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Editorial on the Research Topic 


Evolution, molecular mechanisms and the strategies to combat antimicrobial resistance (AMR): a One Health approach





Introduction

Antimicrobial resistance (AMR) is a serious global issue that impacts animal, environmental, and human health (Ahmad et al., 2022). AMR occurs when bacteria, viruses, fungi, and parasites resist the effects of antimicrobial agents. This resistance makes the antimicrobial drugs ineffective, leading to infections that are challenging to treat and increases the risk of disease spread, severe illness and death (World Health Organisation, 2023). Overuse and misuse of antibiotics have resulted in drug resistance in various bacteria, making treatments ineffective against certain disease-causing germs (Ahmad et al., 2024). Hence AMR must be addressed from various perspectives to be framed within the One Health paradigm (Collignon and McEwen, 2019). The necessity for a comprehensive strategy to address antimicrobial resistance that considers the health of people, animals, and plants as well as the part the environment plays in mediating the spread of AMR is acknowledged by a One Health approach. This approach advocates the development of collaborative systems for efficiently tracking the establishment and migration of resistant bacteria and resistance genes related to human, animal, and environmental health (World Health Organization, 2014; Franklin et al., 2024). Figure 1 highlights the role of healthcare, community, agriculture, and environmental factors in the spread of AMR.




Figure 1 | Schematic representation of antimicrobial resistance (AMR) within a One Health approach, emphasizing its interconnected transmission across humans, animals, and the environment.



To combat AMR effectively, it is essential to understand its evolution, molecular mechanisms, and various available strategies. This includes adopting a one-health approach that addresses AMR across multiple disciplines. In this Research Topic, we aim to present concise and innovative articles describing antibiotic resistance’s evolution and molecular mechanisms, along with potential solutions.

We are passing through a phase that might end up in a sort of pre-antibiotic era due to resistance developed against all classes of antibiotics in bacterial strains, in community and hospital settings (Ahmad et al., 2020). AMR is linked to higher rates of patient death and morbidity, poorer treatment results, and increased expenses for healthcare. According to a recent comprehensive analysis, bacterial AMR was responsible for 4.95 million fatalities in 2019, of which 1.27 million were directly linked to AMR. According to the findings of the Global Burden of Diseases, Injuries, and Risk Factors (GBD) research conducted in 2019, AMR ranked third among all level 3 causes of death in the GBD hierarchy, followed by stroke and ischemic heart disease. AMR was directly responsible for 10.5 fatalities per 100,000 people in East Asia and 27.3 deaths per 100,000 people in sub-Saharan Africa, making the mortality burden in resource-poor environments alarming (Antimicrobial Resistance Collaborators, 2022). The public health threat posed by multidrug-resistant (MDR) bacterial infections has grown globally (Shahid et al., 2023). One of the worrying issues in immunosuppressed patients is the development of antiviral drug resistance, which is a consequence of sustained replication of the virus with prolonged exposure to the drug leading to the selection of resistant strains. The development of rapid clinically relevant diagnoses is focused on the identification of specific viral mutations associated with resistance, which are borne out by targeted phenotypic assays. Key recommendations include balance in drug treatment, improving patient factors, changing therapy based on mechanisms of resistance, and promoting new antiviral drugs (Strasfeld and Chou, 2010).

Another underappreciated aspect of antimicrobial resistance, a global concern, is invasive fungal infections, which represent a serious threat to public health. During a time of significant environmental change on a worldwide scale and growing populations at risk, pathogenic fungi that infect humans are developing resistance to all approved systemic antifungal medications. Strategies for risk reduction are required to minimize the development of resistance in pathogenic fungi (Fisher et al., 2022). Antifungal resistance is growing among fungus, particularly in Aspergillus and Candida (Etienne et al., 2021). Drug resistance in parasitic infections has a devastating influence on disability-adjusted life year estimates. In fact, it has been reported that drug resistance is on the rise for protozoan parasites (Hanboonkunupakarn and White, 2022) such as Plasmodium, Giardia, Leishmania, Trypanosoma, or helminths (Tinkler, 2020). Drug-resistant Plasmodium species are one of the factors impeding the elimination of malaria. Giardia, a protozoan parasite that affects both humans and animals worldwide, is linked to rising rates of drug resistance and treatment failures for common medications like metronidazole and albendazole (Picot et al., 2022). The primary causes of the increased burden of AMR are the high prevalence of infectious diseases, insufficient infection prevention and control measures, and the overuse of antimicrobials in the agriculture and human health sectors (Fuller et al., 2022). As a result, the global agenda on antimicrobial resistance has to incorporate the problem of antimicrobial resistance more thoroughly from a One Health perspective (Picot et al., 2022).





Key approaches and insights from the articles included in this Research Topic

This Research Topic significantly advances our comprehension of the previously mentioned themes outlined above. The 21 important studies make up our Research Topic centred on AMR, its mechanisms, and the potential solutions to combat AMR. In this section focusing on AMR and its various mechanisms, Álvarez-Ainza et al. studied antibiotic resistance in ESKAPE microorganisms, and they noted high resistance to cephalosporins and ciprofloxacin among Klebsiella pneumoniae and Acinetobacter baumannii. Additionally, Uruen et al. also studied AMR rates and the genetic origin in invasive Streptococcus suis isolates recovered in Spain from 2016 to 2021. They found high resistance rates (>80%) for tetracyclines, marbofloxacin, lincosamides, and spectinomycin. PCR screening and whole genome sequencing revealed 23 AMR genes, including four novel ones (aph(2’’)-IIIa, erm(47), tet(T) and apmA. Several genes were found on mobile genetic elements. Furthermore, mutations in genes encoding target enzymes (pbp1a, pbp2b, pbp2x, mraY, gyrA, parC, and dhfr) were found. The study findings showed that S. suis is a significant contributor to AMR spread in both veterinary and human infections. Hence, they stated that AMR control in S. suis should be considered as part of a One Health approach in places with substantial pig production.

Huang et al. reported the presence of MRSA strain SA2107 which belongs to the global ST45 lineage, from a 5-year-old child in China. Its genome, approximately 2.9 Mb, included two plasmids, prophages, integrative elements, and insertion sequences and it carried the SCCmec IVa (2B)-t116 type. It also carried beta-lactam resistance genes and virulence factors, with prophages harboring additional virulence genes. Additionally, Patil et al. study also analyzed 29 ESBL-producing E. coli ST410 isolates from pediatric patients. The most prevalent ESBL gene was blaCTX-M. FimH, papC, and hlyA were the common virulence genes present in these isolates. The isolates also harbored diverse plasmids and serotype analysis identified several types, including O1:H7 and O2:H1. Interestingly Petakh and Kamyshnyi conducted a study on AMR mechanisms in L. interrogans serovars and they found 32 genes linked to AMR throughout the analysis, 20 of which were important genes that were consistently present in most strains. Remarkably, they also discovered diverse resistance pathways in serovar Pomona by identifying discrete efflux pump systems. This study has expanded the knowledge of resistance mechanisms in serovar Pomona by identifying the presence of distinct efflux pump systems. The study concluded that it is crucial to implement specialized intervention plans and work together with environmental scientists, veterinary specialists, and human healthcare providers to address the intricate dynamics of leptospirosis and its consequences for antibiotic resistance.

Given the scarcity of available treatments, the development of ceftazidime-avibactam (CZA) resistance in carbapenem-resistant Klebsiella pneumoniae (CRKP) is a serious issue. Chen et al. assessed carbapenem resistance gene transferability using conjugation procedures and whole-genome sequencing (WGS) on 10 CRKP isolates. They discovered that the blaKPC-145 gene was found on an untransformable IncFII-type plasmid that was 148,185 bp long. When carbapenem was used to treat a K. pneumoniae infection that produced KPC-145, the production of KPC-2 was reversed. According to WGS analysis, there were 14 SNPs, and all isolates belonged to the ST11-KL47 group. Their results showed that during CZA treatment, frequent testing for carbapenemase genotype and antibiotic susceptibility is crucial. In another work by Lin et al. a novel chromosomal aminoglycoside resistance gene, designated aph(3’)-Ie, was identified in a rabbit isolate C. gillenii DW61.

In addition to bacterial resistance, fungal resistance such as azole-resistant Aspergillus or echinocandin-resistant Candida is a growing concern, particularly in immunocompromised patients. Studies on Nakaseomyces glabratus (Candida glabrata) underline the persistence of antifungal resistance and its clinical challenges. Ksiezopolska et al. investigated the stability of drug resistance in Nakaseomyces glabratus under non-selective conditions. They observed that anidulafungin resistance had higher stability as compared to fluconazole resistance. Also, in non-selective conditions, they found a build-up of novel mutations in resistance-associated genes that had previously undergone alteration, which might indicate a compensatory role. They concluded that the persistence and spread of drug-resistant clinical epidemics are significantly impacted by the long-lasting nature of acquired resistance, especially to anidulafungin. The persistence and spread of antifungal resistance in Nakaseomyces glabratus highlight the urgent need for surveillance and innovative treatments, reinforcing the importance of an integrated One Health approach to address AMR across all microbial domains.

