants. These experiments demonstrate that the Lam proteins help to maintain PM sterol homeostasis in yeast by transporting sterol from the PM to the ER (Figure 2B).



6 Conclusion

Finding inhibitors that target the ergosterol pathways in the fungus and can precisely block them without hurting the host is a significant challenge in the research of antifungals. The extensive use of antifungal drugs to treat fungal disease has led to the emergence of multidrug-resistant clinical isolates. Ergosterol alterations in multidrug resistance isolates can be understood by utilizing high throughput approaches, such as metabolomics of clinical isolate, to analyze changes in metabolic pathways and processes that lead to multi-drug resistance. Despite substantial progress in this area, little is known about the relationship between ergosterol transport control and antifungal drug resistance. Enzymes involved in ergosterol biosynthesis, regulation, and transport are necessary for pathogenic fungi to thrive inside their host species. These enzymes also play a crucial role in the virulence of pathogenic fungi. Thus, the pharmaceutical disruption of the ergosterol biosynthesis and transport would impair their ability to respond appropriately to the environmental stress that host cells experience, restricting the proliferation and pathogenicity of pathogenic fungi. Aspergillosis, candidiasis, and cryptococcosis are severe invasive mycoses that have a high mortality rate in immunocompromised patients. Few antifungal drugs are available to treat such invasive infections, and fungus resistance is increasing quickly. Since fungal ergosterol differs structurally from their mammalian counterparts, the ergosterol biosynthesis and transport pathway provides an opportunity to discover novel antifungal drugs. This review improves our understanding of the synthesis, transport, and regulation of ergosterol, which will aid in creating new inhibitors that specifically target ergosterol metabolism.
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Background: Morganella morganii is an emerging nosocomial opportunistic pathogen with increasing multidrug resistance. Antibiotic resistance, driven primarily by the horizontal transfer of resistance genes, has become a global health crisis. Integrons, mobile genetic elements, are now understood to facilitate the transfer of these genes, contributing to the rapid proliferation of resistant strains. Understanding the regulatory role of integrons in drug resistance gene expression is crucial for developing novel strategies to combat this pressing public health issue.

Objective: To investigate the distribution of promoter types in the variable regions of class 1 integrons isolated from clinical isolates of M. morganii and their regulatory role in the expression of downstream drug resistance gene cassettes.

Methods: Ninety seven clinical isolates of M. morganii were screened for the presence of class 1 integrons (intI1) using polymerase chain reaction (PCR). Gene cassettes within the variable regions of positive isolates were characterized, and the gene cassette promoter Pc variants and downstream auxiliary promoter P2 were identified. Enterobacterial repetitive intergenic consensus (ERIC)-PCR was employed for homology analysis. Recombinant plasmids containing different variable region promoters and gene cassettes were constructed to evaluate drug resistance genes and integrase (intI1) expression levels using reverse transcription-quantitative PCR (RT-qPCR) and antimicrobial susceptibility testing.

Results: Of the clinical isolates, 28.9% (n = 28/97) were positive for class 1 integrons. 24.7% (n = 24/97) of these isolates carried gene cassettes encoding resistance to aminoglycosides and trimethoprim. Three Pc promoter types (PcH1, PcS, and PcW) were identified, while all P2 promoters were inactive with a 14-base pair spacing between the −35 and −10 regions. ERIC-PCR analysis classified the integron-positive strains into 6 genotypes, with high consistency in promoter types and gene cassettes within each genotype. RT-qPCR and antimicrobial susceptibility testing demonstrated that strong promoters significantly enhanced the expression of downstream drug resistance gene cassettes compared to weak promoters. Additionally, RT-qPCR revealed a negative correlation between intI1 expression and Pc promoter strength.

Conclusion: Class 1 integrons are prevalent in M. morganii. The promoter types within these integrons are diverse, and promoter strength is closely linked to downstream gene cassette expression. Integron-positive strains exhibit high homology, suggesting horizontal gene transfer and dissemination in clinical settings.
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1 Introduction

Morganella morganii, a member of the Enterobacteriaceae family, has historically been detected infrequently in clinical settings (Agrawal et al., 2021). While traditionally associated with urinary tract infections, wound infections, and bloodstream infections (Laupland et al., 2022; Shi et al., 2022; Gameiro et al., 2023; Kvopka et al., 2023; Li et al., 2023; Yeşil et al., 2023; Alsaadi et al., 2024), its clinical isolation rate has been rapidly increasing in recent years, leading to severe invasive infections (Zaric et al., 2021; Alelyani et al., 2022; Behera et al., 2023a; Elmi et al., 2024). Due to its high mortality rates in specific patient populations, the World Health Organization has designated M. morganii as a globally prioritized pathogen (Behera et al., 2023b). Some clinically isolated strains of M. morganii have acquired resistance to multiple antibiotics through the carriage of various drug resistance genes, posing serious challenges for clinical infection control (Liu et al., 2016). Horizontal transfer of drug resistance genes, facilitated by mobile genetic elements such as integrons, is a common mechanism for acquiring resistance in bacteria (Leverstein-van Hall et al., 2002; von Wintersdorff et al., 2016; Coluzzi et al., 2023). However, the role of integrons in M. morganii resistance has been largely understudied.

Current evidence suggests that integrons, typically consisting of three main components: a 5′ conserved region, a variable region containing various drug resistance gene cassettes, and a 3′ conserved region that varies with integron type, play a pivotal role in the horizontal transfer of drug resistance genes among bacteria (Hall and Stokes, 1993). They are natural cloning and expression vectors, capturing and disseminating gene cassettes through site-specific recombination (Hall and Collis, 2006). One of the most extensively studied integron types is class 1 integrons, which include the Pc promoter in the 5′ conserved region. As most gene cassettes lack promoters, the Pc promoter plays a crucial role in regulating the expression of downstream gene cassettes within integrons (Hanau-Berçot et al., 2002; Tseng et al., 2014). In some cases, the Pc promoter complements the auxiliary promoter P2, forming a Pc-P2 dual promoter configuration that further influences gene regulation (Stokes et al., 1997). The strength of the promoter, determined by transcriptional dominance, varies among different Pc variants defined by their −35 and −10 hexamer sequences. The most common Pc promoters in clinical and natural settings are Pc strong (PcS), Pc weak (PcW), Pc Hybrid 1 (PcH1), and Pc Hybrid 2 (PcH2) (Fonseca and Vicente, 2022). The transcription level of genes within integrons largely depends on the regulatory role of these promoters (Novačić et al., 2022), influenced by factors such as promoter strength and proximity to the gene cassette (Jacquier et al., 2009). Integron-positive M. morganii can express resistance to relevant drug resistance genes within the integron, and the expression of these genes is primarily dependent on the regulation of the variable region Pc promoter. The horizontal transmission of drug resistance genes between different bacterial strains, facilitated by integron-carrying M. morganii, poses a significant challenge in clinical settings. To investigate the relationship between variable region promoters of class 1 integrons in M. morganii and the regulation of drug resistance gene expression, this study analyzed antibiotic resistance data from non-duplicated clinical isolates collected from November 2015 to August 2021 at the Affiliated LiHuiLi Hospital of Ningbo University. The findings of this study provide valuable insights into the mechanism and expression regulation of drug resistance genes in integron-positive M. morganii, which has significant clinical implications for the prevention and treatment of this rare pathogen.



2 Materials and methods


2.1 Strains and plasmids

Ninety seven non-duplicated clinical isolates of M. morganii were collected from urine, bile, and other specimen types at the Affiliated LiHuiLi Hospital of Ningbo University between November 2015 and August 2021. Strains lacking complete clinical data were excluded. This study was approved by the Medical Ethics Committee of the Affiliated LiHuiLi Hospital of Ningbo University. Escherichia coli DH5α served as the integron-negative control strain, Proteus mirabilis 47437 as the class 1 integron-positive control strain, E. coli JM109 as the competent strain, and E. coli ATCC25922 as the control strain for antimicrobial susceptibility testing. Plasmid pACYC184 was used as the cloning and expression vector. All strains and plasmids were maintained in our laboratory.



2.2 Detection of integron-positive strains and variable gene cassettes

DNA templates were extracted from experimental strains using the boiling method. PCR amplification was performed using intI1 screening primers (intF & P2R, Table 1) at an annealing temperature of 55°C. PCR products were analyzed by agarose gel electrophoresis to identify positive bands. Sequencing analysis was conducted to confirm the presence of class 1 integrons in the positive strains. Gene cassettes within the variable regions of class 1 integron-positive strains were amplified using specific primers (5CS & 3CS, Table 1) at an annealing temperature of 55°C. Positive bands were visualized by agarose gel electrophoresis, and sequencing of the PCR products was followed by comparison with the BLAST database to determine the composition of variable gene cassettes in these strains.



TABLE 1 Oligonucleotide primers used in this study.
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2.3 The distribution of promoters and their relationship with resistance in class 1 integron-positive strains

To identify Pc and P2 promoters in class 1 integron-positive strains, reverse primers were designed based on the sequences of the first gene cassettes at the 5′-conserved sequence (5CS) end, in conjunction with the forward primer intF (Table 1). PCR was conducted with annealing temperatures ranging from 52°C to 56°C for 35 cycles. Amplified products were visualized by agarose gel electrophoresis, and positive bands were sequenced to determine the promoter types. Clinical isolates were categorized according to their integron promoter types. A retrospective analysis of antibiotic resistance data was performed for each group of isolates, followed by a comparative analysis to evaluate differences in antibiotic resistance profiles among the various integron promoter-based groups.



2.4 ERIC-PCR detection of integron-positive strains

Enterobacterial repetitive intergenic consensus (ERIC) sequences are non-coding and highly conserved regions originally discovered in Enterobacteriaceae. Enterobacterial repetitive intergenic consensus-polymerase chain reaction (ERIC-PCR) involves the design of primers based on the conserved ERIC region for PCR amplification. The number and size of ERIC bands in the bacterial genome are then determined, and the degree of bacterial relatedness is calculated for typing purposes. Compared to other typing methods, ERIC-PCR is a popular choice due to its lower cost and faster operation (Meacham et al., 2003; Banoub et al., 2022). In the present study, integron-positive strains were subjected to ERIC-PCR analysis (using primer ERIC2, Table 1, annealing temperature 40°C, 40 cycles) to assess homology. Positive bands and their positions on agarose gel electrophoresis of PCR products were recorded, photographed, and compiled into a matrix table. NTsys 2.10e software was used to generate a clustering dendrogram. Additionally, integron-positive strains were genotyped, and homology analysis was conducted in conjunction with Pc promoter and drug resistance gene cassettes in the variable region.



2.5 Constructing strains containing recombinant plasmids

Two sets of recombinant plasmids were constructed based on different promoter types and gene cassettes within the variable region. The first set employed various variable region promoters while maintaining the same gene cassette, while the second set utilized the same variable region promoter and gene cassette but varied the distance from the Pc promoter. The pACYC184 plasmid, which confers chloramphenicol resistance, served as the vector. HindIII and AseI restriction enzymes were chosen to digest the plasmid, replacing the tet promoter to avoid interference with the integron promoters in the recombinant gene fragment (Figure 1). The larger fragment of the digested plasmid was then purified. A synthetic gene fragment, encompassing the integrase intI1 to 3CS region (including the variable region promoter), was ligated to this purified plasmid fragment. The resulting recombinant plasmids were confirmed through sequencing and subsequently transformed into competent E. coli JM109 cells.

[image: Figure 1]

FIGURE 1
 pACYC184 plasmid map and the sites of enzyme digestion HindIII and AseI. The pACYC184 plasmid map shows the positions of HindIII and AseI. The tet promoter has been disrupted by enzymatic cleavage. The map of the recombinant gene fragment that was integrated into the digested plasmid: the map includes the complete sequence from intI1 to 3CS. tet: tetracycline resistance gene, cat: chloramphenicol resistance gene.




2.6 RT-qPCR and antimicrobial susceptibility testing of constructed strains

Total RNA was extracted from the logarithmic growth phase of the constructed strains. The extracted RNA was purified and subjected to reverse transcription (RT) to obtain cDNA templates, which were then diluted to appropriate concentrations for subsequent quantitative PCR (qPCR) detection. qPCR was performed using specific primers targeting the genes of interest in the constructed strains. The pACYC184 plasmid-encoded cat gene was used as an internal reference gene. Relative expression levels of genes were calculated using the 2−ΔΔCt method. The expression levels of the target gene and the integrase gene intI1 were analyzed to compare transcriptional differences among the various constructed strains.

Antimicrobial susceptibility testing and interpretation of experimental results was conducted following Clinical and Laboratory Standards Institute (CLSI) guidelines (M-100, Ed 2022) (CLSI, 2022). The broth microdilution method was used to determine the minimum inhibitory concentrations (MICs) of antibiotics mediated by drug resistance gene cassettes in the variable region. Chloramphenicol (mediated by the internal reference gene cat) and tetracycline (mediated by gene tet) were also tested in each constructed strain. E. coli ATCC25922 served as the quality control strain for susceptibility testing, and E. coli JM109 was used as the negative control strain. The Kirby-Bauer (K-B) disk diffusion method was employed to validate the results obtained from MIC determination, allowing for a comparison of resistance differences among the constructed strains.



2.7 Statistical analysis

In this study, the comparison of drug resistance rates between different groups was analyzed using Fisher’s exact test (two-sided) with SPSS 25.0 software, considering a significance level of p < 0.05. Gene relative expression levels in qPCR were analyzed using one-way ANOVA for multiple comparisons among strains with GraphPad Prism 8.0 software, using a significance level of p < 0.05.




3 Results


3.1 Detection of class 1 integrons and gene cassettes of variable regions

We identified 28 out of 97 clinical isolates of M. morganii as positive for intI1, resulting in a positivity rate of 28.9% (Supplementary material: Sequence of intI1). Among these intI1-positive isolates, 10 different types of gene cassettes were amplified, while 4 isolates did not amplify any gene cassettes (Supplementary material: Sequence of variable region). The amplified gene cassettes primarily conferred resistance to aminoglycosides and trimethoprim, as shown in Table 2.



TABLE 2 Variable region gene cassette distribution.
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3.2 Distribution of promoters and their relationship with antibiotic resistance in Morganella morganii

Among the 28 strains positive for class 1 integrons, three types of Pc promoters were detected: PcH1 (n = 19), PcS (n = 5), and PcW (n = 4). PcS exhibited stronger promoter activity, PcW showed weaker activity, and PcH1 demonstrated intermediate strength. All downstream P2 promoters were inactive types, spaced 14 base pairs apart from the −35 to −10 regions (Supplementary material: Sequence of promoter). Based on the different types of variable region promoters in the integrons, the positive strains were categorized into three groups. Retrospective analysis of drug resistance data was conducted among strains containing different types of variable region promoters. Although there were no significant differences in resistance rates to cotrimoxazole, gentamicin, or tobramycin among the groups (p > 0.05), strains in the PcS group exhibited higher resistance rates to all antibiotics compared to the PcH1 and PcW groups, while the PcW group demonstrated the lowest resistance rates among the three groups (Figure 2).

[image: Figure 2]

FIGURE 2
 The comparison of antibiotic resistance rates among different promoter groups in Morganella morganii isolates. STX, cotrimoxazole; GEN, gentamicin; TOB: tobramycin.




3.3 ERIC-PCR typing results

ERIC-PCR fingerprinting of the 28 class 1 integron-positive strains was encoded and organized into a matrix table (Supplementary Figure S1; ERIC-PCR electrophoretogram). NTsys 2.10e software was used to generate a dendrogram with a reference line set at 75% similarity (Bakhshi et al., 2018). Based on this analysis, the positive strains were classified into 6 distinct genotypes (A, B, C, D, E, F). Genotype A was the most prevalent, with 11 strains, followed by genotype C with 7 strains. The predominant type of variable region promoter Pc was PcH1. Gene cassette dfrA was the dominant gene in the variable region of type A isolates, which exhibited high resistance to trimethoprim. Type B isolates primarily carried the PcH1/dfrA17-aadA5 combination, associated with resistance to aminoglycosides and trimethoprim. Type C isolates predominantly had the PcS promoter and showed relatively high resistance rates to various antibiotics. The distribution of gene cassettes was concentrated, primarily consisting of aminoglycoside and trimethoprim drug resistance gene cassettes. Specific details are illustrated in Figure 3.

[image: Figure 3]

FIGURE 3
 The dendrogram of ERIC-PCR. The solid magenta line represents the 75% homologous gene typing reference line. On the right side of the dendrogram are serial numbers of strains, variable region promoter Pc and gene cassettes of integrons successively.




3.4 Construction of strains containing recombinant plasmids

Based on five class 1 integron-positive strains of M. morganii (MM-6, MM-26, MM-41, MM-62, MM-86), each containing the aadA2 gene cassette in the variable region, the Pc promoters were PcH1, PcH1, PcH1, PcW, and PcS, respectively. The P2 sequences were uniformly inactive, spanning 14 base pairs between the −35 and −10 regions. Gene fragments containing integrase, promoters, variable region gene cassettes, and inter-cassette sequences were synthesized according to actual sequencing results (Supplementary material: The gene synthesis of target segment in recombinant plasmids). These gene fragments were used to recombine plasmids, resulting in the creation of five recombinant strains named JM-6, JM-26, JM-41, JM-62, and JM-86, as listed in Table 3.



TABLE 3 Distribution of variable region promoters and gene cassettes of 5 isolates and 5 constructed strains.
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3.5 Real-time quantitative PCR results of aadA2 and intI1 in constructed strains

The five constructed strains were divided into two groups based on their Pc promoter and aadA2 gene cassette configurations: Group 1 comprised strains JM-41, JM-62, and JM-86, which had different Pc promoters but all carried the aadA2 gene cassette. Group 2 included strains JM-6, JM-26, and JM-41, which had the same Pc promoter but varied in the distance between the aadA2 gene cassette and the Pc promoter. In the qPCR analysis, strain JM-41 served as the reference strain. Multiple comparisons among the strains revealed that JM-86 exhibited the highest relative expression of the aadA2 gene compared to the other four strains, with a significant statistical difference (p < 0.0001). The relative expression in JM-86 was approximately 100 times higher than that in JM-62, which had the lowest expression. The relative expression of the intI1 gene followed the order JM-62 > JM-41 > JM-86, with statistically significant differences among the strains (p < 0.001). JM-62 showed approximately 50 times higher expression than JM-86, which had the lowest expression level. For further details, please refer to Figure 4.

[image: Figure 4]

FIGURE 4
 (A) The relative expression of aadA2 in different constructed strains; (B) The relative expression of intI1 in different constructed strains, ****p < 0.0001, ***p < 0.001.




3.6 Results of antimicrobial susceptibility testing for constructed strains

Antibiotic susceptibility testing was conducted on the five constructed strains carrying aminoglycoside and trimethoprim resistance gene cassettes using the microbroth dilution method for streptomycin, amikacin, chloramphenicol, and tetracycline. The results revealed streptomycin MIC values obtained by microbroth dilution were in the order JM-86 > JM-41 > JM-26 > JM-6 > JM-62. The K-B assay confirmed this trend, with inhibition zone diameters for streptomycin aligning closely with the microbroth dilution results (JM-86 < JM-41 < JM-26 < JM-6 = JM-62). Amikacin showed no variation in MIC values or inhibition zone diameters among the constructed strains, indicating susceptibility across all strains. All constructed strains exhibited resistance to chloramphenicol. Only JM-86 demonstrated intermediate resistance to tetracycline in both microbroth dilution and K-B assays, while the other strains were sensitive. The antibiotic sensitivity testing results for the quality control strain E. coli ATCC25922 and the negative control E. coli JM109 fell within the effective range, as shown in Table 4.



TABLE 4 The antimicrobial sensitivity test results of constructed strains to each antibiotic.
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4 Discussion

M. morganii, the sole species within the genus Morganella, is a widely distributed bacterium that serves as a significant reservoir for the cloning and dissemination of various antibiotic resistance genes. In recent years, antibiotic resistance in M. morganii has been rapidly increasing, primarily driven by exogenous genetic elements such as transposons and integrons (Luo et al., 2022). While previous research on M. morganii has primarily focused on case analyses for treatment, epidemiology, and broad-spectrum β-lactamase analysis (Shrestha et al., 2020; Marado and Guerra, 2022; Alsaadi et al., 2024), studies investigating the correlation between its resistance mechanisms and the expression regulation of drug resistance gene cassettes within integrons are limited. This study employed clinical isolates of M. morganii positive for class 1 integrons collected over the past 6 years from our hospital. We initially screened these strains for drug resistance gene cassettes and promoters in the variable region, then analyzed the correlation between strain resistance and variable region promoters in integrons. Additionally, we constructed strains containing different types of promoters and gene cassettes in the variable region to conduct qPCR and antimicrobial susceptibility tests, thereby analyzing the regulatory role of variable region promoters in class 1 integrons on gene cassette expression.

Studies on class 1 integrons are more prevalent in Enterobacteriaceae bacteria such as E. coli, Klebsiella pneumoniae, and non-fermenting bacteria like Pseudomonas aeruginosa and Acinetobacter baumannii (Han et al., 2008; Wei et al., 2013; Bocharova et al., 2020; Farajzadeh Sheikh et al., 2024). In contrast, few studies have focused on M. morganii and class 1 integrons. Among the 97 non-duplicated clinical isolates of M. morganii in this study, the prevalence of class 1 integron-positive strains was 28.9%, lower than that observed in common Enterobacteriaceae bacteria. This lower prevalence might be attributed to the relatively lower detection rate of M. morganii in clinical settings. Wei et al. reported a detection rate of class 1 integrons in clinical isolates of E. coli as 72% (Wei et al., 2013), and in another study of K. pneumoniae, the positivity rate of class 1 integrons was 31.5% (Farajzadeh Sheikh et al., 2024). The host bacteria in these studies exhibited relatively higher levels of antibiotic resistance compared to the M. morganii isolates in the current study. The detected variable region gene cassettes in class 1 integron-positive strains primarily included aminoglycoside resistance genes (aadA, aacA4, aadB) and the trimethoprim resistance gene (dfrA), consistent with findings from other genera with class 1 integron-positive strains (Xiao et al., 2019; Li et al., 2022). In this study, some integron-positive strains failed to amplify gene cassettes, possibly due to atypical gene cassettes in the variable region. This could be attributed to gene recombination or insertion mutations in transposons, leading to the absence of the 3′ conserved segment or an excessive number of gene cassettes in the variable region. The latter may have exceeded the capability of conventional PCR amplification, resulting in amplification failure. Further validation using inverse PCR (Green and Sambrook, 2019; Figueroa-Bossi et al., 2024) techniques is necessary to address this issue (Odetoyin et al., 2017).

Extensive research has confirmed that promoters are crucial in regulating gene expression (Carrier et al., 2018; Brandis et al., 2021). Consequently, the expression of gene cassettes within integrons is significantly influenced by the variable region promoters. In this study, the predominant Pc promoter type in class 1 integron-positive strains was PcH1, a relatively weak promoter. The detection rates of PcS and PcW were lower than that of PcH1. The detection rate of PcH1 was also relatively high in other class 1 integron-positive Enterobacteriaceae. For instance, a study of class 1 integron-positive isolates of Proteus revealed a detection rate of PcH1 as high as 51%, making it the most common type (Xiao et al., 2019). Another study on the molecular characterization of class 1 integrons in carbapenem-resistant Enterobacteriaceae showed that PcH1 was also the predominant Pc (Wang et al., 2023). All downstream P2 promoters, containing 14 bases between the −35 and −10 regions, were inactive. Retrospective analysis of antibiotic resistance data in class 1 integron-positive strains did not reveal significant statistical differences in resistance rates to aminoglycosides or trimethoprim among strains with different Pc strengths. However, strains with stronger Pc promoters exhibited numerically higher resistance rates to these antibiotics than those with weaker Pc promoters. This observation reflects the fact that integrons contribute only partially to the host bacterium’s drug resistance genes. Furthermore, the expression and level of drug resistance genes may be influenced by various internal and external factors. Most integrons are located on plasmids or transposons (Liebert et al., 1999), which can potentially impact the resistance of the host bacterium, though not necessarily dominantly. To minimize interference and further explore the effect of variable region promoters within integrons on downstream gene expression, we used the low-copy plasmid pACYC184 as the vector. Recombinant plasmids were constructed to include variable region promoters and gene cassettes from class 1 integrons. Gene segments were synthesized based on actual sequencing results from experimental strains, preserving the natural configuration of integrons in these strains to a great extent. Additionally, HindIII and AseI were selected as the sites of enzyme digestion to replace the original tet promoter on the plasmid, positioning them away from the internal cat reference gene. This design allows the inserted gene segments to maximize the expression of drug resistance genes.

The strength of promoters and their distance from gene cassettes are primary factors influencing the transcription of downstream gene cassettes (Fonseca and Vicente, 2022). This project found significant differences in the expression efficiency of the antibiotic resistance gene cassette aadA2 mediated by promoters of different strengths. qPCR results confirmed that stronger Pc promoters in integrons corresponded to higher transcription levels of downstream gene cassettes. In antimicrobial susceptibility tests, only strain JM-86, carrying a strong promoter, exhibited intermediate resistance to tetracycline in both microbroth dilution and K-B methods, whereas other strains remained sensitive. This suggests that the Pc promoter within the recombinant plasmid may regulate the downstream tet gene to some extent, highlighting the substantial impact of promoter strength on regulating gene expression. Interestingly, contrary to expectations based on other studies (Jacquier et al., 2009; Souque et al., 2021), the distance of Pc to downstream gene cassettes did not similarly affect gene expression in our experiment. Under the condition of identical Pc types, strains JM-6 and JM-26, located farther from Pc, exhibited higher relative expression levels of aadA2 compared to the closer strain JM-41. Previous research in class 2 integrons has suggested that functional promoters of gene cassettes, like ereA located at the second position in the array, may enhance the expression of adjacent gene cassettes (Fonseca and Vicente, 2022), potentially explaining the increased expression of aadA2 in strain JM-26 at a distance. Additionally, the copy number of plasmids within engineered bacteria also influences gene cassette expression levels (Stokes and Hall, 1989). Furthermore, the gene segments used in this study were derived from clinical strains containing unknown functional sequences within integrons that might also regulate the expression of gene cassettes in the variable region, warranting further investigation. Notably, the expression levels of intI1 in strains with different Pc strengths exhibited an inverse relationship with aadA2 expression: stronger Pc promoters correlated with higher expression levels of antibiotic resistance genes in the variable region but lower expression levels of intI1. This suggests that the integrase’s ability for integration and excision may decrease, maintaining bacterial stability internally, consistent with the literature (Wei et al., 2011). Differences in streptomycin MICs observed among engineered strains using microbroth dilution indicate varied regulatory effects of different promoter expressions, whereas no differences were observed for other aminoglycoside antibiotics like amikacin. This discrepancy likely stems from the product of aadA2 being an aminoglycoside adenylyl transferase, which confers resistance to streptomycin and spectinomycin but not necessarily to other aminoglycosides (Bito and Susani, 1994; Walker et al., 2001).

The horizontal transfer of drug resistance genes is the fastest and most common way to spread clinical resistant strains (Warnes et al., 2012; Mathers et al., 2015), making homogeneity analysis of integron-positive strains particularly important. Herein, ERIC-PCR was used to analyze the homogeneity of 28 non-repetitive clinical isolates of M. morganii positive for class 1 integrons, using a similarity cutoff of 0.75. The results revealed three main genotypes: A, B, and C, comprising 11, 5, and 7 isolates, respectively. The distribution of promoter types and gene cassettes in the variable region was relatively concentrated within these genotypes. Furthermore, analysis of the strain data indicated that integron-positive M. morganii strains were predominantly found in the ICU and urology departments. This distribution is likely associated with the working environment of these departments. Factors such as surgical procedures in the ICU, critically ill patients, a high frequency of medical devices, and frequent operations increase the risk of cross-infection. Similarly, urological procedures involving catheterization and intravenous administration are invasive, contributing further to this risk. Therefore, it is crucial to enhance disinfection and sterilization of departmental environments and surgical instruments, as well as to standardize medical procedures such as intravenous administration and catheterization to minimize or prevent cross-infection. These measures aim to reduce the potential for clonal spread of integrons within hospitals.

Mobile genetic elements play a role in the horizontal transfer of drug resistance genes. Under antibiotic stress, class 1 integrons can capture gene cassette-like structures from DNA fragments ingested by bacteria and integrate them into attI1 sites through upregulation of integrase expression. Attempted transcription and translation of reading frames present in gene cassettes occur through variable region promoters and the mechanisms of translation termination-reinitiation coupling. Regardless of whether the reading frame in the gene cassette has a promoter or ribosomal binding site, if the expression product of the reading frame can confer resistance to the antibacterial agent, the strain can survive. The captured drug resistance gene cassettes can be disseminated through the proliferation and horizontal transfer of strains, leading to the emergence and dissemination of bacterial resistance (Guerin et al., 2009).



5 Conclusion

In summary, integron promoters exhibit a diverse distribution, predominantly carrying drug resistance gene cassettes for aminoglycosides and trimethoprim. The strength of the class 1 integron variable region promoters significantly correlates with the expression levels of downstream gene cassettes. It is likely that the clonal spread of class 1 integron-positive M. morganii occurs within our local healthcare setting. This study aimed to investigate the promoter distribution characteristics of class 1 integrons and their regulatory effects on drug resistance genes in M. morganii isolates, providing a theoretical basis for the prevention and treatment of infections with M. morganii in clinical practice. Additionally, this study may offer new insights for addressing other rare clinical bacteria with increasing drug resistance in the future. The effect of antibiotic factors on integrons will be studied in our future work.
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Cryptococcus neoformans, a critical priority pathogen designated by the World Health Organization, poses significant therapeutic challenges due to the limited availability of treatment options. The emergence of antifungal resistance, coupled with cross-resistance, further hampers treatment efficacy. Aneuploidy, known for its ability to induce diverse traits, including antifungal resistance, remains poorly understood in C. neoformans. We investigated the impact of tunicamycin, a well-established ER stress inducer, on aneuploidy formation in C. neoformans. Our findings show that both mild and severe ER stress induced by tunicamycin lead to the formation of aneuploid strains in C. neoformans. These aneuploid strains exhibit diverse karyotypes, with some conferring resistance or cross-resistance to antifungal drugs fluconazole and 5-flucytosine. Furthermore, these aneuploid strains display instability, spontaneously losing extra chromosomes in the absence of stress. Transcriptome analysis reveals the simultaneous upregulation of multiple drug resistance-associated genes in aneuploid strains. Our study reveals the genome plasticity of C. neoformans as a major mechanism contributing to non-antifungal-induced antifungal resistance.
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Introduction

Cryptococcus species are significant contributors to opportunistic fungal infections in individuals infected with HIV worldwide. The incidence and mortality rates associated with these infections are particularly high in sub-Saharan Africa (ref). C. neoformans and C. gattii are the primary causative agents of cryptococcosis, which typically manifests as meningitis and pneumonia. The global annual estimated death toll from cryptococcal meningitis is approximately 181,100, with the majority of cases occurring in sub-Saharan Africa (Rajasingham et al., 2017). In 2022, the World Health Organization (WHO) released its inaugural list of priority fungal pathogens, categorizing Cryptococcus neoformans, Candida auris, Aspergillus fumigatus, and Candida albicans as “critical priority” pathogens (WHO, 2022).

Currently, treatment options for cryptococcosis are limited to three classes of antifungals: azoles, polyenes, and 5-flucytosine (5FC). Unfortunately, there has been a steady increase in antifungal resistance among clinical isolates of C. neoformans. For instance, studies of clinical isolates of C. neoformans collected from 134 sites across 40 countries indicated that resistance to fluconazole (FLC) increased from 7.3% between 1997 and 2000 to 11.7% between 2005 and 2007 (Pfaller et al., 2010). Today, FLC resistance is relatively common, particularly in relapse cases of cryptococcal meningitis (Bongomin et al., 2018).

Antifungal resistance often arises from genetic mutations that alter drug targets or increase drug efflux (Fisher et al., 2022). Notably, while point mutations in the ERG11 gene can induce FLC resistance, the primary mechanism of FLC resistance observed in vitro and in vivo involves increased ERG11 copy numbers and overexpression, facilitated by the formation of extra copies of Chromosome 1 (Sionov et al., 2010; Zafar et al., 2019; Yang et al., 2021a). Similarly, in over 50% of clinical fluconazole-resistant isolates of C. albicans, amplification of the left arm of Chromosome 5, which houses ERG11 and TAC1, has been detected. TAC1 encodes a transcription factor that regulates efflux pump genes (Selmecki et al., 2006; Selmecki et al., 2008). Thus, aneuploidy, which involves changes in gene copy numbers, is a common strategy used by human pathogens to rapidly adapt to stress (Tsai and Nelliat, 2019). Importantly, aneuploidy is considered as a significant mutation that can drive phenotypic changes by simultaneously altering the copy number and expression of hundreds of genes. This alteration can lead to the emergence of complex traits as a result of a single mutational event (Pavelka et al., 2010; Chen et al., 2012). Recent studies have highlighted the role of aneuploidy in mediating rapid adaptation to antifungal drugs and, in some cases, cross-adaptation to unrelated drugs in species such as C. albicans (Yang et al., 2019; Yang et al., 2021b), C. parapsilosis (Yang et al., 2021c; Sun et al., 2023a), and C. neoformans (Yang et al., 2021a).

The endoplasmic reticulum (ER) is a vital organelle in eukaryotic cells, responsible for protein folding and secretion. When the ER becomes overwhelmed with unfolded proteins, ER stress occurs, leading to a range of cellular responses (Luoma, 2013). Tunicamycin (TUN), a commonly used chemical, induces ER stress by inhibiting protein glycosylation, causing the accumulation of unfolded proteins (Wu et al., 2018). Recent studies have demonstrated that aneuploidy plays a crucial role in adapting to TUN-induced ER stress in yeast species. For example, in Saccharomyces cerevisiae and C. albicans, exposure to TUN primarily results in the formation of disomy of Chromosome II and trisomy of Chromosome 2, respectively. These aneuploidies are associated with specific genes that confer TUN resistance, including ALG7, PRE7, and YBR085C-A in S. cerevisiae, and ALG7, RTA2, and RTA3 in C. albicans (Beaupere et al., 2018; Yang et al., 2021b). Furthermore, TUN-induced trisomy of Chromosome 2 in C. albicans has been shown to confer cross-adaptation to caspofungin and hydroxyurea (Yang et al., 2021b). In contrast, the mechanisms by which C. neoformans adapts to ER stress remain poorly understood, including whether this adaptation is accompanied by the acquisition of new traits, such as antifungal resistance.

Reference strains are a crucial component of laboratory research, providing a standardized genotype that facilitates the comparison of scientific observations within a specific species across the research community. C. neoformans strain H99 (ATCC 208821) was originally isolated on February 14 1978 by Dr. John Perfect at Duke University Medical Center from a 28-year-old male with Hodgkin’s disease (Janbon et al., 2014), and has since established itself as the most commonly utilized reference strain for C. neoformans worldwide. While several distinct lineages of H99 have arisen, displaying diverse levels of virulence as a result of storage, passage, and subculturing across various laboratories, thorough sequencing analyses of these strains have uncovered a limited number of unique mutations among them. Overall, the strains exhibit significant similarity in both growth characteristics and antifungal susceptibility (Fernandes et al., 2022). However, although H99 serves as an excellent model for grasping the fundamental biology of C. neoformans, conducting comparative analyses of clinical isolates will significantly enhance our understanding (Jackson et al., 2023).