Individuals with HIV/AIDS can be affected by antimicrobial resistance (AMR) in two key ways. First, HIV patients may develop resistance to antiretroviral drugs, especially when medication adherence is inconsistent. This form of resistance, known as HIV drug resistance, can arise within the patient and may also be transmitted from mother to child during pregnancy or between sexually active individuals who are infected (Global Antibiotic Research and Development Partnership). Drug resistance in HIV-infected people needs to be tracked to detect the drug resistance pattern, revise treatment plans, and establish a scientific basis for AIDS prevention and control. A study of HIV-positive patients in Meizhou was carried out by Liu et al. They found that reactivity with seven bands (p24, p31, gp41, p51, p66, gp120, and gp160) was the most prevalent pattern instead of the full-band pattern seen elsewhere. The most commonly absent bands included p55, p39, and p17. Additionally, they also noted that patients in the middle to advanced stages of the infection had lower levels of the p17 antibody. They also observed that most resistant mutations were linked to nucleoside reverse transcriptase inhibitors and non-nucleoside reverse transcriptase inhibitors. Just one case had a mutation resistant to protease inhibitors, indicating that the inclusion of protease inhibitors in the treatment plan would benefit the patients in Meizhou.

Antimicrobial-resistant bacterial prevalence has reached an unprecedented level globally, posing a silent pandemic threat and thus demands immediate action. Antimicrobial-resistant infections have very few therapeutic options, thus leading to high morbidity and mortality and substantial financial costs. Monitoring and surveillance, reducing the use of antibiotics in food animals and over-the-counter medications, providing access to high-quality, reasonably priced medications, vaccinations, and diagnostics, and enforcing the rules and regulations are all immediate measures to prevent AMR. An immediate cooperative action must be taken immediately by the national and international organizations so that we don’t step into the post-antibiotic era (Salam et al., 2023).

Zuberi et al. in their review article, addresses biofilm and its role in antibiotic resistance, and the challenges faced in treating biofilm-related infections. This study showcases cutting-edge therapeutic strategies to fight drug-resistant biofilm infections, such as CRISPR/Cas9 gene editing, transcriptomics, metabolomics, and bioinformatics. The review explains future hopes for better therapies while highlighting current research in innovative anti-biofilm agents and biofilm prevention techniques. Another article by Al-Fadhli and Jamal attempted to describe the most recent advancements in gene editing technology, with a focus on CRISPR/Cas9. The study described the potential of the innovative strategies, and their advantages and disadvantages when compared to more conventional methods. Overall, the review aimed to guide readers on the efforts to manage and prevent the emergence of AMR with an appraisal of their challenges. According to Liu et al., 1H-Pyrrole-2,5-dicarboxylic acid, which was initially isolated from P. tephropora FF2, an endophytic fungus of A. catechu L., may prevent P. aeruginosa PAO1 from forming biofilms and virulence factors. They observed that this acid works as an antibiotic accelerant against P. aeruginosa PAO1 infection and demonstrates strong quorum-sensing inhibitor action. Additionally, a study by Oves et al. focused on pyocyanin synthesis by P. aeruginosa, which was found to be associated with anticandidal activity. The minimum inhibitory concentration (MIC) of the bacterial extract against Candida albicans was 50 μg/ml, whereas the pyocyanin-based MIC was marginally lower at 38.5 μg/ml. They also noted that interactions between P. aeruginosa and Candida albicans resulted in candida destruction. They observed that this acid works as an antibiotic accelerant against P. aeruginosa PAO1 infection and demonstrates strong quorum sensing inhibitor action.

Magnolol is a traditional Chinese medicine that is shown to exhibit antibacterial properties. Qiao et al. investigated the mechanism of action of magnolol against Mycoplasma synoviae using metabolomics research. According to this investigation, magnolol exhibited an outstanding inhibitory effect against a range of mycoplasmas. In vitro, magnolol demonstrated dose-dependent suppression of Mycoplasma synoviae growth and biofilm formation. This explains the possibility of the use of magnolol compound to treat mycoplasma infections. Almuhanna studied the fragrant desert shrub Ducrosia anethifolia, which is used in traditional Saudi medicine. In both in vitro and in vivo tests, a methanolic extract of this plant showed more antibacterial action against methicillin-resistant Staphylococcus aureus (MRSA) than MDR-P.aeruginosa. Additionally, the extract-derived ointment formulation demonstrated improved diabetic wound healing. It also reduced the microbial load of both pathogens in the wounded tissue.

Metallic nanoparticles have recently come to light as viable options for addressing the risk of antibiotic-resistant infections. Zubair et al. Investigated the effectiveness of Artemisia vulgaris-biosynthesized tin oxide nanoparticles (AvTO-NPs) against the virulence factors and biofilms of drug-resistant Candida albicans strains. The researchers observed that AvTO-NPs showed MICs ranging from 1 mg/mL to 2 mg/mL. In the test strains at the corresponding 1/2xMIC, AvTO-NPs markedly reduced the synthesis of exopolysaccharide by 69%–86.3%, germ tube formation by 72%–90%, cell surface hydrophobicity by 68.2%–82.8%, and biofilm formation by 54.8%–87%. This study also noted that mature biofilms were considerably disrupted by these NPs. Additionally, a study by Abdikakharovich et al. demonstrated that zinc oxide nanoparticles showed a significant ability to lessen the dermatitis-causing effects caused by Staphylococcus aureus following a one-week therapeutic intervention in murine models.

A significant concern stemming from the SARS-CoV-2 infection is the potential long-term spread of AMR in acute care settings. This risk arises from increased patient exposure to antimicrobials, which are often used suboptimally or inappropriately. Evaluating both the immediate and long-term impacts of the SARS-CoV-2 infection on antimicrobial usage and the emergence of drug-resistant infections is very crucial (Rawson et al., 2020). SARS-CoV-2 infection in humans is due to the presence of its spike protein which plays a critical role. Human proteases, such as furin protein, break the S subunit spike protein, which is a crucial first step in the internalisation of the virus into a human host. Tiwari et al. tried to inhibit furin by utilising phytochemicals. They screened 408 naturally occurring phytochemicals with antiviral qualities from different plants against the furin protein and also ran molecular docking and dynamics simulations. They observed that by targeting furin, the natural chemicals robustaflavone, withanolide, and amentoflavone may have therapeutic potential for the management of SARS-CoV-2.

A review paper by Kumar et al. concentrated on how antibiotic adjuvants work in concert to combat multidrug-resistant bacteria. First, they can make current antibiotics more effective against resistant strains. Second, adjuvants can improve the antibiotic penetration capacity into bacterial cells, increase their stability, or block the efflux pumps. Efflux pump inhibitors, resistance-modifying agents, and compounds that disrupt bacterial biofilms are among the many kinds of antibiotic adjuvants that have been studied.

The nations can characterize the geographic and temporal patterns and scale of AMR by conducting regular national AMR surveillance. This data is crucial for directing local empirical antibiotic treatments and for developing and improving public health policies and initiatives targeted at lowering AMR (van der Kuil et al., 2017). The purpose of a study by Mao et al. was to determine the main variables affecting Cambodia’s adoption of a laboratory-based AMR surveillance system. The main obstacles to putting in place an efficient surveillance system, according to key informants, were lack of manpower, limited capacity to gather representative data, an unsustainable finance system, and insufficient access to laboratory supplies. Issues in data analysis and quality assurance were found in the laboratory assessments, which could limit the facility-level use of aggregated data and lower the quality of data transmitted to the surveillance system.

According to Kim et al. Kor-GLASS, established in South Korea, keeps an eye on AMR using a quality control centre that guarantees accurate data. Despite a decrease in the usage of human antibiotics, resistance rates have varied since 2020, underscoring the necessity of improved non-human drug sales monitoring. They reported that to address AMR, the project now takes a “One Health” stance, focusing on integrated management across humans, animals, and the environment to address AMR, the project now takes a “One Health” stance, focusing on integrated management across humans, animals, and the environment.





Conclusion

To conclude, the studies in this Research Topic highlight the complexity of AMR. Highlights of the Research Topic include various AMR mechanisms, potential AMR solutions including antibiotic adjuvants, the use of nanoparticles, biofilm-targeted therapeutic ways, and natural antimicrobials. To properly monitor and control AMR, surveillance systems such as Kor-GLASS highlight the significance of integrated “One Health” approaches. Immediate action is essential to combat AMR including lowering antibiotic abuse, improving infection control, and encouraging interdisciplinary teamwork. In the battle against AMR, drug resistance to fungi, viruses, and parasites must be addressed since these microbial groups play a major role in drug-resistant illnesses that pose a threat to global health. To safeguard the health of human, animals, and the ecosystem, a comprehensive and cohesive One Health approach must be followed to combat such forms of resistance.
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Background

The emergence of ceftazidime–avibactam (CZA) resistance among carbapenem-resistant Klebsiella pneumoniae (CRKP) is of major concern due to limited therapeutic options.





Methods

In this study, 10 CRKP strains were isolated from different samples of a patient with CRKP infection receiving CZA treatment. Whole-genome sequencing (WGS) and conjugation experiments were performed to determine the transferability of the carbapenem resistance gene.





Results

This infection began with a KPC-2-producing K. pneumoniae (CZA MIC = 2 μg/mL, imipenem MIC ≥ 16 μg/mL). After 20 days of CZA treatment, the strains switched to the amino acid substitution of T263A caused by a novel KPC-producing gene, blaKPC-145, which restored carbapenem susceptibility but showed CZA resistance (CZA MIC ≥ 256 μg/mL, imipenem MIC = 1 μg/mL). The blaKPC-145 gene was located on a 148,185-bp untransformable IncFII-type plasmid. The subsequent use of carbapenem against KPC-145-producing K. pneumoniae infection led to a reversion of KPC-2 production (CZA MIC = 2 μg/mL, imipenem MIC ≥ 16 μg/mL). WGS analysis showed that all isolates belonged to ST11-KL47, and the number of SNPs was 14. This implied that these blaKPC-positive K. pneumoniae isolates might originate from a single clone and have been colonized for a long time during the 120-day treatment period.





Conclusion

This is the first report of CZA resistance caused by blaKPC-145, which emerged during the treatment with CZA against blaKPC-2-positive K. pneumoniae-associated infection in China. These findings indicated that routine testing for antibiotic susceptibility and carbapenemase genotype is essential during CZA treatment.





Keywords: carbapenem resistance, Klebsiella pneumoniae, ceftazidime-avibactam resistance, KPC-2, KPC-145





Introduction

With the extensive application of carbapenems, carbapenem-resistant Enterobacterales (CRE) infections have been a major threat to public healthcare, especially carbapenem-resistant Klebsiella pneumoniae (CRKP)-associated infections (Kim et al., 2017; Plazak et al., 2018). The China Antimicrobial Surveillance Network (CHINET) reported that there is an upward trend in carbapenem resistance in Klebsiella pneumoniae (Hu et al., 2019). CRE-related infections caused the deaths of 42.1% of patients with infections and 73% of severely infected patients who were in septic shock (Daikos et al., 2014; Xu et al., 2017). The production of Klebsiella pneumoniae carbapenemase (KPC), especially KPC-2, is dominant among CRKP ST11 strains in China (Yang et al., 2013; Zhang et al., 2017).

Ceftazidime–avibactam (CZA) has been approved as an effective antibiotic for CRE treatment. However, the emergency of CZA resistance rapidly appeared after its widespread application for the treatment of CRE infections (Shields et al., 2016). Some sporadic reports of CZA resistance were observed after the use of CZA for the treatment of KPC in China, such as in Shanghai (Shi et al., 2020) and Henan (Li et al., 2021a). Nevertheless, there are currently no reports of CZA developing resistance after use in southern China. In this study, we reported the dynamic evolution of CZA resistance due to a mutation between plasmid-borne blaKPC-2 and blaKPC-145 by sequencing clinical isolates from a patient with CRKP infection undergoing CZA treatment. To our knowledge, this is the first report on KPC-145 producing CRKP, which harbored a new amino acid substitution site on the basis of KPC-33.





Patients and methods




Sample source and identification

Ten strains of K. pneumoniae were isolated from a 32-year-old man who was diagnosed with severe acute pancreatitis and multiple organ failure on admission to the First Affiliated Hospital of Sun Yat-sen University, Guangzhou. Empiric treatment with tigecycline, imipenem, and caspofungin was adopted, and surgical drainage was performed gradually from around the liver and around the pancreas. The patient developed septic shock 20 days after admission. The first K. pneumoniae strain (CZHKP-01) was obtained from a blood culture before CZA treatment. The third strain (CZHKP-03) was isolated from stool specimens. The remaining eight strains were isolated from the drainage fluid of the abdominal cavity. Species identification was performed by matrix-assisted laser desorption ionization–time-of-flight mass spectrometry (MALDI-TOF MS) (bioMérieux, Marcy l’Etoile, France).





Antimicrobial susceptibility testing

Antimicrobial susceptibilities for the strains were detected by Gram-negative susceptibility (GNS) cards on the Vitek-2 system (bioMérieux, Marcy l’Etoile, France). MICs of tigecycline and CZA were determined by broth microdilution method. Susceptibility testing results were interpreted under the criteria recommended by the Clinical and Laboratory Standards Institute (CLSI, 2022). The quality control strain for susceptibility testing was Escherichia coli ATCC 25922 and K. pneumoniae ATCC 700603.





Carbapenemase phenotype and genotype detection

The modified carbapenem inactivation method (mCIM) was carried out according to the recommendations of the CLSI (M100-S29). A carbapenemase inhibitor enhancement testing kit was purchased from Zhuhai Deere Bioengineering Co. Ltd. (Zhuhai, Guangdong, China), and the assay was performed as previously described (Tsakris et al., 2010).

Xpert Carba-R (Cepheid, Sunnyvale, CA, USA), NG-Test® CARBA 5 (NG Biotech, Guipry, France), and Goldstream Carbapenem-resistant K.N.I.V.O. Detection K-Set (Beijing Gold Mountain River Tech Development Co. Ltd., Beijing, China) were applied for rapid detection of 10 strains carbapenemase genotype according to the instructions. Targeted PCR was performed. The primers KPC1F (5′-GCTACACCTAGCTCCACCTTC-3′) and KPC1R (5′-GCATGGATTACCAACCACTGT-3′) were used to sequence the entire open reading frame (ORF) of the blaKPC gene (Smith Moland et al., 2003).





Transferability of carbapenem resistance gene

The transferability of the carbapenem resistance phenotype was determined by conjugation experiments (Lorenzo-Diaz and Espinosa, 2009) using the streptomycin-resistant E. coli C600 strain. Transconjugants were chosen on MacConkey agar plates (Huankai Co. Ltd., Guangzhou, China) supplemented with cefotaxime (1 mg/L) and streptomycin (1,500 mg/L).

The electrotransformation experiments (Choi et al., 2006) were further performed for isolates that failed conjugation experiments. In brief, plasmid DNA was extracted using a QIAPrep Plasmid Midi Kit (QIAGEN, Hilden, Germany) and transformed into electro-competent E. coli DH5α (TaKaRa Biotechnology, Dalian, China). electrotransformants were selected on LB agar plates (Huankai Co. Ltd., Guangzhou, China) supplemented with cefotaxime (1 mg/L).

We further confirmed the transconjugants or electrotransformants by PCR for the blaKPC-2 gene and tested for antimicrobial susceptibility as described above.





Cloning of mutant blaKPC-145 gene

Plasmid DNA was extracted from parent strains, and primers targeting the entire ORF of the blaKPC-2 gene and blaKPC-145 gene, along with NcoI and BamHI restriction sites, were designed and used for PCR. The PCR products and the plasmid vector pET28a were digested with the restriction enzymes NcoI–BamHI (TaKaRa Biotechnology, Dalian, China) and then ligated at 16°C overnight. The recombinant plasmids were transformed into E. coli BL21 (DE3); all the transformants were confirmed by PCR and sequencing analysis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was conducted to verify the expression of the target proteins KPC-2 and KPC-145. Antimicrobial susceptibility testing for the BL21 transformants was performed as mentioned above.





Whole-genome sequencing and bioinformatics analysis

Genomic DNA of the selected isolates was extracted using a DNA extraction kit (Magen, Guangzhou, China), and 150 bp paired-end reads were obtained using an Illumina NextSeq 550 system (Illumina, San Diego, CA, USA). For each whole-genome sequencing (WGS) data, at least 100-fold coverage of original reads was obtained, and the assembly draft of the sequences was generated by SPAdes (Bankevich et al., 2012). Furthermore, a representative strain (CZHKP-07) was selected for further sequencing by using the MinION platform (Oxford Nanopore Technologies, Oxford, UK).

A hybrid assembly of both short Illumina NextSeq reads and long MinION reads was built using Unicycler with the Pilon option to modify the assembled readings (Walker et al., 2014; Wick et al., 2017) and annotated with RAST (Aziz et al., 2008) and Prokka (Seemann, 2014) for functionality. The PCR-based replicon typing (PBRT) and replicon sequencing typing (RST) methods were applied to characterize IncF plasmids, as described previously (Carattoli et al., 2005; Villa et al., 2010). Prophage analysis was conducted by PHAST (http://phaster.ca/). Multilocus sequence types (MLST) and antibiotic resistance genes (ARGs) were analyzed using ABRicate (https://github.com/tseemann/abricate). Capsule serotype and virulence genes (yersiniabactin, colibactin, and other siderophore locus) were determined using Kleborate (Lam et al., 2021). Core genome alignment and calling of single nucleotide polymorphisms (SNPs) were carried out using the Snippy (https://github.com/tseemann/snippy) against reference strain CZHKP-07 and followed by purging using Gubbins (Croucher et al., 2015). The heatmap showing the SNP matrix was generated by using the “pheatmap” package in RStudio; core-genome SNPs were used to construct a maximum-likelihood phylogenetic tree by RAxML (Stamatakis, 2014) and visualized by iTOL (Letunic and Bork, 2016).





Data availability

The sequence of blaKPC-145 has been deposited in GenBank under Accession No. OP626310.






Results




Alterations in drug resistance during treatment

In our case, after initial combination treatment with imipenem (2.0 g, IV, Q8h) and tigecycline (first dose of 100 mg, then 50 mg, IV DRIP, Q12h) for 20 days, blaKPC-2-positive K. pneumoniae strains (CZHKP-01 and CZHKP-02) were isolated from the blood culture and drainage fluid, showing resistance to imipenem and meropenem (Table 1). Subsequently, antibiotic therapy was adjusted to combination with CZA (2.5 g, IV DRIP, Q8h), polymyxin B (first dose of 1,000,000 U, then 500,000 U, IV, Q12h), tigecycline, and caspofungin, along with adequate surgical drainage (from perihepatic, lesser omental sac, right peripancreatic, and cystic duct). However, after using CZA for 20 days, the patient’s body temperature rose again. The first CZA resistance K. pneumoniae strain CZHKP-03 was isolated from fecal culture followed by CZHKP-05~CZHKP-09 (all isolated from abdominal drainage fluid). These strains restored carbapenem susceptibility but showed CZA resistance (CZA MIC ≥ 256 μg/mL, imipenem MIC = 1 μg/mL). Considering that long-term use of CZA may lead to drug-resistant strains, we stopped using CZA and switched to polymyxin B and tigecycline for anti-infection treatment.


Table 1 | Klebsiella pneumoniae drug susceptibility testing and carbapenemase testing results.