In this study, we exposed the C. neoformans laboratory strain H99 to both mild and severe ER stresses induced by TUN to investigate the effects on antifungal resistance. Our findings showed that TUN primarily induced aneuploidy in C. neoformans, resulting in diverse karyotypes with recurring amplifications of Chromosomes 4 and 6, either individually or in combination with amplifications of other chromosomes. Notably, specific aneuploid strains exhibited resistance to FLC or 5FC, and some displayed cross-resistance to both drugs. We also observed that these aneuploid strains were unstable, with spontaneous loss of extra chromosomes and reversion to euploidy when grown in the absence of stress. Importantly, exposure to TUN also triggered cross-resistance to FLC in one clinical isolate of C. neoformans. Furthermore, our results indicate that cross-adaptation to ER stress and FLC in aneuploid strains was attributed to the simultaneous upregulation of multiple genes across the genome. This study highlights the role of ER stress in inducing aneuploidy formation and underscores the potential of non-antifungal-induced genome plasticity in driving antifungal resistance in C. neoformans.



Materials and methods


Strains and growth conditions

The C. neoformans laboratory strain H99 served as the wild-type strain in this study. Stock cultures were preserved in a glycerol solution and stored at a temperature of −80°C. Cells were routinely cultured in a nutrient-rich medium called Yeast extract-Peptone-Dextrose (YPD) at a temperature of 30°C in a shaking incubator set to a moderate speed of 150–200 rpm. To solidify the medium, agar was added at a concentration of 2% (w/v). The drugs used in this study were dissolved in a solvent called dimethyl sulfoxide (DMSO) and stored at a temperature of −20°C.



Growth curves of H99 in the presence of tunicamycin

H99 was thawed from the −80°C freezer and streaked onto YPD-agar plates, which were then incubated at 30°C for 72 h. After incubation, cells were resuspended in YPD broth and their densities were adjusted to 2.5 × 103 cells/mL in YPD broth with or without TUN in a 96-well plate. The TUN concentrations were 0.03–0.125 μg/mL. The plate was then incubated at 30°C, and the optical density at 595 nm (OD595) was monitored using a Tecan plate reader (Infinite F200 PRO, Tecan, Switzerland) at 15-min intervals for 72 h. The data are presented as the mean ± standard deviation (SD) of three biological replicates.



Spot assay

Cells were re-suspended in distilled water and adjusted to a concentration of 1 × 107 cells/mL. Following this, 3 μL of 10-fold serial dilutions were spotted onto YPD agar plates with or without the presence of drugs. The petri dish plates were then incubated at 30°C and photographed after 72 h.



Broth microdilution assay

The broth microdilution method was performed in accordance with the Clinical and Laboratory Standards Institute (CLSI) M27-2017 guidelines (CLSI, 2017) with minor modifications.

Stock solutions of the drugs (TUN and FLC in YPD broth; 5FC in SD broth) were prepared and subjected to a twofold dilution process. A volume of 0.1 mL of each drug at varying concentrations was sequentially dispensed into U-shaped wells of 96-well microdilution plates (Thermo Fisher Scientific), resulting in final drug concentrations ranging from 0.125 to 128 μg/mL (FLC and 5FC) or 0.03–32 μg/mL (TUN).

To prepare the inoculum of test strains, 3–5 colonies were suspended in sterile saline and standardized to a turbidity of 0.5 McFarland using a spectrophotometer (NanoPhotometer® NP80, Implen, Germany). The inoculum was then diluted with either YPD broth (for TUN and FLC) or SD broth (for 5FC). Following this, 0.1 mL of the yeast suspension was added to each well of the 96-well microdilution plates, yielding a final inoculum concentration between 0.5 × 103 and 2.5 × 103 CFU/mL. The plates were subsequently incubated at 35°C. The minimum inhibitory concentration (MIC) was defined as the lowest drug concentration at which complete growth inhibition was observed. Three replicates were conducted for each drug concentration.



Isolating mutants using low dose of tunicamycin

To generate mutants, we inoculated approximately 2.5 × 103 cells/mL of the H99 strain into 1.5 mL of YPD broth containing a low concentration of 0.06 μg/mL of TUN. We performed three biological replicates. After 72 h of incubation with shaking, the cultures were washed and diluted with distilled water. We then spread approximately 300 cells onto YPD plates and incubated them at 30°C for 72 h. From each culture, we randomly selected 120 colonies and tested them for resistance to TUN using a spot assay.



Induction of mutations with high-dose tunicamycin

To generate mutants, we suspended cells in distilled water and adjusted the concentration to 1 × 107 cells/mL. We then spread 100 μL of this suspension onto YPD plates supplemented with a high concentration of 0.25 μg/mL TUN. The plates were incubated at 30°C for 5 days, allowing for the selection of resistant mutants. We randomly selected 30 mutants for further analysis and characterization. These 30 mutants were maintained in a −80°C freezer.



Assay for genome instability

To investigate the genome instability of the aneuploid strain with disomies of Chromosomes 4 and 6, we performed the following steps: First, the strain with Chrs (4,6) x2 was thawed from the-80°C freezer and streaked onto YPD-agar plates, which were then incubated at 30°C for 72 h. From the resulting colonies, we randomly selected one small colony and suspended it in distilled water. We then diluted the cells in distilled water and spread approximately 200 cells onto a YPD plate, which was incubated at 30°C for 72 h. After incubation, we observed small (S), medium (M), and large (L) colonies. We randomly selected four colonies from each size category for further analysis.



Next-generation sequencing

DNA extraction, library construction, and sequencing were performed using previously described methods (Yang et al., 2021d). The data was then visualized using Ymap (Abbey et al., 2014). The raw fastq files were uploaded to Ymap (version 1.0)1 and plotted as a function of chromosome position using the C. neoformans H99 reference genome (NCBI RefSeq assembly no. GCF_000149245.1).



RNA-seq

Comparative analysis of strains: To investigate the transcriptome profiles of the strains, we performed RNA-seq as described previously with minor modifications (Ke et al., 2024). We first streaked the strains onto YPD plates from the −80°C freezer and incubated them at 30°C for 72 h. We then selected colonies with similar sizes, suspended them in a solution with an optical density (OD) of 0.1, and grew them in a shaker at 30°C until they reached an OD of 1.0. The cells were then collected by centrifugation and frozen in liquid nitrogen.

Treatment of H99 with TUN: We grew H99 in YPD broth in a shaker at 30°C from an OD of 0.1 to 1.0, and then divided the culture into two batches. One batch was treated with TUN at a final concentration of 0.25 μg/mL, while the other batch was treated with an equal volume of DMSO. Three hours later, the cells were collected by centrifugation and frozen in liquid nitrogen.

Total RNA extraction, purification, library construction, and sequencing were performed as described previously (Ke et al., 2024). We obtained three biological replicates for each strain and used DESeq2 (Love et al., 2014) to analyze the differential gene expression profiles. We considered genes with a False Discovery Rate (FDR)-adjusted p value <0.05 and expression fold changes of more than 1.5 or less than −1.5 as differentially expressed.



Statistical analysis

Significance analysis of differences between growth curves was performed using Tukey HSD (Honestly Significant Difference) test.




Results


Tunicamycin impact on C. neoformans H99 growth

The sensitivity of the C. neoformans lab strain H99 to TUN was evaluated. In YPD broth, the minimum inhibitory concentration (MIC) of TUN was found to be 0.125 μg/mL. Additionally, TUN at a concentration of 0.06 μg/mL significantly inhibited the growth of H99 (p < 0.001, Tukey test), while TUN at a concentration of 0.03 μg/mL did not significantly inhibit growth (p > 0.05, Tukey test) (Figure 1A).
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FIGURE 1
 Assessment of H99 susceptibility to tunicamycin. Susceptibility was evaluated in both broth and solid medium using twofold increased concentrations of TUN. (A) Cells were cultured in a 96-well plate. Optical density at 595 nm (OD595) was monitored every hour for 72 h at 30°C using a Tecan plate reader. Data are presented as the mean ± SD of three biological replicates. (B) 3 μL of 10-fold serial dilutions of cell suspensions were spotted on YPD agar plates supplemented with TUN. The plates were then incubated at 30°C for 3 days and subsequently photographed.


On YPD agar plates, H99 was able to grow in the presence of TUN at a concentration of 0.06 μg/mL, although the resulting colonies were smaller than those on the control plate. TUN at concentrations of 0.125 μg/mL and 0.25 μg/mL completely inhibited the growth of H99 (Figure 1B).

Based on these results, TUN at a concentration of 0.06 μg/mL in YPD broth was found to be sub-inhibitory to H99, while TUN at a concentration of 0.125 μg/mL on YPD agar (and in YPD broth) was inhibitory to H99.



Selective pressure of sub-MIC tunicamycin leads to emergence of antifungal resistant mutants

We explored whether sub-MIC concentrations of TUN could select for adaptive mutants in the H99 strain. We cultured the strain in YPD broth supplemented with 0.06 μg/mL TUN, starting with a cell density of approximately 2.5 × 103 cells/mL. After 72 h, we randomly selected 120 colonies from each culture and tested them for TUN susceptibility, with three biological replicates. Among these colonies, we identified five mutants that outperformed the parent strain (Figure 2A). The broth microdilution assay revealed that the parent strain H99 exhibited a MIC of 0.125 μg/mL for TUN, whereas the five mutants displayed MICs ranging from 0.5 to 1 μg/mL. Consequently, the five mutants demonstrated greater resistance to TUN compared to the parent strain.
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FIGURE 2
 Selection of aneuploid mutants with antifungal resistance by low concentrations of tunicamycin. (A) The wild-type strain H99 was cultured in YPD broth supplemented with sub-minimal inhibitory concentration (sub-MIC) of TUN. Three biological replicates were conducted, and 120 colonies from each culture were randomly selected for testing their resistance to TUN (magenta circles) compared to the wild type (cyan circles). The five colonies displaying resistance were subjected to sequencing. (B) The karyotypes of the wild type and the five resistant colonies were visualized using Ymap. The y-axis represents copy number, while the x-axis indicates the location of the sequence reads on the chromosome. (C) The five mutants were subjected to spot assay to evaluate their resistance to TUN, fluconazole (FLC), and 5-flucytosine (5FC). Testing for 5FC was conducted on SD medium, while YPD medium was used for other tests.


Sequencing analysis of five selected mutants revealed diverse aneuploid karyotypes: Low-#1 had disomy of Chr12 (Chr12x2), Low-#2 had disomies of Chr9 and Chr12 (Chrs (9,12) x2), Low-#5 had disomies of Chr6 and Chr12 (Chrs (6,12) x2), and Low-#3 and Low-#4 had segmental disomy of the left arm of Chr4 (SegChr4x2) (Figure 2B). Thus, exposure to sub-inhibitory levels of TUN led to the selection of aneuploid TUN-resistant mutants with diverse karyotypes.

Variation analysis revealed few genetic mutations in the mutants (Supplementary Table S1). Low-#1 had a missense mutation in CNAG_06222, encoding the large subunit ribosomal protein L32e, while Low-#3 had a missense mutation in CNAG_00807, whose function is unknown.

We further examined whether the mutants displayed cross-resistance to antifungal drugs. Spot assays demonstrated that mutants with SegChr4x2 were more resistant to FLC than H99, while mutants with Chr12x2 and Chrs (9,12) x2 were more resistant to 5FC than H99 (Figure 2C). The broth microdilution assay indicated that the parent strain H99 had a MIC of 32 μg/mL for FLC, while the two mutants containing SegChr4x2 exhibited MICs greater than 128 μg/mL. For 5FC, H99 displayed an MIC of 0.5 μg/mL, whereas the mutants with Chr12x2 and Chrs (9,12) x2 had MICs of 4 μg/mL.

Thus, depending on the aneuploid chromosome, certain mutants exhibited cross-resistance to antifungals.



Exposure to high concentrations of tunicamycin selects for diverse aneuploid mutants

We plated approximately 1 million H99 cells on YPD plates containing 0.125 μg/mL and 0.25 μg/mL TUN, respectively. After 5 days, we observed lawn growth on the plate with 0.125 μg/mL TUN, while 92 colonies grew on the plate with 0.25 μg/mL TUN. We randomly selected 30 mutants from the latter plate for further analysis. Whole-genome sequencing revealed that 8 mutants had a normal euploid karyotype, while 22 mutants displayed diverse aneuploid karyotypes, consisting of 18 distinct patterns. Notably, 17 out of 22 aneuploids exhibited disomy or trisomy of Chromosomes 4 and 6, either alone or in combination with other chromosomes. Five aneuploids had either Chr4x2 or Chr6x2, but not both, along with disomy of 2–6 other chromosomes (Figure 3). This suggests that amplifications of Chr4 and Chr6, alone or in combination with other chromosomes, were the primary genomic changes among mutants selected under high TUN concentration.
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FIGURE 3
 Karyotypes of mutants selected by high concentrations of tunicamycin. The wild-type strain H99 was exposed to supra-minimal inhibitory concentration (supra-MIC) of TUN. Thirty mutants were randomly selected for sequencing. The karyotypes of these mutants were visualized using Ymap, and the number of mutants bearing each karyotype is indicated in the figure.


We identified several genetic mutations in the mutants (Supplementary Table S1). For example, mutants high-#8 and high-#12 had the same frameshift mutation in gene CNAG_06130, while mutants high-#15, high-#17, and high-#26 had missense mutations in CNAG_05936, CNAG_01727, and CNAG_05396, respectively. Mutant high-#20 had a missense mutation in CNAG_04310 and a stop-gained mutation in CNAG_06382, while mutant high-#29 had missense mutations in CNAG_03862 and CNAG_03059. However, the functions of proteins encoded by CNAG_06130, CNAG_04310, CNAG_03862, and CNAG_03059 remain unknown.



Some supra-MIC mutants are cross-resistant to fluconazole and/or 5-flucytosine

We found that some mutants that grew in the presence of high concentrations of TUN also showed resistance to other antifungal drugs, including FLC and 5FC. To further investigate this, we tested the antifungal resistance of all these mutants using disk diffusion assays. Based on their resistance profiles, we categorized the mutants into four distinct groups (Figure 4).
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FIGURE 4
 Profile of antifungal resistance in mutants induced by supra-MIC tunicamycin. Thirty mutants, induced by supra-minimal inhibitory concentration (supra-MIC) of TUN, were tested using disk diffusion assays. The top panel shows disks containing 200 μg of fluconazole (FLC), while the bottom panel shows disks containing 5 μg of 5-flucytosine (5FC). The diameter of the inhibition zone is inversely proportional to the level of drug resistance. The plates were incubated at 30°C for 3 days and then photographed. YPD plates were used for FLC testing, and SD plates were used for 5FC testing.


One group of mutants was resistant to 5FC only and consisted of 8 mutants, which had MICs for 5FC ranging from 1 to 8 μg/mL. Interestingly, three of these mutants had a normal euploid karyotype, while the remaining five had amplifications of at least three chromosomes.

Another group of mutants was resistant to FLC only and consisted of three mutants, each having an MIC of 64 μg/mL for FLC. Each of these mutants had distinct chromosomal changes, including disomy of Chromosomes 4 and 6, disomy of Chromosome 4 and trisomy of Chromosome 6, and disomy of Chromosomes 4, 6, and 12.

A third group of mutants showed cross-resistance to both 5FC and FLC, and consisted of only one mutant. The MICs for FLC and 5FC were 128 μg/mL and 8 μg/mL, respectively. This mutant had a complex karyotype, with disomy of Chromosomes 1, 4, 6, and 12.

The final group of mutants did not show obvious resistance to either 5FC or FLC, and consisted of 18 mutants. However, some of these mutants were hypersensitive to FLC, while others were hypersensitive to 5FC.



Aneuploidy is unstable

A mutant with a chromosomal abnormality, Chrs (4,6) x2, was analyzed for its physical characteristics and genetic stability. To do this, around 400 cells of the mutant were grown on a special agar plate (Figure 5A). After two days, differences in the size of the resulting colonies were observed (Figure 5A). The area of each colony was then measured (Figure 5B). Colonies that were smaller than 0.03 cm2 were classified as small, those between 0.035 cm2 and 0.04 cm2 as medium, and those larger than 0.045 cm2 as large (Figure 5A,B). Four colonies from each size group were randomly selected for further genetic analysis. The results showed that all four small colonies still had the Chrs (4,6) x2 abnormality, while the four medium colonies had a different abnormality, Chr4x2, and the four large colonies had a normal chromosome count (Figure 5C). This suggests that the Chrs (4,6) x2 mutant is unstable and may tend to lose the extra copy of chromosome 6 or all extra chromosomes.
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FIGURE 5
 Instability of complex aneuploidy. (A) A mutant with disomies of Chr4 and Chr6 was spread on YPD plate. (B) After 48 h of growth, the areas of the colonies were measured. (C) Colonies were classified as small (S), medium (M), or large (L), indicated by cyan, magenta, and red arrows, respectively. Four colonies of each category were randomly selected for sequencing, and the karyotypes were visualized using Ymap.


Randomly selected S, M, and L colonies, one from each type, were compared to the H99 strain for resistance to TUN. The spot assay indicated that both S and M colonies exhibited resistance, while the L colony did not (Supplementary Figure S1). Thus, the presence of an additional copy of Chr4 alone was sufficient to confer resistance to TUN, and the loss of all extra copies of aneuploid chromosomes resulted in a loss of TUN resistance.



Aneuploidy causes cross-resistance to tunicamycin and fluconazole via regulating expression of multiple genes across the genome

Our study reveals that disomy of Chrs (4,6), either alone or in combination with disomy of other chromosomes, was the primary genomic alteration among the mutants. Additionally, Chrs (4,6) x2 conferred resistance not only to TUN but also to FLC. To elucidate why Chrs (4,6) x2 led to cross-resistance to both drugs, we compared the transcriptome of one Chrs (4,6) x2 mutant to that of the wild type (Figure 6).
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FIGURE 6
 Impact of aneuploidy on transcription of genes across the genome. The transcriptome of a mutant with Chrs (4,6) x2 was compared to the haploid wild type H99. Relative expression was determined based on the expression ratio of a target gene in the aneuploid strain versus in H99. The graph displays the proportions of genes on each chromosome falling within specified relative expression ratio ranges.


Transcription of 392 genes was detected on Chr4, with 312 genes showing ratios higher than 1.3. Similarly, transcription of 533 genes was detected on Chr6, with 442 genes having ratios higher than 1.3. Consequently, 79.6 and 82.9% of transcribed genes on Chr4 and Chr6, respectively, were up-regulated at least 1.3 times in the Chrs (4,6) x2 strain compared to H99. In contrast, on euploid chromosomes, only 7.5–12.1% of genes were up-regulated to this extent.

Overall, 910 genes were up-regulated across the genome, with 267 and 388 genes on Chr4 and Chr6, respectively. Conversely, 990 genes were down-regulated, with only 8 and 4 on Chr4 and Chr6, respectively. Thus, 72.0% (655 out of 910) of the up-regulated and 1.2% (12 out of 990) of the down-regulated genes were located on aneuploid chromosomes. Consequently, disomy of Chr4 and Chr6 generally led to increased expression of genes on the aneuploid chromosomes and altered expression of genes on euploid chromosomes.

Gene ontology (GO) analysis revealed that 21 genes involved in response to TUN (GOID: 1904576) were significantly enriched among the up-regulated genes, with 14 of them located on Chr4 or Chr6 (Supplementary Table S2). Notably, among the genes encoding efflux pumps, AFR1/CNAG_00730, MDR1/CNAG_00796, and PDR16/CNAG_04984 were up-regulated, with AFR1 and MDR1 on Chr1 and PDR16 on Chr4. Among the ERG genes, only ERG19/CNAG_05125 and ERG20/CNAG_02084 were up-regulated, with ERG19 on Chr4 and ERG20 on Chr6. Conversely, ERG4/CNAG_02830 was down-regulated (Supplementary Table S2). However, other ERG genes, such as ERG11/CNAG_00040, ERG3/CNAG_00519, or ERG6/CNAG_03819, showed no differential expression in Chrs (4,6) x2 compared to H99. Thus, we propose that Chrs (4,6) x2 confers resistance to TUN and FLC by simultaneously up-regulating multiple genes on both euploid and aneuploid chromosomes.



Exposure to tunicamycin leads to cross-resistance to fluconazole in a clinical isolate of C. neoformans

We investigated whether TUN also induced antifungal resistance in clinical isolates. Approximately 1 million cells of the clinical isolate GLS#4458 were spread on YPD-agar plates supplemented with TUN. After 5 days, the plate with 0.125 μg/mL TUN showed lawn growth, while the plate with 0.25 μg/mL TUN displayed a few 100 visible colonies (Figure 7A). Sixteen mutants (#1–#16) were randomly selected. Spot assays revealed that all of them were able to grow in the presence of 0.25 μg/mL TUN, whereas growth of the wild-type GLS#4458 was completely inhibited (Figure 7B), indicating that all the mutants developed resistance to TUN. Disk assays were conducted using disks containing 200 μg FLC, and three mutants, #1, #9, and #12, exhibited smaller inhibition zones compared to the parent strain (Figure 7C), suggesting that these three mutants acquired resistance to FLC.
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FIGURE 7
 Tunicamycin induces fluconazole resistance in clinical isolate of C. neoformans. (A) GLS#4458 is a clinical isolate of C. neoformans. The cells of GLS#4458 were suspended in distilled water and adjusted to a concentration of 1.0 × 107 cells/mL. A volume of 100 μL of the cell suspension was spread onto YPD-agar medium supplemented with TUN, with drug concentrations indicated in the figure. The plates were incubated at 30°C for 5 days before being photographed. Sixteen colonies (#1–#16) were randomly selected from the plate containing 0.25 μg/mL for further analysis. (B) A spot assay was conducted to compare the resistance to TUN between the 16 mutants and the wild type. For each strain, 3 μL of 10-fold serial dilutions were spotted on YPD-agar plates with 0.25 μg/mL TUN or without TUN (as a control). The plates were then incubated at 30°C for 3 days and subsequently photographed. (C) In the disk diffusion assay, disks containing 200 μg FLC were used. The plates were incubated at 30°C for 3 days before being photographed.





Discussion

ER is a fundamental organelle found in eukaryotic cells. Traditionally, studies investigating ER stress induced by chemical agents have mainly focused on elucidating the associated signaling pathways. However, recent research has uncovered a connection between ER stress and the formation of aneuploidy in yeast species, with subsequent implications for the fortuitous development of antifungal resistance (Beaupere et al., 2018; Yang et al., 2021b). To our knowledge, our study represents the first direct link between ER stress and the emergence of antifungal resistance, including cross-resistance, in C. neoformans. It’s important to note that while aneuploidy itself generally does not confer resistance to various stresses, including antifungal drugs, it’s the specific aneuploidy of particular chromosome (s) that can alter susceptibility to specific stressors.

The mechanisms underlying TUN-induced ER stress and its subsequent role in aneuploidy formation in C. neoformans remain elusive. Aneuploidy provides a fitness advantage under stress conditions by directly regulating genes on the aneuploid chromosome or indirectly impacting genes on euploid chromosomes (Pavelka et al., 2010). In species like S. cerevisiae and C. albicans, TUN-induced amplification of specific chromosomes is attributed to the presence of particular genes, such as ALG7 (Beaupere et al., 2018; Yang et al., 2021b). However, in the genome of C. neoformans, ALG7/CNAG_06901 is located on Chr3, and only a minority of mutants exhibit amplification of Chr3. Instead, amplification of Chr4 and Chr6 emerges as the predominant genomic alteration among the mutants. Gene ontology (GO) analysis has identified at least 14 genes on Chr4 and Chr6 associated with resistance to TUN (refer to Supplementary Table S2). Future investigations will focus on determining whether amplification of these genes in the wild type is sufficient to confer resistance to TUN.

In the Chrs (4,6) x2 strain, which exhibited resistance to FLC, several genes encoding efflux pumps, such as AFR1 and MDR1 on Chr1, as well as PDR16 on Chr4, were up-regulated compared to the wild type. However, most of the ERG genes, including ERG11, showed no differential expression. We propose that Chrs (4,6) x2 induces cross-resistance to TUN and FLC by concurrently up-regulating multiple genes on both aneuploid and euploid chromosomes.

The TUN-selected mutants exhibit diverse genomic alterations, including increases in copy number across various chromosomes and to varying extents, while showing few genetic mutations, suggesting that TUN primarily induces genome instability rather than hypermutation in C. neoformans. ER stress and genome damage are interconnected, as ER stress can induce genome instability by impeding the repair of double-strand breaks (DSBs) (Yamamori et al., 2013). DSBs are particularly detrimental to genome integrity (Blackford and Jackson, 2017), and their unrepaired status contributes to genome instability, leading to chromosome missegregation and aneuploidy formation (Srivastava and Raghavan, 2015; Blackford and Jackson, 2017).

Our study illustrates that brief exposure to mild ER stress is adequate to trigger aneuploidy in C. neoformans, mirroring the previous findings in C. albicans (Yang et al., 2021b). Additionally, besides ER stress, short-term exposure to sub-inhibitory concentrations of FLC also prompts aneuploidy in C. neoformans (Yang et al., 2021a) and C. albicans (Sun et al., 2023b; Todd et al., 2023; Yang et al., 2023). Thus, we propose that the genome plasticity of fungal pathogens can be readily and swiftly induced by mild stresses.

Our study underscores the genome plasticity of C. neoformans as a swift and reversible mechanism for adapting to TUN-induced ER stress, offering fresh insights into the mechanism underlying the emergence of antifungal resistance.
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Introduction: Patients with nosocomial infections are at risk of multidrug-resistant (MDR) Pseudomonas aeruginosa since these bacteria slow down the entire treatment process, increasing the morbidity and mortality of patients staying in hospital. The purpose of the research was to assess the simultaneous presence of multidrug resistance and virulence factors among nosocomial strains of P. aeruginosa to evaluate significant association among them.

Methods: One hundred and eight clinical isolates of P. aeruginosa were found in a variety of samples taken from patients having nosocomial infection, including wound swabs, pus, sputum, tracheal aspirate, and urine. An antibiogram was performed to investigate the pathogen’s antibiotic sensitivity pattern against 14 widely used antibiotics in Bangladesh. Virulence factors were evaluated, and the presence of ten β-lactamase and six virulence genes was analyzed by performing PCR. By using a binary logistic regression test with a 95% confidence interval, the relationship between MDR phenotypes and the virulence attributes was assessed.

Results: The susceptibility rate among the isolates was 70–75% for aminoglycosides (amikacin, gentamicin, netilmicin), 15–20% for cephalosporins (ceftazidime, ceftriaxone), 30–35% for quinolones (ciprofloxacin, levofloxacin), 10–15% for tetracyclines (tigecycline, doxycycline), 15–20% for carbapenem (meropenem), 10–15% for sulfonamide (co-trimoxazole), 5–10% for amoxiclav, and 30–35% for piperacillin/tazobactam. A total of 74.1% of the strains carried metallo-β-lactamase (MBL) genes. Among the isolates, 89% showed hemolytic activity, 80–90% produced different pigments such as fluorescein and pyoverdine, 46% were strong biofilm producers, and all the isolates presented different types of motilities (swimming, swarming, and twitching). The virulence genes (lasB, exoS, toxA, aprA, algD, and plcH) were detected within a range of 60–80% of the isolates.

Discussion: Only the toxA gene and twitching motility showed a significant correlation (p-value = 0.001 and 0.028, respectively) with multidrug resistance in the clinical P. aeruginosa isolates which indicates that it can be used as a drug target to combat these organisms. The high prevalence of MDR strains and their association with virulence factors revealed the potential of the pathogen to cause an infection. The current study advocates for immediate epidemiological surveillance of MDR P. aeruginosa strains in Bangladesh to impede the rapid dissemination of this opportunistic pathogen.
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1 Introduction

Pseudomonas aeruginosa is the leading organism responsible for nosocomial infections worldwide. Its capability to produce various potent virulence properties and resistance to various classes of antibiotics has called out the emergence to study the current condition of our country, Bangladesh, regarding the serious issue of multidrug resistance and its dissemination by P. aeruginosa, which contributes to in-patient morbidity and mortality (Spagnolo et al., 2021). The ability of multi-drug resistant (MDR) P. aeruginosa strains to colonize and grow in settings that other bacterial species cannot, gives them a greater capacity to generate epidemic outbreaks. For an infection to continue and raise patient morbidity in a hospital setting, the bacteria need to be pathogenic and resistant to antibiotics (Martínez and Baquero, 2002). Virulence factors of the pathogen facilitate its persistence and resistance to various environmental stresses including the stringent conditions inside the patients’ body during medication. P. aeruginosa possesses genes that enable them to better adapt to their surroundings in this way (Beceiro et al., 2012).

Even though P. aeruginosa infections are rarely fatal, the bacteria have developed a high resistance to a number of antimicrobial medicines due to the presence of efflux systems, the production of enzymes that break down antibiotics, reduced outer membrane permeability, and target modifications. As a result, multidrug-resistant strains have become more common (Bassetti et al., 2018; Jácome et al., 2012). By means of intrinsic chromosomally encoded or genetically acquired resistance features, P. aeruginosa exhibits the majority of these known resistance mechanisms, hindering the main classes of antibiotics, including aminoglycosides, β-lactams, polymyxins, and quinolones (Bassetti et al., 2018). GIM, AIM, SPM, IMP, and VIM are examples of class B metallo-β-lactamases (MBLs), which are also the predominant mechanism of acquired resistance to carbapenems. While varieties of IMP and VIM have been documented globally, GIM, AIM, and SPM have only been observed in a few select geographic areas, such as São Paulo and Germany (Zhao and Hu, 2010). High-risk MDR strains of P. aeruginosa are distributed around the world due to a combination of factors including mutation accumulation, horizontally acquired resistance mechanisms, and intrinsic resistance to some antibiotics (del Barrio-Tofiño et al., 2017).

Many virulence factors, including the presence of flagella, pili, and lipopolysaccharides, which are all components of the bacterial structure, along with other factors the bacteria produce and liberate into the adjacent tissue, where the infection expands, such as pigments, proteolytic enzymes, DNases, and toxins, are linked to the pathogenicity of Pseudomonas spp. (Pang et al., 2019). Because biofilms are naturally resistant to antimicrobial treatments, biofilm production is another factor contributing to pathogenicity. P. aeruginosa’s biofilm exhibits many resistance mechanisms that render it clinically accountable for numerous chronic infections, which are managed by quorum sensing (QS). Moreover, exoenzyme S, exotoxin A, siderophores, quorum sensing system proteins, type III secretory proteins, elastase enzyme, and alginate pigments account for infection initiation and both acute and chronic stages of diseases inside the host.

To lessen the possibility of MDR P. aeruginosa strains disseminating, we require information about the isolates’ patterns of antimicrobial susceptibility (Sawa et al., 2014). The World Health Organization (WHO) advocates nosocomial surveillance to enhance infection control practices, particularly in the healthcare sector, and to assist doctors in selecting between directed or empirical treatment (Palavutitotai et al., 2018). To address AMR worldwide, it stressed the significance of creating and sustaining reliable surveillance and reporting systems for AMR genetics, mechanics, and epidemiology (World Health Organization, 2020).

Antimicrobial medicines are commonly provided to patients in Bangladesh; nevertheless, hospitals are currently facing a shortage of pharmaceuticals for patients’ treatment because MDR P. aeruginosa is becoming more common. From 2015 to 2018, the number of MDR isolates increased year over year, and by 2019, the increase had nearly doubled from 2015 (Safain et al., 2020). In accordance with the present situation, it is essential to understand the correlation between pathogenicity and antibiotic resistance before making drug choices to eliminate the pathogen. This study intends to convene more knowledge on virulence genes and their relevance to the MDR phenotype of P. aeruginosa strains to help design ample therapeutic and control strategies to combat this pathogen.



2 Materials and methods


2.1 Sample collection and isolation of Pseudomonas aeruginosa

The time frame for conducting this study was from February 2023 to December 2023. The inclusion criteria of the patients were being clinically non-responding to antibiotics, and the exclusion criteria were not having nosocomial infections and being outdoor patients or staying at the hospital for less than 7 days. According to patient records, a total of 132 non-duplicate isolates were obtained from distinct samples (wound swab, urine, tracheal aspirate, pus, and sputum) of patients suffering from nosocomial infections (NIs) at Dhaka Medical College Hospital (DMCH), Bangladesh. Information was gathered about the patients’ age, sex, and place of origin for the samples. Every isolate was obtained from a separate patient, and the patients were not associated with epidemic outbreaks. To identify pure colonies of P. aeruginosa, the isolates were picked from the MacConkey agar plates, onto which the raw samples were cultured, and then streaked onto Cetrimide agar. Pseudomonas aeruginosa isolates were determined by their colony characteristics on Cetrimide agar medium followed by a series of biochemical tests (Gram staining, catalase, oxidase, sugar fermentation, nitrate reduction, motility, indole, urea, citrate utilization, methyl red, and Voges-Proskauer) and molecular identification based on 16S rRNA gene sequencing for further study.



2.2 Antimicrobial susceptibility test

The pathogens’ antibiogram was assessed using the disk diffusion method onto Mueller–Hinton agar in accordance with the CLSI (Clinical and Laboratory Standards) guidelines. The antimicrobials tested for resistance included ciprofloxacin (5 μg), co-trimoxazole (25 μg), amikacin (30 μg), ceftazidime (30 μg), piperacillin/tazobactam (100/10 μg), levofloxacin (5 μg), amoxicillin/clavulanic acid (20/10 μg), doxycycline (30 μg), aztreonam (30 μg), ceftriaxone (5 μg), meropenem (10 μg), netilmicin (10 μg), gentamicin (10 μg), and tigecycline (30 μg). The strains were classified as pandrug-resistant (PDR, non-susceptible to all antimicrobial classes), extensively drug-resistant (XDR, non-susceptible to all but two classes), multidrug-resistant (MDR, non-susceptible to ≥3 antimicrobial classes), and low-level drug-resistant (LDR).



2.3 Toxin production

Hemolysin and pigment production were evaluated on blood agar (8%) and cetrimide agar plates, respectively. A clear zone around the colonies elucidated the beta-hemolytic activity of the P. aeruginosa strains, and the lack of a clear halo was identified as a negative result. Pigments produced on the cetrimide agar were pyoverdine (green), pyocyanin (blue-green), and fluorescein (yellow).



2.4 Enzyme production

Proteolytic enzyme (gelatinase) production was studied by stabbing in 4% gelatin media containing test tubes. Hydrolysis (partial or total) of gelatin indicated the production of gelatinase enzyme by the isolates, while a lack of hydrolysis indicated a negative result.



2.5 Motility assay

As three types of motility can be detected in P. aeruginosa strains, a motility assay was carried out on Luria–Bertani (LB) agar plates using different concentrations of agar to evaluate the following types of motility: twitching (1% agar), swarming (0.5% agar), and swimming (0.3% agar). The media were inoculated with the overnight cultured strains using sterile yellow tips on the surface of the agar to study swarming, by stabbing halfway down the thick agar media for evaluating swimming and for twitching the strains were introduced at the bottom of the agar. All culture plates were kept overnight at a 37°C incubator. To evaluate the twitching motility, the 1% agar plates were flooded with TM developer solution and left for up to 30 min. The colony on the agar surface was scraped away by a sterile loop, and the solution was decanted. The remaining interstitial colony attached to the Petri plate is indicative of the twitching motility of the isolates.