On the 105th day of hospitalization, the anti-infection therapy was adjusted to tigecycline combined with meropenem. After over a week of treatment, the heat peak of the patient’s body temperature decreased and the drainage fluid decreased gradually. On the 113th day of hospitalization, CZHKP-10 isolated from abdominal drainage fluid culture recovered susceptibility to CZA (CZA MIC = 2 μg/mL, imipenem MIC ≥ 16 μg/mL). Through sufficient surgical drainage and reasonable anti-infection treatment, the patient’s condition ultimately improved and returned to the regular ward for further treatment on the 120th day of hospitalization. Clinical and microbiological details, timelines, and antibiotic therapies used are summarized in Figure 1.




Figure 1 | History of the K. pneumoniae isolations and the clinical antimicrobial treatment course of a patient with KPC-Kp infection.







Detection of carbapenemase

The performance comparison of different carbapenem enzyme detection methods among the 10 strains is shown in Table 1. Sanger sequencing results of the blaKPC gene revealed that four CZA-susceptible isolates (CZHKP-01, CZHKP-02, CZHKP-04, CZHKP-10) carried the blaKPC-2 gene. Interestingly, the rest of the six CZA-resistant isolates (CZHKP-03, CZHKP-05, CZHKP-06, CZHKP-07, CZHKP-08, and CZHKP-09) harbored a novel blaKPC gene with a point mutation (A to G) at nucleotide position 787 compared with the blaKPC-33 gene; this mutation resulted in the amino acid substitution of threonine to alanine (T263A), assigned by GenBank as blaKPC-145.

In addition, the results of mCIM, carbapenemase inhibitor enhancement testing, and NG-Test CARBA 5 showed negative results for blaKPC-145-positive strains, which indicated that routine clinical detections have some defects on blaKPC-145-positive strains. Another immunochromatographic method, Goldstream Carbapenem-resistant K.N.I.V.O. Detection K-Set, which showed positive results in detecting blaKPC-145 strains, seems to have a better cost-to-benefit ratio. Moreover, molecular screening of GeneXpert for blaKPC-145 showed good sensitivity.





Transferability blaKPC-2 and blaKPC-145 gene

Unfortunately, despite numerous attempts conducted by conjugation assays, the transfer of blaKPC-2 and blaKPC-145 genes failed in all 10 K. pneumoniae isolates. Electrotransformations were further performed, and 10 electrotransformants were successfully obtained. All of the electrotransformants exhibited resistance to all β-lactams, aminoglycosides, and fosfomycin.





Cloning of blaKPC-145 gene

The recombinant plasmid carrying the blaKPC-145 gene in E. coli BL21, which conferred resistance to ceftazidime/avibactam (MIC = 2 mg/L) and displayed decreased carbapenem MICs (imipenem MIC = 0.125 mg/L and meropenem MIC = 0.25 mg/L) compared with blaKPC-2 in BL21. Moreover, the MICs of cefotaxime, ceftazidime, and aztreonam were 32-, 16-, and 16-fold higher than the original recipient E. coli BL21. However, compared with blaKPC-2, the MICs of blaKPC-145-carrying electrotransformants to carbapenems were 32- to 128-fold lower than those of blaKPC-2-carrying transformants.





WGS analysis and phylogenetic characteristics

A total of 10 KPC-producing strains were subjected to WGS. The in silico analysis showed that these 10 strains belonged to ST11-KL47 (associated with the wzi allele 209) and harbored 11 resistance genes, conferring resistance to aminoglycoside (aac3-IId, rmtB), fosfomycin (fosA3), quinolone (qnrS1), tetracycline (tetA), β-lactam (blaKPC-2 or blaKPC-145, blaCTX-M-64, blaTEM-1B, blaSHV-12), and trimethoprim/sulfamethoxazole (sulI, dfrA1). Furthermore, the representative K. pneumoniae strain (CZHKP-07) was sequenced using the MinION platform, followed by hybrid assembly. The CZHKP-07 chromosome is 5,448,939 bp in length, with a GC content of 57.44%, and harbors five plasmids with sizes of 230,198 bp (IncFIB and IncFII), 148,185 bp (IncFII), 55,161 bp, 11,970 bp (ColRNAI) and 5,596 bp (ColRNAI), named pCZHKP07-1 to pCZHKP07-5 (Supplementary Table S1). The pCZHKP07-2 was an F33:A−:B− plasmid and contained six resistance genes, including blaKPC-145. Meanwhile, the plasmid pCZHKP07-2 possessed addiction systems (pemKI, hok-sok-mok, ccdAB); these genes promote plasmid maintenance during vertical transmission.

A linear sequence comparison of the plasmids pCZHKP07-2, pHN7A8 (Accession No. JN232517), and p1068-KPC (Accession No. MF168402) was performed. The genetic structure suggested that pCZHKP07-2 possessed a similar backbone structure as F33:A−:B− plasmid pHN7A8, but a large segment of the conjugative transfer-associated genes (tra and trb) was absent (Figure 2A), which might be the reason for conjugation failure. Therefore, we speculate that the insertion of an extra copy of IS26 at target site TAACTGAA on the traI gene in the pHN7N8 plasmid, followed by homologous recombination between IS26 elements, may have led to the loss of the conjugative transfer regions. Meanwhile, two variable regions and a prophage region were embedded in the pCZHKP07-2 (Figure 2A). The first variable region (VR1) was 15,338 bp in length and was flanked at both ends by fragments of IS1 found in pCZHKP07-2, which consists of four different resistance genes, blaCTX-M-65, fosA3, blaTEM-1B, and rmtB, and abundant complete or truncated transposons. This structure was similar to the pHN7A8 except for the fosA3 resistance module with an opposite orientation, which was flanked by two intact copies of IS26 at both ends (Figure 2B). The second variable region (VR2) possessed blaKPC-145 and blaSHV modules. The blaKPC-145 and blaSHV regions in pCZHKP07-2 were disrupted into two separate parts, which may be caused by homologous recombination after IS26 insertion. The genetic structure of blaKPC-145 was composed of Tn1722-based unit transposon including ISKpn27-blaKPC-145-ISKpn6-korC-klcA-ΔrepB, and the blaSHV module was flanked by two intact or truncated IS26, resulting the differed from p1068-KPC with the inversion of this segment (Figure 2C). Moreover, the prophage region (30,305 bp) of pCZHKP07-2, flanked by 8 bp ATCCTCCT direct repeats (DRs), was inserted into the plasmid pIR12183_unnamed1 ATPase gene and bound at both ends by IS26. A maximum likelihood phylogenetic tree and SNP matrix were constructed based on core-genome SNPs (cgSNPs) from the 10 genomes in this study. We identified four KPC-2-positive K. pneumoniae and six KPC-145-positive K. pneumoniae that were separated into two clades and shared 14 SNPs in total (Figure 3).




Figure 2 | Linear comparison of the KPC-145-positive plasmid pCZHKP07-2 identified in this study with plasmid pHN7A8, p1068-KPC, and pIR12183_unnamed1 (A) and two variable regions (B, C). The arrows indicate the positions and transcriptional directions of the ORFs, while homologous regions are represented in gray.






Figure 3 | The maximum likelihood phylogenetic tree generated from the core-genome sequences of the 10 KPC-positive strains identified in this study. Each isolate is listed with its ST, capsular serotype, blaKPC allele, and antimicrobial susceptibility results.








Discussion

KPC-2-producing strains, especially those that belong to ST11, are the majority population of K. pneumoniae resistant to carbapenems and become one of the most urgent public health issues in China (Li et al., 2021b). Avibactam is a β-lactamase inhibitor with a wide range of therapeutic effects against serine β-lactamases, including KPC. Combined with ceftazidime, CZA has become an important therapeutic option for treating KPC-producing K. pneumoniae infections (Tumbarello et al., 2021). Unfortunately, the development of CZA resistance has increased since it was clinically approved. In the International Network for Optimal Resistance Monitor (INFORM) surveillance program (2015–2017), the susceptibility rate of CZA against CRE was 73.0% (Spiliopoulou et al., 2020). A recent study from the CHINET revealed that CZA exhibited potent activity against Enterobacterales (93.6% susceptible), while only 65.2% of CRE remained susceptible to CZA (Guo et al., 2022).

In the present study, the first CZA resistance strain was isolated after treatment with CZA for 20 days, consistent with the previous reports that CZA resistance commonly appears after 10 to 19 days and sometimes after 33 days (Shi et al., 2020). Our study also showed that the blaKPC-145 gene-mediated CZA resistance was accompanied by a substantial decrease in carbapenem MICs. Moreover, when the therapy was subsequently adjusted to meropenem, it took only 4 days for the strains to change from blaKPC-145 back to blaKPC-2. It was observed that the in vivo evolution of wild-type KPC-2 changed into KPC-145 and then reversed to its original wild-type KPC-2. Alternatively, the combination of CZA and carbapenems may be an ideal option, which has been proven to be effective in some clinical cases (Bianco et al., 2020; Shi et al., 2020; Li et al., 2021a). In addition, meropenem–vaboractam has been receiving increasing attention as a potential antibiotic for clinics, and there are no K. pneumoniae-harboring mutant blaKPC resistant to meropenem–vaborbactam (Wilson et al., 2019).

So far, there are three principal CZA resistance mechanisms (Galani et al., 2021), including the production of metallo-β-lactamases, increased expression of KPC carbapenemases with porin mutations, and amino acid changes of KPC carbapenemases. Among them, the primary CZA resistance mechanism is a single mutation within the blaKPC gene allele, which is commonly observed in several pivotal regions, especially the omega loop (amino acid positions 164–179), the 240-loop (Galani et al., 2021) (aa 238–243) and 270-loop (aa 263–277) (Venditti et al., 2021). The novel variant, KPC-145, with two amino acid substitutions (D179Y and T263A), was identified in our study. These two amino acid substitutions were observed in KPC-3, named KPC-70 (Carattoli et al., 2021). Our results revealed that KPC-145 mediated the CZA resistance and restored susceptibility to carbapenems, similar to KPC-70 in the previous report. The D179Y mutation within the omega loop may be the main mechanism for resistance change for the KPC-145 enzyme, which causes enhanced affinity to ceftazidime and restricts avibactam binding (Winkler et al., 2015). In addition, it is noteworthy that the number of KPC variants has been increasing rapidly in recent years; this situation poses a significant threat to public health.

Therefore, rapid and accurate detection of KPC-subtype-producing strains plays an important role in clinical drug selection and patient prognosis. However, in our study, the results of mCIM, carbapenemase inhibitor enhancement testing, and NG-Test® CARBA 5 showed negative results for blaKPC-145-positive strains, which indicated deficiencies in routine clinical testing for blaKPC-145-positive strains. Both K.N.I.V.O. Detection K-Set and GeneXpert showed satisfactory diagnostic performance in detecting blaKPC-145, which was consistent with other studies on the detection ability of KPC-2 variants (Ding et al., 2021).

The dissemination of resistance genes is also associated with sequence types and plasmid replicon types. Since the emergence of KPC-producing K. pneumoniae in 2001 (Yigit et al., 2001), ST11 has become the most prevalent CRKP clone in Asia, especially in China. In this study, we found that all isolates belonged to ST11-KL47, and the number of SNPs was 14. This implies that these blaKPC-positive K. pneumoniae isolates might originate from a single clone and long-term colonization in this patient during the 120-day therapy. Meanwhile, CZA resistance encoded by blaKPC variants has been increasingly reported in ST11 K. pneumoniae in China, including blaKPC-33 (Shi et al., 2020), blaKPC-51, blaKPC-52 (Sun et al., 2020), blaKPC-74 (Li et al., 2021b), and blaKPC-93 (Wu et al., 2022). Otherwise, ST11 is a single-locus variant of the globally popular high-risk clone ST258 through the acquisition of the tonB allele (Breurec et al., 2013). These two sequence types together with ST512 and a few other SNP variants comprising the clonal group CG258, responsible for the global dissemination of CRKP. This underscores the importance of coordinated international action to surveillance and control the high-risk clone type. IncF is a narrow host plasmid that is widely found in Enterobacteriaceae. Numerous studies have shown that the IncF subtype IncFII plasmid carries a variety of ARGs and plays a significant role in the transmission of specific resistance genes, including the blaKPC gene (Shi et al., 2018). In our study, the untransferable IncFII plasmid carried by K. pneumoniae encodes the resistance genes blaKPC-145, blaTEM-1B, blaSHV-12, blaCTX-M-64, fosA3, and rmtB, which are associated with CZA, cephalosporins, fosfomycin, and aminoglycosides, suggesting that IncFII plasmid contribute to the transmission of resistant strains and ARGs. The mobile genetic elements were widely distributed in the bacterial genomes and played a crucial role in the dissemination of antibiotic resistance (Partridge et al., 2018). The diverse structure of variable regions may be caused by a series of molecular module rearrangements, acquisitions, or loss events mediated by insertion sequences such as IS26 by transposition or homologous recombination. It is also worth pointing out that IS26 not only mediated the inversion of the resistance modules but also caused the absence of large segments of the conjugative transfer region.





Conclusion

In this study, we reported the first case of KPC-145-producing ST11-KL47 K. pneumoniae strains conferring resistance to CZA after exposure to CZA for 20 days. This novel variant mediated CZA resistance and restored susceptibility to carbapenems, indicating that the detection and identification of mutant blaKPC isolates may be a key to antimicrobial management.
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Introduction

Zinc oxide nanoparticles (ZnO-NPs) have garnered considerable interest in biomedical research primarily owing to their prospective therapeutic implications in combatting pathogenic diseases and microbial infections. The primary objective of this study was to examine the biosynthesis of zinc oxide nanowhiskers (ZnO-NWs) using chicken egg white (albumin) as a bio-template. Furthermore, this study aimed to explore the potential biomedical applications of ZnO NWs in the context of infectious diseases.





Methods

The NWs synthesized through biological processes were observed using electron microscopy, which allowed for detailed examination of their characteristics. The results of these investigations indicated that the NWs exhibited a size distribution ranging from approximately 10 to 100 nm. Fourier-transform infrared spectroscopy (FTIR) and scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDX) mapping analyses successfully corroborated the size, dimensions, and presence of biological constituents during their formation. In this study, XTT assay and confocal imaging were employed to provide evidence of the efficacy of ZnO-NWs in the eradication of bacterial biofilms. The target bacterial strains were Staphylococcus aureus and Escherichia coli. Furthermore, we sought to address pertinent concerns regarding the biocompatibility of the ZnO-NWs. This was achieved through comprehensive evaluation of the absence of cytotoxicity in normal HEK-293T and erythrocytes.





Results

The findings of this investigation unequivocally confirmed the biocompatibility of the ZnO-NWs. The biosynthesized ZnO-NWs demonstrated a noteworthy capacity to mitigate the dermatitis-induced consequences induced by Staphylococcus aureus in murine models after a therapeutic intervention lasting for one week.





Discussion

This study presents a comprehensive examination of the biosynthesis of zinc oxide nanowhiskers (ZnO-NWs) derived from chicken egg whites. These findings highlight the considerable potential of biosynthesized ZnO-NWs as a viable option for the development of therapeutic agents targeting infectious diseases. The antibacterial efficacy of ZnO-NWs against both susceptible and antibiotic-resistant bacterial strains, as well as their ability to eradicate biofilms, suggests their promising role in combating infectious diseases. Furthermore, the confirmed biocompatibility of ZnO-NWs opens avenues for their safe use in biomedical applications. Overall, this research underscores the therapeutic promise of ZnO-NWs and their potential significance in future biomedical advancements.





Keywords: ZnO-NWs, antibacterial, anti-biofilm, electron microscopy, E.coli, S.aureus, skin infection





Introduction

The presence of pathogens and biofilm formation pose considerable obstacles in the context of wound healing within the broader framework of the global healthcare system (Zhao et al., 2017). Presently, it is estimated that a considerable population of approximately 125 million individuals worldwide is affected by infectious skin diseases (Basra and Shahrukh, 2009; Pezzolo and Naldi, 2020). Skin infections frequently exhibit notable manifestations in infected cutaneous regions, aberrant differentiation of the epidermis, and formation of purulent exudates. The resolution of such health issues necessitates the use of efficacious antimicrobial nano formulations for the treatment or prevention of aa infections. By virtue of their distinct dimensions and configurations, nanomaterials manifest unparalleled attributes in the realms of physics, chemistry, and biology, thereby establishing themselves as pioneering frameworks replete with multifaceted utilities in physical sciences and biomedical disciplines (Peltzer et al., 2009; Gupta et al., 2013; Tambo et al., 2015).

Nanomedicine exhibits considerable potential, not only limited to polymeric carrier-mediated drug delivery platforms but also encompasses biogenic metals and inorganic nanomaterials (Fariq et al., 2017; Rauf et al., 2017; Ahmed et al., 2020). Zinc oxide nanoparticles (ZnONPs) have attracted significant attention as prominent contenders in the field of nanomedicine. When topically administered, zinc oxide (ZnO) nanoparticles have been shown to mitigate allergen-induced skin inflammation (Ilves et al., 2014; Mishra et al., 2017). Experimental amalgamation of ZnO nanorods and diallyl sulfide has exhibited a notable and advantageous synergistic effect on the manifestation and progression of acute dermatitis in animal models, as evidenced by previous research (RAUF et al., 2018). Biogenic zinc oxide (ZnO) nanomaterials coated with bacterial polysaccharides and gelatin biopolymers have been used in a multitude of applications (Basumatary et al., 2022; Priyadarshi et al., 2022). These applications encompass a wide range of activities, including antibacterial, antiviral, antibiofilm, antilarvicidal, and antiangiogenic properties (Wang, 2004; Jones et al., 2008; Dwivedi et al., 2014).

Zinc oxide (ZnO) nanoparticles (NPs) have a diverse array of applications in the cosmetic industry, particularly in the formulation of sunburn lotions. These nanoparticles have garnered recognition from the Food and Drug Administration (FDA) owing to their inherent biocompatibility (Sharma et al., 2012; Mandal et al., 2022). Zinc metal ions are of utmost significance in biological systems, as they function as essential co-factors within select enzymes and actively contribute to a myriad of crucial cellular processes. Previous studies have reported the potential effects of ZnO on the host defense system, cancer prevention, and generation of reactive oxygen species (ROS) in cancer cells have been reported in previous studies (Xie et al., 2011; Akhtar et al., 2012; Sharma et al., 2012). The interaction between ZnO nanomaterials and bacterial membrane lipids has been observed to results in the generation of reactive oxygen species (ROS), which subsequently induce membrane lysis and disrupt cellular integrity. Notably, nanostructures derived from zinc oxide (ZnO) have demonstrated a notable characteristic of inducing minimal toxicity in healthy cells. Furthermore, there have been reports indicating the potential of nanoscale ZnO particles to enhance the functionality of osteoblasts (Nair et al., 2009; Rasmussen et al., 2010; Ye and Shi, 2018).