2.6 Biofilm production

P. aeruginosa strains were inoculated in LB broth on a 96-well microtiter plate to quantify biofilm formation. As a negative control, a sterile broth was used to assure sterility. Biofilm producers were differentiated from non-biofilm producers by measuring their OD values. If the value is ≤ (average OD of negative control +3ơ), the strain was considered non-biofilm producer, and the isolates having OD value > (ANC + 3ơ) were interpreted as biofilm producer strains.



2.7 Identification of virulence and MBL genes

DNA extraction of clinical P. aeruginosa isolates was carried out by boiling DNA method. The presence of 6 virulence genes (plcH, lasB, exoS, algD, toxA, and aprA) and 10 MBL genes (blaVIM-2, blaSPM, blaSIM, blaDIM, blaBIC, blaOXA-48, blaGIM, blaSHV, blaDHA, and blaAIM) was evaluated by amplifying the genes with specific primers listed in Tables 1, 2, respectively. Previously well-characterized strains were used as controls in this study. PCR conditions were maintained as in the reference articles, respectively. Gel electrophoresis was conducted by running the amplified PCR products for 50 min at 100 V using a 1.5% agarose gel using 1X TBE buffer. The sizes of the amplicons were determined by comparing them with the mobility of the 100 bp and 1 kb + DNA ladder (NEB, UK). The amplicons were visualized, and the gels were photographed using the gel documentation system (Axygen, USA) having a UV trans-illuminator.



TABLE 1 Oligonucleotide primers used in amplifying of virulence genes.
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TABLE 2 Oligonucleotide primers used in amplifying MBL genes.
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2.8 Statistical analysis of data

Using binary logistic regression analysis, with a 95% confidence interval at a 5% significance level, the relationship between MDR phenotypes and the virulence factors as well as epidemiological and clinical factors was assessed. The statistical program SPSS version 25 (IBM, New York, USA) was used for the analysis.




3 Results


3.1 Identification of clinical isolates of Pseudomonas aeruginosa

Initially collected 132 isolates taken from patients aged 25–68 years were undergone biochemical tests (Supplementary Table S1), and of them, 108 isolates were plausibly identified as Pseudomonas aeruginosa. Twenty-five selected isolates out of 108 were further identified as P. aeruginosa using molecular techniques based on 16S rRNA gene sequencing (Supplementary Table S2). Among the patients, 46% were male and 54% were female having low fever and UTI.



3.2 Antibiotic resistance profile of Pseudomonas aeruginosa isolates

The prevalence rate of antibiotic resistance was found to be extremely high (53.7–98.1%) for all antimicrobial agents tested among the 108 clinical isolates of P. aeruginosa. In comparison with the other 13 antibiotics (doxycycline, meropenem, ceftazidime, tigecycline, levofloxacin, aztreonam, amoxiclav, netilmicin, gentamycin, co-trimoxazole, ceftriaxone, ciprofloxacin, and amikacin), P. aeruginosa strains exhibited significantly less resistance (53.7%) against piperacillin–tazobactam. Comparing the isolates to the other antibiotics revealed the highest level of resistance to aztreonam (98.1%) which belongs to the class monobactam (Figure 1). Amoxiclav (93.5%), ceftriaxone (94.4%), and doxycycline (95.4%) are the remaining drugs that came next in order of resistance (Figure 1).

[image: Figure 1]

FIGURE 1
 Prevalence rate of clinical P. aeruginosa strains resistant to different classes of antibiotics.


Out of 108 isolates, only 1 was found to be resistant to each of the 14 antibiotics across 8 distinct classes. The other 107 strains were found to be resistant to at least one of the antibiotics tested. Of them, one strain was resistant to two antibiotics of different classes, while two isolates were found to be resistant to only one antibiotic. These strains of P. aeruginosa (2.7%) fall into the low-level drug-resistant (LDR) category. A total of 27.8% of the isolates were classified as MDR strains because they exhibited resistance to at least three classes of antibiotics. Since 58.3% showed no resistance to at least two classes of antibiotics, they were classified as extensively drug-resistant (XDR). A total of 10.2% of the clinical P. aeruginosa strains tested positive for every antibiotic and thus fell under the category of pandrug-resistant (PDR).



3.3 Prevalence of β-lactamase genes in Pseudomonas aeruginosa isolates

PCR and gel electrophoresis were performed to detect the presence of beta-lactamase genes in the P. aeruginosa isolates (Figure 2). The rates of different classes of beta-lactamase (Ambler classes A, B, C, and D) gene production among the clinical Pseudomonas aeruginosa isolates are shown in Figure 3. Among the 10 beta-lactamase genes, 6 are under class B (blaVIM-2, blaSPM, blaSIM, blaDIM, blaGIM, and blaAIM), 2 of them are classified as class A (blaBIC and blaSHV), 1 is from class D (blaOXA-48), and another 1 is from class C (blaDHA). Most of the isolates (74.1%) were detected positive for MBL genes, which are under class B beta-lactamases. Among them, 37.5% harbored the blaVIM-2 gene, followed by blaSPM (32.5%), blaAIM (27.5%), and blaGIM (2.5%) genes. Only one isolate was found to be positive for the blaDIM gene, while the blaSIM gene was not identified in any of the isolates. The highest rate of MBL gene production was found in strains isolated from wound swabs (50.1%).

[image: Figure 2]

FIGURE 2
 Gel electrophoresis (1.5% agarose) of the beta-lactamase genes present in the P. aeruginosa isolates, (A) blaVIM-2 gene at 800 bp, (B) blaSIM gene at 570 bp, (C) blaAIM gene at 322 bp, (D) blaOXA-48 gene at 438 bp, and (E) blaSPM gene at 271 bp.


[image: Figure 3]

FIGURE 3
 Prevalence of different classes of beta-lactamase gene-producing clinical isolates of Pseudomonas aeruginosa.


Class D beta-lactamase (blaOXA-48) gene was found in 23.2% of the P. aeruginosa isolates, followed by class A beta-lactamase genes (n = 3, 2.7%). No isolates were found to harbor the class C beta-lactamase gene.



3.4 Identification of virulence factors in Pseudomonas aeruginosa isolates

All but two isolates of P. aeruginosa showed different types of motilities, and most of the strains (84.26%) were capable of swimming which requires rotating flagella, followed by twitching (80.56%) which indicates the existence of type IV pili and swarming (59.25%). The second most frequently found virulence factor synthesized by the P. aeruginosa isolates was pigment (88.89%). Among the pigment-producing strains, 70.83% produced fluorescein and subsequently pyoverdine (28.12%) and pyocyanin (9.37%). A total of 7.30% of the strains produced both pigments, fluorescein, and pyoverdine. Gelatinase production was marked in 84.26% of the P. aeruginosa strains followed by hemolysin (73.15%) and biofilm formation (67.59%) (Figure 4).

[image: Figure 4]

FIGURE 4
 Examples of the experiments for the production of (A) swimming, (B) swarming, (C) twitching, (D) pigments, (E) hemolysins, (F) gelatinase (1: gelatinase positive and 2: gelatinase negative), and (G) frequency of different virulence factors in clinical Pseudomonas aeruginosa isolates.




3.5 Identification of virulence genes

Among the six virulence genes, plcH and lasB were most frequent among the P. aeruginosa isolates (92.59 and 94.44%, respectively) (Figure 5). A total of 82.41% of the strains harbored the toxA gene, and the prevalence of the toxA gene among MDR P. aeruginosa strains was 90.27%. A total of 70.37% of the isolates were found to be positive for the algD gene. A total of 62.96 and 55.56% of the isolates were found positive for aprA and exoS genes, respectively. In addition, 18.52% of the strains were positive for all the virulence genes tested. The frequency of the virulence genes among different sample types is depicted in Table 3.
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FIGURE 5
 Gel electrophoresis (1.5% agarose) of the virulence genes present in P. aeruginosa isolates, (A) toxA gene at 150 bp, (B) algD gene at 1310 bp, (C) aprA gene at 993 bp, (D) lasB gene at 300 bp, (E) exoS gene at 504 bp, (F) plcH gene at 307 bp, and (G) frequency of different virulence genes in clinical Pseudomonas aeruginosa isolates.




TABLE 3 Prevalence of different virulence genes among clinical samples.
[image: Table3]



3.6 Correlation of factors with MDR phenotypes

Biofilm formation, gelatinase activity, hemolysin, and pigment production, which are known virulence factors for P. aeruginosa, were found to have no statistically significant correlation with the MDR pattern of P. aeruginosa isolates. Among the three types of motilities, swimming and swarming had no association while twitching appeared to be significantly associated (p < 0.05) with the level of antibiotic resistance. MDR strains were statistically more likely to harbor the toxA gene than the other five when analyzing the virulence genes (Figure 6).

[image: Figure 6]

FIGURE 6
 Heat map shows the correlation between the virulence properties and the resistance of P. aeruginosa against the commonly used antibiotics.


In the statistical model developed for determining the virulence factors as the risk factors for the MDR pattern, the strongest predictor of multidrug resistance was the toxA gene, recording an odds ratio (OR) of 8.45 (Table 4). This indicated that the P. aeruginosa isolates containing the toxA gene were 8.45 times more likely to be multidrug-resistant than the isolates lacking the toxA gene. In addition, the odds ratio for twitching motility was 3.31, which indicated that the existence of this type of motility, which is acquired by type IV pili, enhanced the risk of the strains to be MDR by 3.31 times, as found in the statistical analysis. Epidemiological clinical factors such as patient’s age, sex, and types of samples were analyzed and not found to be statistically related to antibiotic resistance.



TABLE 4 Statistical association among different virulence factors and MDR/XDR strains of Pseudomonas aeruginosa.
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4 Discussion

The global dissemination of antibiotic resistance among Gram-negative bacteria is a burning concern for the medical science as the whole world is heading to the pre-antibiotic era. Pseudomonas aeruginosa plays a major role in this concern as this opportunistic pathogen causes nosocomial infection in in-patients. The present study demonstrates an alarming state of antibiotic resistance where the P. aeruginosa strains have become resistant to almost all antipseudomonal antibiotics. Even carbapenems, which are considered last-line antibiotic drugs, are not able to cure infections sustained by P. aeruginosa. In this study, 74.08% of the strains were resistant to carbapenem, and 86.11 to 93.44% of the strains were resistant to third-generation cephalosporins whereas susceptibility of Pseudomonas spp. to third-generation cephalosporins ranged from 43.3 to 46.7% in the last decade in Bangladesh (Begum et al., 2013). However, the antibiogram revealed combination drugs as the most effective drug (46.29%) among all antibiotics used against P. aeruginosa strains followed by netilmicin (33.33%).

A total of 66.67% of the strains showed resistance to all but two groups of antibiotics used in this study, which are regularly prescribed in Bangladesh for the treatment of nosocomial infections caused by P. aeruginosa. These clinical isolates of P. aeruginosa are now classified as extensively drug-resistant (XDR) strains rather than multidrug-resistant (MDR). If unchecked use of antibiotics goes on, in the near future all P. aeruginosa strains will become pandrug-resistant and patients will die of secondary nosocomial infections rather than of the disease they went to hospital for treatment.

The prevalence of beta-lactamase genes of the four Ambler classes (classes A–D) was evaluated in this study, which showed the highest rampancy for MBL genes (class B). The blaVIM-2 (37.5%), blaSPM (32.5%), and blaAIM (27.5%) are the predominant MBLs among the clinical isolates of P. aeruginosa, followed by class D (23.2%) and class A (2.8%) beta-lactamase genes. In a study in 2020, the prevalence rate of the blaVIM-2 gene in clinical P. aeruginosa isolates in China was 18.8%, followed by blaSIM (6.0%) and blaSPM (4.0%) (Wang and Wang, 2020), while in this study 32.5% strain was found to harbor the blaSPM gene but no strain was positive for the blaSIM gene. The frequency of the blaGIM gene was found to be 2.5%, which is greater than that in China.

In another study in South Africa, the blaSHV gene was found in 69.5% of P. aeruginosa strains (Hosu et al., 2021), in contrast to 2.8% of class A beta-lactam producers in our study. In this study, all strains were negative for class C beta-lactamase genes but in a study of Iran 33.0% of P. aeruginosa isolates were found to be positive for class C beta-lactamase genes (Sharifi et al., 2019). Our study depicts that in Bangladesh, class B or MBL genes have the highest prevalence followed by class D and class A beta-lactamases.

Virulence factors such as pigment, hemolysin, biofilm, and motility assist the pathogen in developing an infection inside the host body. In the present study, the most frequently found virulence factor was motility, and twitching motility was directly related to MDR. This indicates the presence of type IV pili is a prominent factor for the pathogen to be virulent and antibiotic-resistant at the same time. Type IV pili is used by P. aeruginosa not only for surface motility but also as a sensor to modulate virulence and surface-induced gene expression (Persat et al., 2015).

Gelatinase secreted by the pathogen can degrade a broad range of host substrates such as collagen and complement and delay the airway epithelial wound repair by altering the actin cytoskeleton (de Bentzmann et al., 2000). A total of 84.26% of the strains were found to produce gelatinase enzyme.

Pigments such as pyoverdine, pyocyanin, and fluorescein were produced by 88.89% of the strains. Pyocyanin is secreted by T2SS and can decline lung function by its free radical and pro-inflammatory effects (Hall et al., 2016). Pyoverdine is a fluorescent pigment that is a potent iron (III) scavenger and acts as a siderophore satisfying the pathogen’s absolute iron requirement (Dauner and Skerra, 2020). Beta-hemolysin production plays a major role in disseminating infection by creating pores in cell membranes and assisting the pathogen to extend the wounds.

Biofilm production provides the pathogen with high resistance to host defense, antibiotics, and disinfectants leading to the establishment of chronic infections in in-patients (Lee and Yoon, 2017). Biofilm formation was seen in 67.59% of the isolates, and 41.1% of them were strong biofilm producers followed by 26.03% moderate and 32.88% weak biofilm-forming strains.

In this study, six virulence genes were evaluated to observe their prevalence in the nosocomial strains of P. aeruginosa. Then, association of these genes with the antibiotic resistance profile of the test isolates was measured statistically.

All the virulence factors and virulence genes were under the null hypothesis that there is no significant correlation between the MDR traits and virulence factors of the clinical P. aeruginosa isolates, except the toxA gene and twitching motility. This gene was found to be associated with the MDR traits of nosocomial strains of P. aeruginosa, assessed statistically with binary regression analysis. As shown in Table 4, biofilm had no significant correlation with the MDR pattern, although it is well-known for the pathogenesis of clinical P. aeruginosa.

Multidrug resistance of P. aeruginosa is an alarming concern in Bangladesh. Our knowledge to date about their virulence capability is scanty. Our findings reveal that multidrug resistance and virulence factors are mutually complementary while infecting and causing disease in the patient’s body. Although we have analyzed various virulence properties among MDR strains, most of them were not associated with the resistance pattern. We found that the toxA gene and twitching motility are significantly associated with the MDR pattern. Therefore, they can be utilized as new therapeutic targets to treat nosocomial infections caused by MDR P. aeruginosa (Alabdali, 2021).
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Carbapenem-resistant Pseudomonas aeruginosa (CRPA) has become a serious global health concern due to the limited treatment options. The primary resistance mechanism in CRPA involves the production of metallo-β-lactamases (MBLs), making MBL-producing P. aeruginosa a significant component of CRPA cases. To understand the prevalence of CRPA in hospitals in northern China, we conducted a preliminary screening and identification of CRPA in 143 clinical isolates of P. aeruginosa collected from various departments of a tertiary hospital between 2021 and 2023, analyzing CRPA resistance trends in certain regions of northern China during this period. We identified 71 CRPA isolates that exhibited high carbapenem resistance and phylogenetic tree analysis revealed that ST244 CRPA isolates had widely spread across various departments of the same hospital over three consecutive years. We also identified two VIM-producing isolates, PJK40 and PJK43, both of which carried the same novel VIM-type metallo-β-lactamase, VIM-92, encoded by a newly identified gene, blaVIM-92, closely related to blaVIM-24. blaVIM-92 was embedded in class 1 integrons within the Tn1403 transposon. The blaVIM-92-carrying plasmid, pPJK40, was found to resemble the pJB37 megaplasmid. The expression of VIM-92 and VIM-24 in DH5α and PAO1 revealed similar effects of the MICs of β-lactams, except for aztreonam. The high prevalence of CRPA in clinical settings, and the identification of VIM-92, highlights the urgent need for ongoing surveillance of CRPA and emerging MBL variants in P. aeruginosa.
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1 Introduction

Pseudomonas aeruginosa (P. aeruginosa) is a Gram-negative, opportunistic pathogen commonly associated with hospital-acquired infections, especially in immunocompromised patients and individuals with cystic fibrosis (Qin et al., 2022). Carbapenem antibiotics are often the first-line treatment for P. aeruginosa infections due to their broad antibacterial spectrum, potent activity, and rapid onset (Takahashi et al., 2021). However, the global CRPA increase has become a significant health concern. P. aeruginosa can acquire resistance to carbapenem through various mechanisms, producing carbapenemase enzymes encoded by carbapenemase genes as a primary resistance pathway (Tenover et al., 2022). To date, class A, B, and D carbapenemases have been identified in P. aeruginosa, with class B metallo-β-lactamase (MBL) enzymes, such as Verona Integron-encoded Metallo-β-lactamase (VIM), imipenemases (IMP), and New Delhi metallo-β-lactamase (NDM), being the most prevalent (Park and Koo, 2022). MBLs can hydrolyze most β-lactams, except monobactams, but remain unaffected by novel β-lactamase inhibitors such as avibactam, vaborbactam, relebactam, and nacubactam (Jean et al., 2019). Consequently, therapeutic options for infections caused by MBL-producing P. aeruginosa are substantially limited. In addition, bacterial secretion systems played a significant role in the infection and pathogenesis of CRPA. The virulence of CRPA was closely associated with its encoded secretion systems, including type I to type VI secretion systems (Wood et al., 2015). Among these, the type III secretion system (T3SS) was the most complex and virulent secretion system in CRPA, primarily involving four virulence factors: exoY, exoT, exoU, and exoS.