Conventional methodologies employed for the synthesis of zinc oxide nanoparticles (ZnO-NPs) typically involve the utilization of hazardous substances and require substantial energy input, thereby necessitating the implementation of specific reaction conditions. The presence of toxic chemical conjugants on the surfaces of chemically synthesized nanomaterials can hinder their effectiveness in biomedical applications and raise concerns regarding their potential to induce carcinogenic, genotoxic, and cytotoxic effects. Consequently, an escalating demand has emerged for the development of more secure and ecologically sustainable approaches for the synthesis of nanoscale materials intended for biomedical applications. The process of nanoparticle biosynthesis presents numerous advantageous attributes, including temporal and energetic efficiency, as well as environmental compatibility. The use of various biological entities such as plant extracts, bacteria, fungi, and mammalian cells has been extensively investigated in the context of nanoparticle synthesis. However, the potential of egg white protein as a biosynthetic agent for nanoparticle fabrication has received limited attention, thereby presenting a novel and environmentally sustainable avenue for exploration (Hernández-Sierra et al., 2008; Jones et al., 2008; Xie et al., 2011; Mahamuni-Badiger et al., 2020).

This study employed chicken egg white, specifically albumin protein, as a substrate for the biosynthesis of nontoxic and biocompatible ZnO nanowhiskers (Khan et al., 2011; Khan et al., 2015; RAUF et al., 2018). The present study delved deeper into the examination of the biomedical applications of the nanowhiskers under investigation, specifically in their capacity as antibacterial agents targeting both gram-negative Escherichia coli and gram-positive Staphylococcus aureus. These bacterial strains are widely recognized as significant contributors to a diverse range of infections. The investigation included both in vitro and in vivo experiments, thereby encompassing controlled laboratory conditions as well as real-life biological systems. The present findings have the potential to engender novel pathways for the advancement of efficacious and secure antimicrobial approaches for the management of infectious ailments.





Materials and methods

All chemicals and reagents used in this study were of high quality and were procured from Sigma-Aldrich. Inbred BALB/c mice (6–8 weeks old, 20 ± 2 g) were obtained from Henan Animal House Facility. All mice were housed in polypropylene cages and maintained under optimum temperature conditions on a 12 h light-dark cycle. All animals were provided pallet feed and water ad libitum in an environmentally controlled house. All animal handling protocols and experiments were approved by the Medical and Scientific Research Ethics Committee of Henan University School of Medicine (P. R. China).




Biofabrication of ZnO nanowhiskers from chicken egg white

ZnO-NWs were fabricated from hen egg white, using our previously published article (Naqvi et al., 2013). Briefly, eggs were cleaned and sanitized using 75% ethanol to ensure the absence of mycoplasma infection by testing each egg content. The eggshell was then broken, and the egg white was separated from the yellow yolk part and stored at 4°C. Initially, a mixture of 15 mL of deionized water and 30 mL of egg white was vigorously stirred at an ambient temperature of 25°C. Stirring was continued until a uniform solution was obtained, indicating the homogeneity of the mixture. A homogeneous mixture was obtained by gradually introducing a 0.1 N solution of zinc acetate into the egg white solution under vigorous stirring at a temperature of 25°C over a period of four hours. Following the initial step, 20 mL of the solution was carefully transferred to a microwave glass tube with a capacity of 30 mL, which was securely sealed using a septum. The experimental procedure involved subjecting the samples to microwave irradiation using an Anton Paar Monowave 300 instrument. The reaction was carried out at 200°C for 60 min. Subsequently, the sample was cooled in a microwave reactor until it reached 40°C, resulting in the formation of a solution containing a milky white precipitate. Later, the resultant precipitate, which was synthesized through a series of experimental procedures, underwent centrifugation, followed by multiple washes with water. Next, vacuum drying was performed at 80°C for 6 h, ultimately yielding the ZnO-NWs.





Characterization of synthesized ZnO-NWs

The synthesized ZnO-NWs were characterized using various advanced techniques, such as UV-visible spectroscopy, FTIR and electron microscopy. Information regarding the detailed methodology used is provided in the Supplementary Material.





Bacterial strains and cell culture conditions

In this study, we utilized two distinct bacterial species as focal test organisms: Escherichia coli, a gram-negative bacterium, and Staphylococcus aureus, a gram-positive bacterium. These microorganisms were selected for the majority of the experimental investigations conducted throughout the course of this research endeavor. The Luria Bertani (LB) broth and nutrient agar as culture media was used to facilitate the cultivation of the bacteria. Experiments were conducted at 37°C in a rotary orbital shaking incubator. The optical density of the bacterial culture was measured at a wavelength of 600 nm.





Determination of minimum inhibitory concentration and antibacterial efficacy through agar diffusion assay

Determination of the Minimum Inhibitory Concentration (MIC) is a crucial parameter in assessing the sensitivity of microorganisms to a particular drug or material. For ZnO-NWs, the MIC was determined against standard bacterial strains and clinical isolates, including Staphylococcus aureus, Enterococcus faecalis, Pseudomonas aeruginosa, MRSA, Listeria monocytogenes, and Escherichia coli.

The MIC value of the ZnO-NWs was determined using a 96-well plate microdilution method. This method involved preparing a series of dilutions of ZnO-NWs in a 96-well plate, with each well containing a different concentration of the nanomaterial. The bacterial strains were inoculated into the wells and the plate was incubated for a specified period of time.

After incubation, the MIC was determined as the lowest concentration of ZnO-NWs that completely inhibited visible growth of the microorganism within the specified time frame. This provides valuable information on the effectiveness of ZnO-NWs in inhibiting the growth of different bacterial strains, and the antibacterial efficacy of ZnO-NWs was also evaluated through an agar diffusion assay. In this assay, agar plates were prepared with a bacterial lawn, and wells were made in the agar with the gel puncture and sealed with 1% agarose. ZnO-NWs were then poured to the wells, and then, plates were incubated. The antibacterial activity of the ZnO-NWs was assessed by measuring the zone of inhibition around the wells, which indicates the area where bacterial growth was inhibited by the ZnO-NWs. The detailed methodology and results of both MIC determination and agar diffusion assays are provided in the Supplementary Section of the study, which provides comprehensive insights into the antibacterial potential of ZnO-NWs against different bacterial strains, including both standard laboratory strains and clinical isolates.





The antibiofilm potential of ZnO-NWs

The antibiofilm potential of ZnO-NWs was assessed using XTT-based biofilm testing following a previously published method (Xu et al., 2016). The XTT assay is a colorimetric method used to measure the metabolic activity of biofilms and provides insight into their viability and susceptibility to antimicrobial agents.

Biofilm formation was initiated in the wells of a plate, and after the formation of mature biofilms, nonadherent cells were removed by washing with sterile PBS. Selected wells with mature biofilms were treated with varying concentrations of ZnO-NWs for 48 h. The detailed methodology for preparing the samples for the XTT assay is provided in the Supplementary Section.

In addition to the XTT assay, crystal violet staining was performed to assess biofilm formation. After h 48-hour incubation with the ZnO-NWs, the wells were washed with PBS and dried in an inverted position on paper towels. Biofilm formation was quantified by staining the biofilms with 0.1% crystal violet solution and incubating them for 15 min at room temperature. The excess stain was washed with deionized water and the wells were dried thoroughly (Qayyum et al., 2017; Oves et al., 2022).

The combination of the XTT assay and crystal violet staining, helped incomprehensive evaluation of the antibiofilm activity of ZnO-NWs. The XTT assay provides information on the metabolic activity and viability of biofilms, whereas crystal violet staining quantifies biofilm formation. Taken together, these assays offer valuable insights into the ability of ZnO-NWs to inhibit and disrupt biofilm formation, which is crucial for combating bacterial infections and preventing their recurrence.





Nanoparticle treated bacterial biofilm and hydrophobicity index

Both treated and controlled overnight grown bacterial cultures were centrifuged at 5000 rpm for 10 min at 4°C, the obtained pellets were resuspended in BHI broth, and turbidity was maintained according to the McFarland standard. Culture OD up to 1.0 ± 0.01 at 595 nm wavelength.

Subsequently, 0.1 ml toluene was added to the cell suspension in a test tube and vortexed. The biphasic mixture of the two phases was allowed to settle for 30 min and the optical density of the aqueous phase was measured. The hydrophobicity index (HI) of the aqueous phase was then obtained from the microbial cells. The hydrophobicity of the aqueous phase obtained from microbial culture was analyzed by using the following equation-

	

Where Ai and Af are the initial and final optical densities of the aqueous phase obtained from bacterial culture, respectively. The hydrophobicity of the bacterial cells was estimated by evaluating their adherence to organic solvent like toluene (Serebriakova et al., 2002).





Bacterial susceptibility against as-synthesized ZnO-NWs

CFU count and growth curve assays were performed to determine the in vitro efficacy of the synthesized ZnO-NWs. A detailed methodology of the test is provided in the Supplementary Section.





Bacteria -NCs interaction as revealed by electron microscopy

The effect of different formulations of ZnO-NWs on the surface morphology of S. aureus and E. coli was further studied using different electron microscopy techniques. The detailed methodology of the sample preparation is provided in the Supplementary Section.





Protein leakage assay

For quantitative analysis of protein leakage from the studied bacterial cells, the assay was performed using a previously developed protocol (Pati et al., 2014). Briefly, 30 mL of different strain (E. coli and S. aureus ∼109 CFU/mL) suspensions in 0.9% NaCl were mixed with ZnO-NWs at sub-MIC concentrations. The control group consisted of untreated cells. After exposure, the samples were incubated for 3 h at 37°C, followed by centrifugation at 10,000 rpm at 4°C for 10 min. The supernatant was immediately harvested and lyophilized, and the protein concentration of each sample was quantified using the BCA assay.





Intracellular ROS production by biosynthesized ZnO-NWs

ZnO-NWs mediated generation of intracellular ROS in treated bacterial cells were measured by employing fluorescent probe 2,7-dichlorofluorescein diacetate (DCFH-DA) (Eruslanov and Kusmartsev, 2010). Cells were observed under a fluorescence microscope. The detailed methodology is provided in the Supplementary Data.





Bacterial cell viability assay using SYTO and propidium iodide staining

To assess the viability of the bacterial strains, E. coli and S. aureus following treatment with ZnO-NWs were observed using a SYTO9-PI bacterial viability kit (Invitrogen, CA, United States) (Deitch et al., 1982; Ansari et al., 2018). A detailed description is provided in the Supplementary Information.





In vitro erythrocyte lysis test

For potential biomedical applications, the cytotoxicity of the biosynthesized ZnO-NWs was studied in RBCs and the HEK-293 cell line. First, an in vitro erythrocyte lysis experiment was performed. In this experiment, nanomaterials interacted with erythrocytes, causing membrane leakage and disruption of hemoglobin, and the released hemoglobin was measured. Next, the MTT-based viability of the HEK-293 cells was determined. Detailed information is provided in the Supplementary Information file.





Determination of ZnO-NWs antibacterial potential against murine dermatitis

The antibacterial potential of the ZnO-NWs against murine dermatitis was determined using a mouse model of skin infection caused by S. aureus. The test animals were divided into four groups of five mice each. To induce infection, a ketamine-xylazine cocktail solution was injected intraperitoneally (IP) for anesthesia, and a sterile scalpel blade was used to create a reddened area on the shaved dorsal surface of the mouse skin. The skin surface was then inoculated with a suspension of S. aureus (50 μl, 10 (Fariq et al., 2017) colony-forming units).

The following experimental groups were analyzed:

	Group: Mice infected with S. aureus.

	Group: Mice were exposed to S. aureus and treated with ZnO-NWs (0.5 g/kg body weight).

	Group: Mice treated with ZnO-NWs (1 g/kg body weight).

	Group: Control group treated with phosphate-buffered saline (PBS) only.



After allowing the infection to establish for five days, ZnO-NW topical treatment was applied for seven days, three times a week. After one week of treatment, the animals were euthanized under general anesthesia with a ketamine-xylazine cocktail solution. Infected skin samples were collected in sterile tubes and homogenized using a tissue homogenizer. The homogenized samples were serially diluted and the residual S. aureus burden was determined by plating on BHI plates.

In addition to the bacterial burden assessment, infected skin tissues were subjected to histopathological analysis. Infected tissues were collected from each group, sliced into small pieces, and fixed in a 10% formaldehyde solution. A standard paraffin tissue embedding technique was used to prepare histopathology slides. The slides were stained with hematoxylin and eosin (H&E) stain and examined under an Olympus BX40 microscope. The inflammatory response in tissues was scored based on the presence of inflammatory cells, with scores ranging from 0 (no inflammation) to 3 (severe inflammation). This study aimed to evaluate the antibacterial effects of ZnO-NWs in the context of murine dermatitis caused by S. aureus infection. Bacterial burden assessment and histopathological analysis provided important insights into the potential therapeutic benefits of ZnO-NWs in treating skin infections, as well as their impact on the inflammatory response in infected tissues.





In vivo animal imaging and LFT (liver function test assays) for biocompatibility

A cohort of 9 female BALB/C mice were randomly assigned to 3 groups: mice injected with FITC-tagged ZnO-NWs (1g/kg body wt) and FITC-tagged ZnO-NWs (0.5g/kg body wt), and control (PBS) group, with each group consisting of 3 mice. The mice used in the study were between 6 and 8 weeks old, and had an average body weight of 18 ± 2 grams. The subjects were administered a 100 μl injection of FITC-tagged ZnO-NWs through the tail vein. The mice were imaged using the small animals in vivo bioimaging system (IVIS Lumina III, PerkinElmer) after 24 hours. In addition, the essential organs, such as the liver, spleen were extracted and subjected to imaging for fluorescence intensity, which served as a measure of the accumulation of ZnO-NWs in these key organs. The imaging process involved excitation at a wavelength of 488 nm and emission at 670 nm. In addition, blood were taken out through retro-orbital puncture and subjected to hepatotoxicity assays like ALT, AST and ALB.





Statistical analysis

Statistical calculations were performed using GraphPad Prism (version 9.0; GraphPad Software Inc., San Diego, California, USA). All results are expressed as mean ± SEM. Data were analyzed using one-way analysis of variance (ANOVA) and two-way ANOVA to assess differences among the various groups. Significance is indicated by ***P ≤0.001, **P ≤ 0.01, and *P ≤0.05. The Student’s T-test was used to measure biochemical differences between treatment groups, and differences were considered significant at P ≤ 0.05.






Results and discussion




Synthesis and characterization of synthesized ZnO-NWs

The experimental procedure for the fabrication of ZnO nanowhiskers (ZnO-NWs) involved the use of egg white as a biotemplate. Egg white primarily consists of polypeptide chains comprising hydrophilic functional groups, including -NH2,–O-, -CH2-CH2, and -COOH. The proteins in question function as assembly substrates, facilitating the creation of an optimal setting for the crystallization of Zn(OH)42-.

During the synthesis, Zn(OH) 42-was observed. crystals were initially incorporated into the elongated chain alignment of the egg white matrix. During the course of the reaction, Zn(OH)42 − crystals played a significant role as nucleation sites for subsequent crystal growth. The Zn(OH) 42-. crystals underwent progressive transformation, evolving into elongated structures resembling whiskers, which spanned the entirety of the egg-white matrix. The progressive development and organization of the crystalline entities of ZnO nanowhiskers have led to the gradual establishment of their three-dimensional configurations.

	

	

The synthesized ZnO nanowhiskers (ZnO-NWs) underwent a comprehensive characterization process to gain insight into various aspects of their properties. This includes examination of their size, surface characteristics, elemental composition, optical behavior, functional groups, and crystal structure.

The optical properties of the ZnO nanowhiskers (ZnO-NWs) were examined using UV-Vis spectroscopy, which revealed the presence of a discernible absorption peak at a specific wavelength of 370 nm (Figure 1A). The functional group characteristics of the ZnO-NWs were identified using Fourier-transform infrared spectroscopy (FTIR), as shown in Figure 1B. The analysis revealed a comprehensive and extensive increase within the spectral region spanning 3500–3300 cm−1, which could be attributed to the stretching vibrations of the hydroxyl (OH) groups. Spectral analysis revealed that the prominent peak observed at 1585 cm−1 could be attributed to the bending vibration of the hydroxyl (OH) group. Additionally, the presence of peaks at wavenumbers of 830 cm−1 and 535 cm−1 indicates the occurrence of Zn-O stretching vibrations.




Figure 1 | Figure 1 presents the characterization of the synthesized ZnO-NWs. (A) The present study focuses on the UV–vis absorption spectrum analysis of biogenic ZnO-NWs, which were synthesized using an egg white as a biotemplate. (B)The Fourier Transform Infrared (FTIR) pattern exhibited by nanoparticles (NPs) serves as a representation of their synthesis process.







Analysis of size and surface characteristics

The utilization of transmission electron microscopy (TEM) imaging techniques facilitated the examination of the synthesized zinc oxide nanowhiskers (ZnO-NWs), revealing their heterogeneous composition, characterized by the presence of clusters and nanowhiskers with dimensions within the range of 10-50 nm (as depicted in Figure 2). The size of the ZnO-NWs was determined to be approximately 40 nm using scanning electron microscopy (SEM), as depicted in Figure 2C.




Figure 2 | Figure 2 presents the characterization of the as-synthesized ZnO-NWs. The present study examines the electron microscopy of the synthesized nanoparticles (NPs) denoted as (A, B) at different resolutions. (C) represents the scanning electron microscopy (SEM) images of ZnO-NMs, which provide insights into the microstructure of the synthesized NPs. (D, E) The elemental composition of as-synthesized ZnO-NWs is confirmed by the EDAX spectrum.







Elemental analysis

The Energy-dispersive X-ray spectroscopy (EDX) was employed for elemental analysis, which yielded valuable insights into the composition of the synthesized ZnO-NWs. The results obtained from this analysis revealed that the highest concentrations of Zn and oxygen were detected in the ZnO-NWs, as depicted in Figures 2D, E. The utilization of EDX mapping techniques effectively corroborated the purity of the material and absence of elemental contamination.

The findings from the characterization analysis provided compelling evidence that the synthesis of ZnO-NWs was indeed successful, as indicated by the well-defined dimensions, structural integrity, and high level of purity. The present findings establish a fundamental basis for the investigation of the biomedical potential of ZnO-NWs, with a specific focus on their efficacy as antibacterial agents that target pathogenic bacteria.





The antibacterial potential of ZnO-NWs

The antibacterial potential of the biosynthesized ZnO-NWs was evaluated against medically important pathogens. Ampicillin was used as a control for comparison. The Minimum Inhibitory Concentration (MIC) values for the synthesized nanoparticles were determined and are listed in Table 1.


Table 1 | MIC as observed by ZnO–NPs against enlisted tested microbes by 96-well plate microdilution methoda.