The VIM-type enzyme is the most prevalent MBL in Europe, with over 80 variants identified to date (Botelho et al., 2019). According to relevant literature, the detection rate of CRPA in northern China is significantly higher than in other regions, with VIM-type enzymes being more frequently detected than other types of MBLs (Wu et al., 2024). Among these, blaVIM-2 is the most frequently reported carbapenemase-encoding gene in P. aeruginosa spp. In recent years, isolates carrying novel VIM-type alleles have continuously been identified. According to recent literature, blaVIM-84, a novel VIM-type MBLs, was first reported in the IncP-2 megaplasmid of P. aeruginosa (Wang et al., 2023). This indicates the potential for the transfer and spread of blaVIM-84 in Pseudomonas species. In another study, researchers characterized a Pseudomonas monteilii (P. monteilii) isolate carrying blaVIM-84 for the first time, which conferring resistance to β-lactams (Tu et al., 2024). Genome analysis revealed that blaVIM-84 was located within a class I integron, with Tn3 surrounding. This structure suggested potential for dissemination. MBL-encoding genes are typically integrated within class I integrons and are transmitted via mobile genetic elements, which commonly embed blaVIM genes into genetic cassettes, facilitating their widespread dissemination (Zhang et al., 2023).

Zhangjiakou, in China, the location of this study, occupies a unique geographic position at the intersection of Beijing, Tianjin, Hebei, and Inner Mongolia, which can contribute to different sources of infection and epidemiological patterns. The First Affiliated Hospital of Hebei North University, a tertiary hospital in Zhangjiakou, serves as a central healthcare facility, providing critical data to understand antimicrobial resistance trends in northern China. These data support regional and interregional public health collaborations and comparative studies on P. aeruginosa resistance. For this study, we collected 143 P. aeruginosa isolates from clinical specimens submitted by various departments at our hospital between January 1, 2021, and December 31, 2023. Following culture, identification, and antimicrobial susceptibility testing, we analyzed the transmission dynamics within the hospital and resistance patterns of CRPA. After excluding duplicate isolates from the same patient and sample size, we identified 71 CRPA isolates. Among these, two were VIM-producing P. aeruginosa, PJK40 and PJK43. Whole-genome sequencing revealed that the genetic sequences of these two isolates were identical, and both of them carried a new variant of VIM-2, VIM-92, with the difference of isolation sources. Therefore, to avoid redundancy, we selected PJK40, strained from lavage fluid, further analyzed the genetic characterization of this isolate, and evaluated the effect of VIM-92 on antibiotic resistance.



2 Materials and methods


2.1 Collection and identification of bacteria isolates

Clinical isolates of P. aeruginosa were obtained from patient samples at the First Affiliated Hospital of Hebei North University using selective Pseudomonas Isolation Agar plates. And then identification was confirmed using matrix-assisted laser desorption ionization-time of flight mass spectrometry (Bruker Daltonik GmbH, Bremen, Germany). Data on 143 P. aeruginosa isolates, including the year of detection, department, and source of the isolates, were retrieved from the hospital’s electronic medical records.



2.2 Antimicrobial susceptibility determination

The minimum inhibitory concentrations (MICs) of antibiotics were determined using the broth microdilution method. The antibiotics tested included Meropenem (Hanhui Pharmaceutical Co., Ltd., China), Imipenem (Merck Sharp & Dohme Corp., USA), Cefepime (Jiangsu Hengrui Pharmaceutical Co., Ltd., China), Piperacillin (Suzhou Erye Pharmaceutical Co., Ltd., China), Ceftazidime (Guangdong Jincheng Jinsu Pharmaceutical Co., Ltd., China), Tazobactam (Meilunbio, China), Avibactam (MedChemExpress, USA), Aztreonam (Sigma-Aldrich, USA), Ciprofloxacin (Fluka Analytical, USA), Amikacin (Meilunbio, China), and Colistin (Sigma-Aldrich, USA). P. aeruginosa isolate ATCC 27853 and Klebsiella pneumoniae ATCC 700603 were used as quality control isolates. The diluted cultures were incubated overnight at 37°C, and results were interpreted according to the CLSI performance standards (30th Edition) (Clinical and Laboratory Standards Institute, 2020). According to the CLSI standards, CRPA were defined as P. aeruginosa exhibiting resistance to any carbapenem, including imipenem and meropenem. In this study, isolates with a MIC ≥128 were classified as highly resistant isolates (Park and Koo, 2022). The VIM alleles were identified by PCR amplification of the full ORF, using primer pairs VIM-F (5′-tgccgtagaagaacagcaag-3′) and VIM-R (5′-gcaacttcatgttatgccgc-3′). The PCR products were sequenced using Sanger sequencing.



2.3 Whole-genome sequencing and bioinformatics analysis

All 71 CRPA isolates were subjected to second-generation sequencing on the Illumina HiSeq platform. Genomic DNA was extracted using the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. Sequencing was performed on the Illumina HiSeq platform, and raw reads were assembled using Shovill 0.9.0.1 Additionally, two VIM-producing isolates were selected for third-generation sequencing. For these isolates, hybrid assembly that combined Illumina and Nanopore reads was conducted with Unicycler v.0.4.8 (Wick et al., 2017). Multilocus sequence typing (MLST) was determined through PubMLST,2 and gene annotation was performed with Prokka v.1.14.6 (Seemann, 2014). ABRicate v.1.0.03 was used for the identification of resistance genes and virulence factors, while sequence alignment against the plasmid was performed using BWA-MEM (Li, 2014). Genetic sequence comparisons and visualizations were generated using Easyfig 2.2.5 and BRIG-0.95 (Alikhan et al., 2011; Sullivan et al., 2011). Based on the annotation results from Prokka, the genomic data of 71 CRPA isolates were selected for pan-genome analysis using Roary v.3.13.0 (Page et al., 2015). Phylogenetic tree construction was conducted with FastTree v.2.1.11 (Price et al., 2009) using default parameters, and the tree was visualized and annotated with features using ChiPlot (Xie et al., 2023).



2.4 Conjugation of plasmids

Conjugation experiments were conducted using clinical isolates as donors and a rifampin-resistant derivative of P. aeruginosa PAO1 as the recipient. The selection was performed with rifampicin (300 μg/mL) and ceftazidime-avibactam (16 μg/mL). The donor and recipient bacterial colonies were cultured in 2 mL of Luria-Bertani (LB) medium and shaken at 37°C for 4 h. The isolates were mixed in LB medium in a 1:1 ratio (100 μL each). A 20 μL aliquot of the mixture was placed on a sterile 0.22-μm pore-size Millipore filter of 0.22-m size on a Mueller-Hinton (MH) agar plate and cocultured at 37°C overnight. The bacterial lawn formed on the filter was harvested, resuspended in 200 μL of LB broth, and seeded on agar containing selective antibiotics. After overnight incubation at 37°C, colonies that grew in the selective plates were confirmed by PCR amplification.



2.5 Cloning procedures

Plasmid pGK1900 was designed to express MBL genes. In brief, the oriT and traJ region from plasmid pCasPA (Chen et al., 2018), and the GmR region from plasmid pEX18Gm (Hoang et al., 1998), were amplified and recombined into the broad-host-range plasmid pACRISPR (Chen et al., 2018), which carries the pRO1600 oriV and T7 promoter. The final plasmid, pGK1900, was constructed.

The blaVIM-92 gene, along with its upstream predicted promoter (identified using Softberry),4 was amplified from the clinical isolate PJK40 and cloned into pGK1900 using the Hieff Clone Plus One Step Cloning Kit (Li et al., 2022). The resulting VIM-expressing plasmids were introduced into Escherichia coli DH5α via chemical transformation and into P. aeruginosa PAO1 by electroporation.



2.6 Data analysis

SPSS 20.0 and WHONET v5.6 software (WHO Collaborating Centre for Surveillance of Antimicrobial Resistance, Boston, MA, USA) were used to analyze the data. The counting data were expressed as the number of cases (n) and rate (%).




3 Results


3.1 Collection and distribution of CRPA

Between 2021 and 2023, 143 P. aeruginosa isolates were detected, of which 71 were identified as CRPA, excluding duplicate isolates from the same patient, resulting in a CRPA detection rate of 49.65%. Statistical analysis indicated a significant downward trend in the CRPA detection rate over the 3 years (Z = 1.850, p = 0.0174) (Supplementary Table S1). These 71 CRPA isolates were distributed between various departments, with the highest proportion of other departments (20 isolates, 28.17%), followed by the Respiratory Department (18 isolates, 25.35%) and the International Medical Department (14 isolates, 19.72%) (Supplementary Table S2). And the primary source of CRPA specimens was sputum, accounting for 55 isolates (77.46%), followed by lavage fluid and other sources, each with five isolates (7.04%) (Supplementary Table S3).



3.2 MIC for CRPA

The CRPA isolates exhibited high resistance rates to carbapenems, with imipenem (98.59%) and meropenem (78.87%). Resistance to most cephalosporins (ceftazidime, cefepime), β-lactams (aztreonam), enzyme inhibitor complexes (piperacillin/tazobactam, ceftazidime/avibactam) and quinolones (ciprofloxacin, levofloxacin) exceeded 49%, indicating a multidrug-resistant profile. In contrast, the isolates remained relatively susceptible to amikacin and polymyxins, with resistance rates below 34%, suggesting that these agents may still be effective treatment options. During the 3-year period, the resistance rate to piperacillin-tazobactam initially declined but then increased (p < 0.05), while resistance to ceftazidime-avibactam, aztreonam, imipenem, ciprofloxacin, levofloxacin, and amikacin showed a decreasing trend (p < 0.05). No statistically significant differences were observed in resistance rates to ceftazidime, cefepime, meropenem, and colistin (Table 1). MICs for 71 CRPA isolates are provided in Supplementary Table S4.



TABLE 1 Changes in drug resistance rates of CRPA isolates to commonly used antibiotics from 2021 to 2023.
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3.3 Genomic features of the 71 CRPA isolates

To further understand the relationships between the 71 CRPA isolates, we constructed a phylogenetic tree based on the nucleotide composition of core genes (Figure 1). MLST is a an unambiguous, portable and nucleotide-based technique for typing bacteria using the sequences of internal fragments of (usually) seven house-keeping genes (Maiden et al., 1998; Spratt, 1999; Urwin and Maiden, 2003). Among the 71 CRPA isolates, 32 sequence types (STs) were identified, with the predominant types being ST244, ST2651, and ST3134, accounting for 29.6% (21/71), 11.3% (8/71), and 7.0% (5/71), respectively. The analysis of STs among the 71 CRPA isolates over 3 years (2021–2023) revealed distinct trends. In 2021, ST244 was the predominant type, accounting for the majority of isolates (24 isolates). In 2022, both ST3134 and ST2651 were the most prevalent types, each represented by 5 isolates. By 2023, ST244 re-emerged as the dominant type, once again constituting the largest proportion of isolates. Notably, ST1278 was prevalent in the first 2 years but disappeared in 2023. Meanwhile, ST60, ST471, and ST2651 began to emerge as significant types starting from 2022. Combined analysis of the ST types, departmental distribution, and isolation years of the 71 CRPA isolates revealed that ST244 CRPA was consistently detected across different departments of the same hospital over a three-year period. In addition, T3SS virulence factor analysis showed that the virulence factor exoT had the highest carriage rate at 100% (71/71), followed by exoS and exoY, both at 90.1% (64/71), while exoU had the lowest carriage rate at 11.3% (8/71). Notably, isolate PJK15 carried all four T3SS virulence factors, which may contribute to its high virulence potential (Supplementary Figure S2).
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FIGURE 1
 The phylogenetic tree based on the concatenated set of core genes displays the evolutionary relationships among the 71 CRPA isolates. The primary features of CRPA isolates are indicated in various colors, and the presence of T3SS virulence factors and resistance genes is represented by orange.


We predicted resistance genes in the 71 CRPA isolates and identified a total of 54 resistance genes. Among these, four carbapenemase-producing isolates, PJK2, BFP34, PJK40, and PJK43, were detected, carrying the resistance genes blaAFM, blaKPC, and blaVIM. Isolate PJK2 carried the highest number of resistance genes, with a total of 23. The distribution of shared and unique resistance genes is shown in the Supplementary Figure S1.



3.4 Identification of VIM-carrying isolates

Bioinformatic analysis of the 71 CRPA isolates revealed mutations in the VIM alleles in two isolates. These two VIM-producing P. aeruginosa isolates were identified as PJK40 and PJK43. Sequence analysis revealed that the VIM gene sequences of the two isolates were identical, with the difference of isolation sources. Therefore, PJK40 was selected for further analysis to avoid redundancy. PJK40, carried a novel VIM allele and was isolated from a patient’s bronchoalveolar lavage fluid. Genome sequencing classified PJK40 as sequence type (ST) 207. PCR and sequencing revealed this isolate harbors a novel allele, blaVIM-92 (GenBank accession: PQ563311). In the amino acid sequence, VIM-24 has an arginine-to-leucine substitution at residue 205 (GenBank accession: HM855205.1), while VIM-92 shows a valine-to-isoleucine substitution at residue 236 (Supplementary Figure S3).



3.5 Effects of VIM-24 and VIM-92 on the MICs of β-lactams

To better understand the role blaVIM-92 in conferring β-lactam resistance, blaVIM-92 was cloned in the plasmid pGK1900 and transformed into E. coli DH5α and P. aeruginosa PAO1. The effects VIM-92 on β-lactam resistance to β-lactam differed between DH5α and PAO1 (Table 2).



TABLE 2 MICs of β-lactam antibiotics for the blaVIM-24 and blaVIM-92 transformants.
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In DH5α, VIM-92 increased the MICs of meropenem, imipenem, piperacillin, cefepime, ceftazidime, piperacillin-tazobactam, and ceftazidime-avibactam by more than 8 times. In PAO1, the MICs of all β-lactams, except for aztreonam, increased by more than 16-fold due to the presence of VIM-92. This is expected, as VIM-92 is an MBL that does not hydrolyze aztreonam. We subsequently cloned blaVIM-24 using the same method. Antimicrobial susceptibility testing revealed minimal differences in antibiotic resistance effects between VIM-24 and VIM-92.



3.6 The characteristics of VIM-carrying plasmids

Whole-genome sequencing of PJK40 revealed multiple acquired resistance genes, with blaVIM-92 embedded in the plasmid pPJK40. The pPJK40 plasmid showed query coverage of 82, 81, and 79% with pJB37 (GenBank accession: KY494864.1), pWTJH36 (GenBank accession: CP104591.1), and pPUV-16 (GenBank accession: MT732194.1), respectively (Figure 2). The backbones of these homologous plasmids were similar to those of the IncP-2 plasmid pOZ176, suggesting that they belong to the same megaplasmid family (Zhang et al., 2021). The complete sequence of pPJK40 is 467,425 bp, contains 583 ORFs, and exhibits a GC content of 57%. This plasmid contains a few resistance genes organized into a gene cluster, approximately 144 to 159 kbp, which includes the blaVIM-92 gene. The differences between pPJK40, pJB37, pWTJH36, and pPUV-16 are mainly due to the presence of insertion sequences (ISs) or integrase-encoding genes, indicating that these plasmids have evolved through multiple insertions and recombination events.
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FIGURE 2
 Comparison of pPJK40 with other plasmids. The rings represent the alignment of sequence reads from pJB37, pPUV-16, and pWTJH36 against pPJK40. Both pJB37 and pPUV-16 contain blaVIM-2, while pWTJH36 contains blaVIM-85.


Among the homologous plasmids identified in the NCBI database, pPJK40 shows the highest similarity to pJB37, the first blaVIM-2-carrying megaplasmid described in P. aeruginosa (Botelho et al., 2017). pPJK40 shares 81% query coverage and 99.97% sequence identity with pJB37, according to the BLAST analysis (Figure 3). Several conserved regions were observed between the two plasmids, reflecting a high degree of sequence similarity. The resistance gene cluster in pPJK40 spans 11,365 bp and contains multiple genetic elements and resistance genes, including blaVIM-92. The strong sequence similarity between this region and the corresponding cluster on pJB37 suggests that these plasmids share similar structural features that support the preservation and transmission of resistance genes. In particular, the insertion sequence downstream of blaVIM-92 may enhance its mobility, facilitating the spread of resistance genes across bacterial species (Figure 3).
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FIGURE 3
 Comparison of pPJK40 and pJB37. The arrow direction indicates the transcription direction of each ORF. The dark yellow arrows represent mobile elements, the red arrows represent resistance genes, and the gray and blue arrows represent predicted ORFs.


Conjugation assays were conducted to assess the transferability of pPJK40. All three experiments were unsuccessful, suggesting that this plasmid is non-conjugative.



3.7 Genetic contexts of blaVIM alleles in Pseudomonas aeruginosa

Numerous VIM alleles have been reported in P. aeruginosa (Pournaras et al., 2003; Siarkou et al., 2009). In a previous report, sequencing revealed that both blaVIM-84 (GenBank accession: ON688661.1) and blaVIM-85 (GenBank accession: ON688662.1) had a length of 801 bp and they were highly similar to blaVIM-24 (GenBank accession: HM855205), with nucleotide identities of 99.88 and 99.75%, respectively (Wang et al., 2023). In this study, according to BLASTn search, blaVIM-92 was highly similar to blaVIM-84 and blaVIM-85, with a nucleotide identity of 99.63 and 99.5%, respectively. Therefore, we selected the plasmids pWTJH2 (GenBank accession: CP104585.1), pWTJH6 (GenBank accession: CP104587.1), and pPJK40 to compare the genetic backgrounds of the VIM alleles in P. aeruginosa (Figure 4).
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FIGURE 4
 Comparison of the genetic environments of blaVIM. Shaded regions indicate nucleotide identity (67–100%). Red arrows represent blaVIM and other antibiotic resistance genes, shown in dark blue. The yellow, green, and light blue arrows represent structures of mobile elements.


In plasmids pWTJH2 and pWTJH6, the blaVIM-84 and blaVIM-85 genes are embedded within class 1 integrons. Similarly, in the plasmid pPJK40, the blaVIM-92 gene is also embedded in a class 1 integron. The blaVIM-84 gene is the second cassette in a class 1 integron, with the fosE gene located upstream. The downstream cassettes include aac(6′)-Ib4, blaOXA-101, and ant1 within an integron that originally carried blaVIM-24. In this integron, the qacEΔ1 and sul1 genes in the 3′ conserved segment (3’-CS) were replaced by an IS26 element.

For the blaVIM-85 genetic environment, the 3’-CS is interrupted by a gene encoding GNAT family N-acetyltransferase, clipped by the insertion of transposon Tn5393. A similar genetic structure was observed in blaVIM-92, characterized by the arrangement intI-aac(6′)-Ib4-blaVIM-92-qacEΔ1-sul1. In this configuration, blaVIM-92 is embedded within the second gene cassette of a class 1 integron, with the aac(6′)-Ib4 resistance gene positioned upstream. In particular, the downstream blaOXA-101 and ant1 genes are absent. The integron harboring blaVIM-92 was inserted into transposon Tn1403 (GenBank accession: AF313472.2), which contains a backbone with the genes tnpA, tnpR, and orfABCD, along with a class 1 integron and Tn5393. In Tn5393, the tnpA gene is interrupted by an IS66 family insertion (Stokes et al., 2007).




4 Discussion

Pseudomonas aeruginosa is capable of quickly evolving and developing resistance to adapt to environmental conditions, especially in hospital settings. For example, studies have shown that after prolonged exposure in different hospital environments, P. aeruginosa adapts to the host environment, modulating the expression of numerous virulence factors and acquiring or developing mechanisms for antibiotic resistance, including resistance to carbapenems (Cameron et al., 2022). This adaptability is a major factor contributing to the frequent occurrence of hospital-acquired infections. In China, surveillance data from 2021 reported that P. aeruginosa accounted for 7.96% of hospital-acquired infections, highlighting its significant role in clinical settings (Yan et al., 2022). Among these, CRPA has become increasingly prevalent due to the widespread use of antibiotics. CRPA poses a major threat to public health, with its rising detection rates associated with increased morbidity and mortality (Litwin et al., 2020). Furthermore, CRPA exhibits resistance not only to carbapenems but also to multiple classes of antibiotics, severely limiting treatment options (Ning and Yang, 2022). The extensive dissemination of CRPA and its ability to transfer resistance genes to other bacteria underscore the need for effective surveillance and control measures to curb its spread and impact.

In this study, the average annual CRPA detection rate in the First Affiliated Hospital of Hebei North University from 2021 to 2023 was 16.55%, derived by averaging the overall detection rate of 46.95% over 3 years, which was comparable to the national detection rate reported for 2022 (16.6%), but slightly lower than the rate for Hebei Province in the same year (17.4%) (Yu et al., 2022). With the widespread use of antibiotics, the detection rate of P. aeruginosa resistant to multiple antibiotics is increasing yearly (Litwin et al., 2020). Due to the high mortality rate, propensity for cross-infection, and difficulty in treatment, the emergence of CRPA had made infection control in hospitals increasingly difficult. Although the detection rate of CRPA may differ across regions, its higher detection rate in specific areas, especially within local hospital environments, emphasizes the critical need for focused surveillance and control strategies (Huang et al., 2023). This difference in detection rates may be related to factors such as the hospital classification level, patient demographics, regional conditions, and the impact of the COVID-19 pandemic. In the present work, 71 CRPA isolates mainly came from four key departments: respiratory, the others, international medical department and the ICU. Notably, the department distribution of CRPA is largely consistent with previous reports (Li et al., 2021). Patients in these departments are often critically ill, require prolonged hospital stays, frequently undergo invasive procedures (e.g., tracheal intubation and tracheostomy), leading to Device-associated Hospital-acquired Infections (DA-HAIs) in some patients, and have multiple underlying conditions. Related studies suggested that the incidence of infections in ICU patients might have varied across different geographical regions, hospitals, and even among different ICUs within the same hospital. The types of infections, the profiles of pathogens causing these infections, and their antimicrobial susceptibility patterns also varied depending on the location (Alfouzan et al., 2021). These factors collectively facilitated the spread of CRPA. Long-term use of antibiotics and immunosuppressants compromises immune function, increasing susceptibility to CRPA infection (Rossi et al., 2021; Pettigrew et al., 2019). Many studies showed that inappropriate and irrational use of antibiotics to treat infections led to the emergence of multidrug-resistant (MDR) isolates of common bacterial isolates (Rizzo et al., 2019). This results in prolonged hospital stays, significantly increased morbidity and mortality, and contributes to the spread of CRPA. These findings demonstrate the importance of judicious use of antibiotics following antimicrobial guidelines. When performing invasive procedures on CRPA patients, strict aseptic protocols, improved surface disinfection, timely equipment replacement, and early tube removal are crucial to prevent infection. Subsequently, statistical analysis was conducted on the types of specimens, and it was found that most CRPA isolates were detected in sputum specimens, accounting for 77.46%, which is consistent with reports that CRPA is mainly strained from sputum (Gill et al., 2022). However, as P. aeruginosa is part of normal respiratory flora, it can quickly colonize the respiratory tract as an opportunistic pathogen. Thus, interpreting the results of respiratory cultures requires careful assessment to confirm infection. Previous research (Yan et al., 2022) has linked CRPA strained from sputum to higher long-term mortality, indicating that it may be a potential source of hospital-acquired infections that warrant attention.

In recent years, the detection rate of MBLs has increased significantly, with a broad distribution across bacterial species and geographic regions, making them a focal point of clinical concern (Safavi et al., 2020). MBL genes can reside on integrons, transposons, plasmids, chromosomes, or other genetic elements, and their plasmid-mediated mobility improves transferability, contributing to bacterial resistance. Clinically, carbapenems such as imipenem, meropenem, ertapenem, and doripenem are ineffective against MBLs, except for monobactams (Bush, 2001). Therefore, the presence of MBLs is likely to increase the risk of treatment failure in carbapenem-resistant P. aeruginosa infections. The increasing prevalence of MBLs highlights their growing significance in hospital-acquired infections, further emphasizing the urgent need for effective surveillance and control strategies to mitigate their public health impact. Among acquired MBL genotypes, blaVIM is the most prevalent, with multiple variants differentiated by gene and translated amino acid sequences. In this study, VIM-producing isolates accounted for 1.40% (2/143) of all isolates, with VIM-92-producing isolates belonging to the sequence type ST207. Although the global prevalence of ST207 may be lower than classic sequence types such as ST235 and ST111, it has been reported in some regions as an MDR isolate carrying carbapenemase genes, such as blaVIM or blaNDM (Gondal et al., 2024). ST244 CRPA was consistently detected in the same hospital over three consecutive years. This observation suggested the dissemination of ST244 isolates producing OXA-101 and PER-1 enzymes within the hospital. In the analysis of T3SS virulence factors, we identified an isolate, PJK15, which carried four virulence factors. Previous studies had generally suggested that exoU and exoS were mutually exclusive due to occupying the same chromosomal locus (Freschi et al., 2019). However, recent studies have revealed that high-risk clones co-carrying the T3SS effector genes exoS and exoU are capable of causing community-acquired infections (CAIs) in non-immunocompromised young individuals, likely due to the enhanced virulence profiles of these isolates (Song et al., 2023). In our study, we hypothesized that the coexistence of these virulence factors in PJK15 was induced by mutations triggered by environmental pressures on the isolate. The simultaneous presence of both virulence factors could potentially influence the severity of the infection and the response to treatment, highlighting the urgent need for further investigation.

We identified two P. aeruginosa isolates, PJK40 and PJK43, carrying the blaVIM-92 gene and selected PJK40 for further study in this research. This isolate exhibited elevated MICs for β-lactams, cephalosporins, and β-lactam combination agents, attributed to acquiring the resistant plasmid pPJK40. The blaVIM-92 gene is located on a pJB37-like megaplasmid of the IncP-2 family. Typically, plasmids acquire resistance genes through mobile elements, allowing their spread within and between bacterial species (Hall et al., 2022). However, the results of our conjugation experiments indicated that pPJK40 was not conjugative, likely due to its specific structural configuration, which includes the blaVIM-92 resistance gene. Antimicrobial susceptibility testing comparing PAO1 MICs expressing blaVIM-92 and blaVIM-24 indicated that blaVIM-92 confers similar or, in some cases, higher resistance to most antibiotics, except for aztreonam. This suggests that VIM-92 may be equally or more effective than VIM-24 in mediating antibiotic resistance.

In conclusion, with its unique geographic location, our study in Zhangjiakou identified 71 CRPA isolates and analyzed CRPA resistance trends in certain regions of northern China from 2021 to 2023. Among the CRPA isolates, two produced the novel metallo-β-lactamase, VIM-92. blaVIM-92 was in a pJB37-like plasmid within a distinct genetic context compared to other VIM alleles in P. aeruginosa. We also identified an isolate carrying four T3SS virulence factors simultaneously. With the continuous emergence of carbapenemase-producing P. aeruginosa, these findings highlight the importance of ongoing surveillance and comparative studies to inform effective antimicrobial stewardship and public health interventions in the northern region.
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Pikctans Cefuroxime axetil
Cefoxitin,
Ceftaidime,
Cefriaxone,
Cefepime,
Ertapenem,
Imipenem,

Meropenem

Aminoglycosides  Amikacin

Quinolones Ciprofloxacin

Sulforamide T

Fosfomycin NT
Macrolides NT
Phenicol NT
Bleomycin NT
Peptide

NT
antibiotic

Reference
sequence
(([e:])]

WP_282563773.1

WP_000027057.1

WP_004201164.1

WP_000239590.1

KAA0468326.1

OUES0029.1
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Putative
resistance
genes

blaosss

blars

blasoss

blacrgsis

bldserc

lasurc >

aac(6)-1b

aadA/ANT(3")

aph(3)-V1

quis1

sul-2

Josa

ermC

catA-like

bleMBL

eptA

B

arnT

Resistance
gene/protein,
mechanism
function

Size (aa)

Coverage

aa identity
(%)

Class D p-lactamase

284 100 100
oxa
Class A broad-
spectrum -lactamase 286 100 100
TEM
Class B broad-
spectrum lactamases 270 100 100
NDM
Class A extended-
spectrum lactamases 1 100 100
Y]
Class C plactamase 382 100 100
Class C plactamase 386 100 100
Aminoglycoside 6
s 200 100 100
Neacetyltransferase
Aminoglycoside
= 262 8251 100

nucleotidyltransferase
Aminoglycoside
30

259 100 100
Phosphotransferase
enzymes
Plasmid-mediated

218 100 100
quinolone resistance
Sulfonamide resistant
dihydropteroate 283 100 100
synthase
Glutathione

139 906 100
S-transferase
236 ribosomal RNA

289 100 100
methyltransferase
Chloramphenicol

21 100 100
acetyliransferase
Bleomyci

121 100 100
protein
Phosphoethanolamine

47 100 100
transferase
Phosphoethanolamine

563 9116 98.08
transferase
Phosphoethanolamine

551 8947 100

transferase

Resistance gene
characterization

CARD, ABRicate,
ResFinder, Arg-Annot,
KEGG, Prokka

CARD, ABRicate,
ResFinder, Arg-Annot,
KEGG, Prokka

CARD, ABRicate,
ResFinder, Arg-Annot,
KEGG, Prokka

CARD, ABRicate,
ResFinder, Arg-Annot,
KEGG, Prokka

KEGG, Prokka, BLAST
KEGG, Prokka, BLAST
CARD, ABRicate,
ResFinder, Arg-Annot,
KEGG, Prokka

CARD, ABRicate,
ResFinder, Arg-Annot,
KEGG, Prokka

CARD, ABRicate,
ResFinder, Arg- Annot,
KEGG, Prokka

CARD, ABRicate,
ResFinder, Arg-Annot,
KEGG, Prokka

CARD, ABRicate,
ResFinder, Arg-Annot,
KEGG, Prokka
CARD, ABRicate,
ResFinder, Arg-Annot,
KEGG, Prokka

KEGG, Prokka, BLAST

KEGG, Prokka, BLAST

CARD, Prokka, BLAST

KEGG, Prokka, BLAST

KEGG, Prokka, BLAST

KEGG, Prokka, BLAST

NT (not tested), susceptibility testing was not performed. The DNA fragments verified by sequencing corresponded to the genes identified in whole genome sequencing.
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Target gene
algD

aprA

las

ple

exoS

Primers

AlgD-F
AlgD-R
ApraA-F
AprA-R
LasB-F
LasB-R
PICH-F
PIcH-R
ExoS-F
Exo$-R
ToxA-F

ToxA-R

CTA CCA GCA GAT GCC CTC GGC

GTC GAC CAG GCG GCG GAG CAG ATA
GCC GAG GCC GCC GTA GAG GAT GTC
GGA ATG AAC GAG GCG TTCTC

GGT CCA GTA GTA GCG GTT GG

GAA GCC ATG GGC TAC TTC AA

AGA GTG ACG AGG AGC GGT AG

CTT GAA GGG ACT CGA CAA GG

TTC AGG TCC GCG TAG TGA AT

GGA GCG CAA CTA TCC CACT

TGG TAG CCG ACG AAC ACA TA

plicon size (bp)

1310

993

300

307

504

150

References

Lanotte etal. (2004)

Schmidtchen etal. (2001)

Lanotte et al. (2004)

Lanotte etal. (2004)

Lanotte et al. (2004)

Michalska and Wolf (2015)
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Target Gen Primers

blavy VIM-2-F
VIM-2-R
blagn SPM-F
SPM-R
blay AIM-F
AIM-R
blagy SIM-F
SIMR
blac BICF
BIC-R
blag GIM-F
GIM-R
blaguy SHV-F
SHV-R
blapn, DHA-F
DHA-R
blaoyus OXA-48-F
OXA-48-R
blann DIM-F
DIM-R

Primer sequence (5" — 3
ATTGGTCTATTTGACCGCGTC
TGCTACTCAACGACTGAGCG
AAAATCTGGGTACGCAAACG
ACATTATCCGCTGGAACAGG
CTGAAGGTGTACGGAAACAC
GTTCGGCCACCTCGAATTG
TACAAGGGATTCGGCATCG
TAATGGCCTGTTCCCATGTG
TATGCAGCTCCTTTAAGGGC
TCATTGCGGTGCCGTACAC
TCGACACACCTTGGTCTGAA
AACTTCCAACTTTGCCATGC
TTTATGGCGTTACCTTTGACC
ATTTGTCGCTCTTTACTCGC
AACTTTCACAGGTGTGCTGGGT
CCGTACGCATACTGGCTTTGC
GCGTGGTTAAGGATGAACAC
CATCAAGTTCAACCCAACCG
GCTTGTCTTCGCTTGCTAACG
CGTTCGGCTGGATTGATTTG

mplicon size (bp)

801

271

322

570

537

477

1050

405

438

699

References

Poirel etal. (2011)

Mathlouthi etal. (2016)

Livand Liu (2016)

Poirel etal. (2011)
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Department 2021 (n = 24) 2022 (n = 25) 2023 (n = 22) Total (n = 71)

Isolate Proportion Isolate Proportion Isolate Proportion Isolate Proportion

count (%) count (%) count (%) count %)
PIZ 14 5833 9 36 16 7273 39 5493 6546 0038
CAZ 16 6667 n a1 15 68.18 2 5915 3679 0159
cza 16 6667 7 28 13 59.09 36 507 8221 0016
FEP 17 7083 10 4 16 7273 43 6056 2259 0323
AzZT 17 7083 14 56 15 68.18 16 6479 8442 0015
™ 2 100 2 100 2 95.45 70 9859 6849 0033
MEM 2 9167 15 60 19 8636 56 78587 1342 0511
o1 18 75 5 20 12 5455 35 93 15171 <0001
LEV 20 8333 7 28 13 59.09 10 5634 15340 <0001
AK 15 625 2 8 7 3182 2 08 16310 <0001
coL 1 417 2 8 1 455 4 563 0409 0815

PTZ, piperacillin-tazobactam; CAZ, ceftazidime; CZA, cefazidime-avibactam; FEP, cefepime; AZT, aztreonam; IMI, imipenem; MEM, meropenem; CIP, ciprofloxacin; LEV, levofloxacin; AK,
amikacin; COL, colistin.
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[HEIE MICs of antibiotics (mg/L]

AZT FEP
DH5o (pGK1900) <006 05 4 0.25 <0.06 1 2
DHSa (pGK1900-VIM2 4) 128 16 >128 0.125 1 16 >128
DHSa (pGK1900-VIM92) 8 4 128 <0.06 05 32 128
PAOI (pGK1900) 2 2 4 4 4 2 8
PAOI (pGK1900-VIM24) >128 128 >128 8 >128 >128 >128
PAOI (pGK1900-VIM92) 128 32 128 8

MEM, meropenem; IMI: imipenem; PIP, piperacillin; AZT, aztreonam; FEP, cefepime; CAZ, ceftazidime; PTZ, piperacil

>128

128
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Primer Sequence (5" 3) Target gen: References

intF CCAAGCTCTCGGGTAACATC intl1 Luetal. 2022)
PR GCCCAGCTTCTGTATGGAAC Luetal. (2022)
5C8 GGCATCCAAGCAGCAAG Variable region Luetal. (2022)
3cs AAGCAGACTTGACCTGA Luetal. (2022)
ERIC2 AAGTAAGTGACTGGGGTGAGCG ERIC-PCR Luetal. 2022)
dfrAI7R GGATATCAGGACCACTACCGATTAC Pe.P2 “This study
()R GAAGCCAACCCATCAGACAG “This study
dfrAI2R GATAAATGCGTACTGATTCCGAGTTC “This study
aadBR CAATGTGACCTGCGTTGTGTC “This study
dirA32R GGAATATCAGGACCACTACCGATTAC “This study
aadAIR CTACCTCTGATAGTTGAGTCGATACTTC “This study
aacAdR CAACGTGTTTTGAAGGCCTTC “This study
dirA7R GAGTAACTGCTCACCTTTTGCTG “This study
dirAISR CTGCCATTAGTGATAGTTTCACGATAC “This study
aadA2R GCTTAGCACCTCTGATAGTTGGTTC “This study
aadF2 CGATGAGCGAAATGTAGTG aadA2 Wei (2010)
aadR2 AAGACGGGCTGATACTGG Wei (2010)
QCME GGAGTGAATACCACGACG cat Wei (2010)

QCMR GGATTGGCTGAGACGAA Wei (2010)





OPS/images/fmicb-15-1459162/fmicb-15-1459162-t002.jpg
Number of Length (bp) Gene cassette of

strains variable region
9 1,393 dfrA17-aadA5

3 474 dfrA17

3 792 aadA2

2 1,697 dfrA12-aadA2

2 474 dfrA7

1 1442 aacAd-orfD-aadB

1 474 dfrAls

1 2,966 aadB-aadA2-cmIAG
1 2763 dfrA32-ereAl-aadA2
1 1,149

aac(6)-Tb-cr-arr-3

4 - ND
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Strains Bci The activity of P2 Variable region

—35 region —10 region s
MM-6 TGGACA TAAACT PeHI Inactive dfrA12-aadA2
MM-26 TGGACA TAAACT PeH1 Inactive dfrA32-ereAl-aadA2
MM-41 TGGACA TAAACT PeH1 Inactive aadA2
MM-62 TGGACA TAAGCT oW Inactive aadA2
MM-86 TTGACA TAAACT Pes Inactive aadA2
JM-6 TGGACA TAAACT PeH1 Inactive dfrA12-aadA2
M-26 TGGACA TAAACT PeH1 Inactive dfrA32-creAl-aadA2
IM-41 TGGACA TAAACT PeH1 Inactive aadA2
M-62 TGGACA TAAGCT Pew Inactive aadA2
IM-86 TTGACA TAAACT Pes Inactive aadA2

aadA2: gene of adenosine transferase for aminoglycosides.
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Antifungal

drugs

Amphotericin B

Azoles

Fenpropimorph

‘Tridemorph

Terbinafine

Name of the genes
involved in ergosterol
biosynthesis

[ERG2, ERG3, ERGS, ERG6, ERG1

[ERG26, ERG6.
LAMI, LAM2, LAM3
LAM2, LAM4

ERG2

0SH2

OSHB, OSHE

OSHC, OSHD
ERGII

HMGI, ERG6, ERG3
ERG2

ERG24

HMGI

OSHI, ERG3, ERG6, ERG28
LAM2, LAM4

ERG2, ERG24
HMGI, ERGI

ERG6, ERG3

ERG24

ERG2

ERG24, ERG2

ERG6

ERGY, ERGI, ERG26

Fungal species

C.albicans, C. neoformans,C.

lusitaniae, S. cerevisiae, C.

haemulonii

S. cerevisiae

S. cerevisiae, C. neoformans

S. cerevisiae

C. albicans

S. cerevisiae

A, nidilans

A. nidulans

C. glabrata, C. albicans, S cerevisiae
C. lusitaniae, C. albicans, S. cerevisiae
C. necformatus

C. glabrata

S. cerevisiae

S. cerevisiae

S. cerevisiae

C. albicans

S. cerevisiae

C. lusitaniae, S. cerevisiae

S. cerevisiae

S. cerevisiae

C. albicans

C. lusitaniae

S. cerevisiae

Type of genetic
approach (Resistance
or Sensitive)

Deletion (R)

Overexpression (5)
Deletion (S)
Deletion ($)
Double deletion
Deletion (R)
Deletion(R)
Deletion(S)
Overexpression (R)
Deletion (R)
Deletion(S)
Deletion (R)
Overexpression ()
Deletion (R)
Deletion (R)
Deletion ()
Overexpression (S)
Deletion (S)
Overexpression (R)
Deletion (R)

Deletion ($)

Deletion ()

Overexpression (S)

References

Ahmad etal. (2019), Lotfali et al.
(2017), Martel et al. (2010), and
Young et al. (2003)

Bhattacharya et al. (2018)
Choyetal. (2003) and Sokolov et al.
(2020)

Luna-Tapia et al. (2015)

Bojsen etal. (2016)

Bahler etal. (2015)

Bhattacharya et al, 2018, Kodedovi
and Sychrové (2015), Lotfali et al.
(2017), and Young et al. (2003)

Bhattacharya etal. (2018)
Anderson etal. (2003)
Sokolov etal. (2020)
Luna-Tapia et al. (2015)

Bhatiacharya etal. (2018) and Young
etal. (2003)

Valachovic et al. (2001)

Onyewu etal. (2003) and Luna-Tapia
etal. (2015)

Young etal. (2003)

Bhattacharya et al. (2018)
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Strains\ MIC (ug/ml)

antibiotics AK CHL

-6 8 025 32 1 3 2 6 2
M-26 16 025 32 1 i 2 6 2
JM-41 32 025 32 4 10 2 6 2
M-62 4 025 32 4 3 21 6 2
IM-86 128 025 32 8 6 2 6 14
25922 4 05 2 1 2 2 27 2
JM109 1 025 4 2 15 2 2 2

STR, streplomycin; AK, amikacin; CHL, chloramphenicol; TE, tetracycline.
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Sensitivity Specificity

0.565 (0.325-0.806) 0.472(0.002-0.943) 0.842 100 1.00 0714

CI, confidence interval.
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MICs (mg/L) Mutation

Patient  Strain  Methi-R VAN TEC TIG DLF 23S rRNA
(Y/N)

1 LRSE Y 2 2 025 0032 0060 | >256 >32 050 050 3 G2576T

2 LRSE Y 1 1 025 0032 0064 | >256 >32 050 050 2 ND

3 LRSE Y o} 2 050 0094 0094 | >256 >32 050 075 4 G2576T
LSSE N 1 025 0094 0004 0016 075 0025 050 0.094 05 | WT

4 LRSE Y 1 1 0094 0032 0047 | >256 >32 038 075 3 G2576T

5 LRSE Y 1 1 019 0064 0064 | >256 >32 075 2 4 G2576T

6 LRSE Y 1 1 050 038 094 5256 16 075 075 4 ND

7 LRSE Y 1 050 050 0032 0094 | >256 >32 075 2 4 G2576T

8 LRSE Y 1 050 038 0047 0060 | >256 >32 050 2 4 G2576T

9 LRSE Y 1 050 019 019 0064 | >256 >32 025 2 4 G2576T

10 LRSE Y 1 050 | 0064 0032 0064  >256 >32 038 15 4 G2576T

1 LRSE Y 050 050 | 0094 0047 0.047 256 019 019 038 1 G2576T

12 LRSE Y 1 0.50 038 0064 0064  >256 >32 038 15 4 G2576T

13 LRSE Y 2 2 025 0032 009 | >256 >32 038 2 4 G2576T

14 LRSE Y 1 2 025 0094 0094 | >256 >32 025 075 4 G2576T
LSSE Y 0.50 050 | 0047 0023 0016 1 0008 | 0125 | 0094 0075  WT

15 LRSE Y 1 050 038 0064 0064  >256 >32 050 15 4 G2576T

16 LRSE Y 1 050 025 0023 0064 | >256 >32 025 2 4 ND

17 LRSE Y 1 0.50 038 0064 0094  >256 >32 075 15 3 G2576T
LSSE Y 2 2 0047 0064 0032 075 0094 025 05 05 WT

18 LRSE Y 1 050 038 0032 0064 | >256 >32 075 2 4 G2576T

19 LRSE Y 1 050 038 0094 0060 | >256 >32 050 2 4 G2576T

20 LRSE Y 1 050 025 0032 0060 | >256 >32 0.50 2 4 G2576T

Methi-R, methicilln-resistant; VAN, vancomycin; TEC, teicoplanin; TIG, tigecycline: DLF, delafloxacin; DLB, dalbavanci
CTB, ceftobiprole; ND, No Data; W, Wild-Type.

NZ, linezolid; TDZ, tedizolid; DPT, daptomycin; CFT, ceftaroline;
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Patient | Ward of Period of g Initial  Cause of Date of culture Culture Prior exposure  Other antimicrobial LRSE triggered Infection,

occurrence  hospitalization BMI  admi site tolinezolid treatment prior LRSE  antibiotic therapy  colonization, or
(days) positive within 3months isolation (Y/N, molecule)  contamination
samples YIN (days)
' Digestiveand 08108201710 6 M 33| Lver gl tons7207 Pertoneal " N D D D D
iversurgery 16102017 (7). i
2 Digestiveand | 1107201810 6 F | m7 | Lveranplan w9018 Asces s N Yan Ertapenem Cefirianone N Colonizaton or
Iiersurgery oomois 120 Ofloxacin PTZ Cefisridime. contamination
avibacam
3 Onthopedic ot @ M| %5 Tweasge o5 Right s YUSMSE | N Levoflosaci Rifampicin Y- dosyeyeine Infection
surgery 1312018 9) shoulder shoulder (osios018)
prosthess biopy.
exchange
N SugillCU | 0801201910 0 | oM 25 Acepncresis somi2019 Pertoncal N Cofrissone Metonidszole Yovancomycin Infecton
2410412019 108) i ot clture Amikacin Ciprofloxacin
only) Cefaridime P17 Meropencnn

Vancomyein Celepme

s sugial ICU w0019 MM B Liverabses, w2019 BAL 1001asE) Yo PIZ Vancomycin Cefrivsone | Y-vancomycin Colonzation
19032019 19) pertonits, septic w0201 Hepatectomy us Metronidaole Ceepime
shock o019 Blood Viaborte Ciproflosacin
6 Octhopedic 2406201910 M s Tosugehip 612019 Letthip us Yan Levoflosacin Colonzaton or
surgery osi072019 1) prosthesis biopsy contamination
exchange
7 Octhopedic s o F 27 Kaeeprosthess o201 Rightknee s Yoo Ameiclln P Levolosacn | ¥:doxycycline Infection
surgery 2510812019 (21) nfection biopsy Rifumpicin
5 Orthopedic 0000 @ M B4 ool 24312020 Consal 55 N N Y dlbavancin Infection
surgery 3110372020 (14) chondrosarcoms biopsy
o Orthopedic 020010 0 F | a4 Hipprshess 152020 Righthip us N Yo PIZTMPSMX ¥ dosyeycine Colomization or
surgery 07042020 40) nfection ely biopy. contamination
w0 Octhopedic 1005202010 M 26| Smonthspes 25512020 perineal 2(kariched | N Yo AMCPIZ Gentamicin N Colonzaton or
surgery 2800512020 15) sacrotomy uinary abscess ot clture Meropenem Cefotasime contamination
sepis dninage only) Ciproflosacin
n SugiallCU 0106120010 S0 F @7 | Medistitisand e Medistinal w N N AMC Cefirisone Yovancomyein Infection
ou072020 53) sepicshock and e Metronkdsole Gentamicin
sermal
drinage
2 Octhopedic w0700 s M| B3 Amefaue 1572020 Synovial id s x Yan AMC Gentamicin PTZ. N Colonzaton or
surgery 02092020 36) Levoflosacin Mosifoacin contamination
5 Sugial ICU 10902010 noM 35 Lvertransplant 230912020 Blood Veboue | N Yo PIZ Tobrsmycin Closacilin | Ysvancomycin Conaminaton
131202 (59 Vancomyein Gentamycin
u Octhopedic 160902010 M| R Awesps 17092020 Biopsy s YUSMRSE | Y() TMPSMX Ciprofosacin PTZ | ¥:dalbavancn then Infection
surgery 2410912020 ) one.sageknee asnaos) doxyeyline
prosthess
exchange
5 Orthopedic om0 Bk % Twosugeip 1602020 Righthip 55 N Yo P12 Ciproosacin Y vancomyein then Inection
surgery ovm2020 32) prosthess biopy. dbavancin
exchange
16 Octhopedic 1620010 90 M 36| Femonsfucure 212021 Hip biopsy s Y6 PTZ Celepime Moxiosacin | Y- teicoplnin then Colonzaton or
surgery o001 (a8) Meropenem Levoflowacn doxyeyeline contamination
Orthopedic w2000 ® 55 Onestugelace axoi2021 Righthip s YASMRSE | Y (10) P1z Y Daptomycinand Infection
surgery 1910221 (73) prosthess biopsy Q22020) | Tedizoid () doxyeyline
exchange
s SugillCU 01022021 10 @ M| 34| Candiogenic oz Blood vabowe | N Yo AMC Daptomycin PTZ, Yovancomycin Conaminaion
1202002 1) refractory shock
1 Onthopedic 92021 0 CIEY 3 Hipprosthesis ouos021 Letthip w x Y610, PTZ Celepime Rifampicin N (pallave care) Infection
surgery 131082021 (3 removal biopsy ciproflosacin
» SugiallCU 0102021 10 & M 29| vl o002 Pertoneal " N N PTZ Meropenem Vancomycin | Y-vancomycin Infctonor
1801 () ud colonizston

AMC, amosicillin-clavulanic acid; PTZ, piperacillin-tazobactam; TMP-SMX, trimethoprim.-sulfamethoxazole; MSSE, Methicillin-susceptible S. epidermidis; MRSE, Methicillin-resistant S. epidermidis; ND, No Data,
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Antibiotics

By carbapenem resistance

CRPA? CNPA? [P

(n=70) (n=97)
Penicillin
Piperacillin (PIP) 6 18 11 0.0475 28 7 <0.0001 35
Cephalosporin
Ceftazidime (CAZ) 2 10 9 0.0723 17 4 0.0002 21
Cefepime (FEP) 4 12 5 0.0805 16 5 0.0008 21
Monolactam
Aztreonam (ATM) 14 22 9 0.0374 32 13 <0.0001 45
Carbapenem
Imipenem (IMP) 19 32 13 0.0027 64 0 <0.0001 64
Meropenem 15 29 13 0.0085 57 0 <0.0001 57
(MEM)
B-Lactam/
B-Lactamase
inhibitor
Ticarcillin/ 21 28 21 0.5372 47 23 <0.0001 70
clavulanic acid
(TCC)
Piperacillin/ 3 4 4 0.5969 8 3 0.0718 11
tazobactam (TZP)
Aminoglycoside
Amikacin (AMK) 0 3 2 0.2784 5 0 0.0119 5
Gentamicin (GEN) 3 10 4 0.0989 15 2 <0.0001 17
Tobramycin (TOB) 1 4 2 0.0910 5 2 0.1313 7
Quinolone
Ciprofloxacin (CIP) 8 18 7 0.0336 21 12 0.0059 33
Levofloxacin (LVX) 20 28 11 0.0066 43 16 <0.0001 59
P <0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 - <0.0001

2CRPA (carbapenem-resistant P. aeruginosa) denoted isolates resistant to IMP or MEM or both; CNPA (carbapenem-nonresistant P. aeruginosa) denoted isolates other than CRPA.
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Sources MIC (g/mL) Inhibitory zone Carbapenemase Relative transcription of Mex Mutation of porinsb

diameter (mm)? genes pumps

IMP  MEM OprD OpdP
1 BALF 1601 16.0 4.0 73£12 blap—y, blaxpm-1, blaviv-» 53£05 1.5£02 Td(93) S(15)
2 Blood 1076 16.0 8.0 6.3£0.6 blap—, blayiv—2 11£02 2604 Tp(276) S(15)
3 Live tissue sections 553 128.0 64.0 67£1.2 blagpc_», blapyp_o, blayy—» 49+£05 17402 S(28) S(16)
4 Wound 3951 | 64.0 64.0 6.0£0.0 blapyi-1, blavi—s 0.7+ 0.08 3940.1 S(9) S(15)
5 Sputum 485 | 320 160 6.0£0.0 blanp-s, blavivi—2 35£05 14£01 | Tp(276) S(16)
6 Purulent ear discharge | 3957 2.0 16.0 6.0£0.0 blanip—o 4.9£0.07 0.73+0.1 N Ti(336)
7 Gastric juice 1920 | 160 160 147£12 blanip-s 0.940.05 0224002 | Td(134) s(16)
8 Hydrothorax 3949 16.0 16.0 123£15 blayiv-—2 2902 38+£03 Td(68) Td(6)
9 Blood 1398 64.0 320 113 £06 blayp—o, blayp—, 26.1£09 13£0.1 S(4) S(16)
10 Wound 1404 | 64.0 320 11712 blap—o 41406 36+£04 | Td(258) Ti(336)
11 Sputum 1596 | 16.0 4.0 120+ 1.0 blanip—s 42£04 14£01 | Tp(276) Ti(336)
12 Wound 3306 | 32.0 32,0 147£0.6 blagpc—2, blanp-s 6.1£09 27402 Ti(95) S(16)
13 Wound 3306 | 64.0 160 147£0.6 blagpc-2, blaxpm-1, blaviv-2, 59+06 22402 Ti(95) s(16)

blaoxa-23

14 Ascites 3306 | 64.0 160 143£12 blagpc—2, blayiy-» 22403 19402 Ti(95) S(16)
15 Ascites 485 16.0 64.0 143 £06 blagpc—2, blanp-9 0.8 & 0.06 1.0£0.1 Tp(276) S(16)
16 Ascites 485 320 128.0 113£12 blagpc—2, blanp—g, blayiv—» 21£03 19£03 Tp(276) S(16)

Bactrial isolates with zone diameter of 6-15 mm or presence of pinpoint colonies within a 16-18 mm zone were defined as carbapenemase positive. *T (number)-Truncated (length of the mutated porins) because of nucleotide insertion (Ti) or deletion (Td)-caused
frameshift or nucleotide mutation-caused premature stop codon (Tp); S(number)-Substitution (number of substituted amino acids); N-No amplification.
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