Additionally, a zone inhibition assay was performed using the agar well diffusion method to assess the bacterial growth inhibition by the applied ZnO-NWs (Figure 3C), and growth kinetics were observed while co-culturing the ZnO-NWs with the bacteria, showing a reduction in the growth of bacteria over a period of 24 h with an increase in dosage (Figure 3A). The biosynthesized ZnO-NWs had a larger specific surface area, facilitating more efficient contact with the target bacterial cells. Once the ZnO-NWs were attached to the bacterial cell walls, reactive oxygen species (ROS) generation commenced, leading to significant inhibition of bacterial growth. This mechanism is supported by previous studies (Patra et al., 2015; Sirelkhatim et al., 2015; Gold et al., 2018) in which zinc oxide nanoparticles were found to extensively interact with bacterial cell walls, resulting in cell lysis (Figure 3B).




Figure 3 | The antibacterial activity of the synthesized ZnO-NWs. The present study investigates the antibacterial activity of biosynthesized ZnO-NWs in two separate experiments, denoted as 3 (A, B). The first experiment focuses on the growth kinetics of Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) over varying time intervals, while the second experiment examines the growth kinetics of these bacteria at different concentrations of ZnO-NWs. The CFU assay was conducted to evaluate the antimicrobial activity against microorganisms. The Gram-positive bacterium Staphylococcus aureus. Furthermore, the second category of bacteria under investigation is Gram-negative Escherichia coli (E. coli). (C), The agar diffusion assay was conducted to assess the inhibitory effects of ZnO-NWs on different microorganisms. The resulting bar graphs depict the zones of inhibition induced by the ZnO-NWs.



The interaction between nanomaterials and the bacterial cell membrane triggers lipid peroxidation initiated by hydroxyl radicals (OH), leading to membrane disintegration and eventual bacterial cell death (Guo et al., 2009; Wang et al., 2017). Moreover, ZnO nanoparticles can physically adhere to the bacterial cell surface, contributing to the killing of the target bacteria, and the results demonstrate the potent antibacterial activity of the biosynthesized ZnO-NWs against medically important pathogens. The ability of these nanowhiskers to interact with bacterial cells and induce ROS generation makes them promising candidates for combating bacterial infections.





Antibiofilm & hydrophobicity index of as-synthesized ZnO-NWs

The antibiofilm potential of the synthesized zinc oxide nanowhiskers (ZnO-NWs) was assessed using an XTT assay. The results revealed a discernible dose-dependent effect on biofilm formation (Figure 4A). Biofilms represent intricate assemblages of bacterial populations enveloped within a matrix of extracellular substances synthesized by the bacteria themselves. These biofilms present a formidable obstacle to infection control, necessitating innovative strategies for their eradication. The bacterial cell surface exhibits a notable degree of hydrophobicity, which facilitates its ability to adhere to a diverse range of surfaces encompassing mucosal epithelial cells and phagocytes.




Figure 4 | The Effect of ZnO-NMs on inhibition of biofilm development. The present study investigates the impact of Zinc Oxide nanowhiskers (ZnO-NWs) on the inhibition of biofilm formation. The inhibition of biofilm growth was assessed by quantifying the relative metabolic activity (RMA) using the XTT assay, with the untreated control set as the reference point at 100%. (B) The hydrophobicity index of both E.coli and S. aureus was assessed subsequent to their exposure to a concentration of 100 μg/ml for a duration of 48 h. The scanning electron microscopy (SEM) technique was employed to visually demonstrate the biofilm formation of S.aureus and E.coli in the presence of Zinc Oxide nanowhiskers (ZnO-NWs) (C), the provided crystal violet staining image depicts the biofilms under observation in the presence of Zinc Oxide nanowhiskers (ZnO-NWs).



Following the application of ZnO-NWs to bacterial cells, a notable decline in the hydrophobicity index was observed, resulting in a substantial 54% decrease in E. coli and 42% decrease in S. aureus (Figure 4B). The observed decrease in hydrophobicity can be interpreted as an indication that treatment with ZnO-NWs perturbed the adhesive properties of bacteria, thereby potentially impeding their capacity to form biofilms. Evidence for the disruption of biofilm formation was further substantiated using crystal violet staining. These methodologies revealed a noticeable decrease in the formation of microcolonies within bacterial cells that had been subjected to treatment with ZnO-NWs (Figure 4C). The present study revealed that synthesized zinc oxide nanowhiskers (ZnO-NWs) exhibit noteworthy antibiofilm characteristics, effectively impeding the formation of biofilms, thereby presenting a promising avenue for addressing biofilm-related infections. The efficacy of ZnO-NWs in mitigating bacterial hydrophobicity potentially plays a pivotal role in their efficacy in impeding bacterial adhesion and subsequent biofilm formation.





ZnO-NWs effect on bacterial cell surface

The present study aimed to investigate the effect of ZnO-NWs on the surface of bacterial cells using electron microscopy. In the experimental setup involving E. coli, the bacterial cells in the control group retained their characteristic rod-shaped morphologies. Furthermore, each individual cell exhibited a relatively consistent size and displayed no discernible indication of surface impairment, as shown in Figure 5A. Upon exposure to ZnO-NWs, a notable alteration in the morphological characteristics of the bacterial cells was observed. The treated bacteria displayed anomalous cell surface fragments, which indicated cellular swelling and agglomeration. The aforementioned observations have provided compelling evidence that the presence of ZnO-NWs significantly disrupts the cellular membrane of Escherichia coli (E. coli), ultimately resulting in the destruction of bacterial cells. Notably, in the context of Staphylococcus aureus, a bacterium known for its characteristic round and smooth morphology, the introduction of zinc oxide nanowhiskers (ZnO-NWs) elicited a sudden and significant alteration in both cellular structure and surface integrity (Figures 5A, B).




Figure 5 | Electron microscopic examination of bacterial morphology after ZnO-NMs exposure. The figure showcases the results of electron microscopic examination conducted to analyze the bacterial morphology subsequent to exposure to ZnO-NWs. The present study investigates the impact of ZnO-NWs on two bacterial strains, namely S.aureus and E.coli. Specifically, the effects of ZnO-NWs on these bacterial strains are examined separately (A, B). Additionally, the study explores the release of protein from the bacterial membrane subsequent to exposure to ZnO-NWs (C).



Further the antibacterial efficacy of the ZnO-NWs synthesized in this study was further validated by confocal microscopy. The application of ZnO-NWs to bacterial cells yielded a notable increase in propidium iodide (PI) staining within the treated cells, thereby signifying a substantial reduction in bacterial viability (Figure 6).




Figure 6 | Live dead assay to study antibacterial activity. The fluorescence microscopic images presented in this study depict the results of a live-dead cell assay conducted using propidium iodide (PI) and Syto-9 dyes. The purpose of this assay was to evaluate the anti-bacterial efficacy of zinc oxide nanowhiskers (ZnO-NWs) against E.coli and S.aureus cells.



The combined utilization of scanning electron microscopy (SEM) and confocal microscopy techniques yields compelling visual documentation that supports the assertion of robust antibacterial efficacy of ZnO nanowhiskers (ZnO-NWs). The empirical examination of morphological alterations and the resultant cell surface impairment implies that the presence of ZnO-NWs disrupts the structural integrity of bacterial cells, ultimately culminating in their death. The present findings provide empirical evidence that ZnO-NWs have considerable potential as efficacious antibacterial agents to mitigate pathogenic bacterial infections.





Hemolysis assay

A hemolysis assay revealed that ZnO-NWs have the potential to reduce hemolysis caused by staphylococcal α-hemolysin, a significant virulence factor of S. aureus. Staphylococcal α-hemolysin is known to cause pore formation in the phospholipid bilayers of target cells, leading to cell lysis, and approximately 61% cell lysis was observed in the presence of S. aureus alone (Figure 7A). However, when exposed to ZnO-NWs, the lysis induced by S. aureus was inhibited. At concentrations of 100 μg/ml and 300 μg/ml of ZnO-NWs, less than 21% and 16% (p ≤ 0.001) cell lysis, respectively, was observed. This significant reduction in cell lysis suggests that ZnO-NWs can effectively protect against the damage caused by staphylococcal α-hemolysin, as further elaborated with the SEM images in Figure 7B, showing cell damage by S. aureus and the co-culture in the presence of ZnO-NWs, showing a reduction in cell lysis.




Figure 7 | ZnO-NWs inhibited Staphylococcus aureus induced RBC lysis.  The study findings indicate that the utilization of ZnO-NWs effectively suppressed the process of red blood cell (RBC) lysis induced by Staphylococcus aureus. The provided SEM micrographs depict the process of red blood cell (RBC) lysis induced by S. aureus bacteria, as well as the inhibitory effects of ZnO-NWs on this lysis phenomenon. (A) The present study examines the effects of exposure to ZnO-NWs on the structure of red blood cells (RBCs). Additionally, the study investigates the impact of S. aureus infection on RBCs. Furthermore, the study explores the combined effects of S. aureus infection and ZnO-NWs exposure on RBCs. The four conditions examined in this study include: normal RBC structure,  RBCs exposed to ZnO-NWs, RBCs infected with S. aureus, and RBCs co-cultured with both S. aureus and ZnO-NWs. (B) The inhibition of RBC lysis by ZnO-NWs in the presence of S. aureus is investigated in this study (C) Additionally, the biocompatibility of ZnO-NWs is evaluated with MTT analysis against HEK-293T.



Interestingly, ZnO-NWs alone, in the absence of S. aureus, caused some degree of cell lysis. At concentrations of 100 μg/ml and 300 μg/ml of ZnO-NWs, approximately 9% and 24% cell lysis occurred, respectively. Overall, the hemolysis assay demonstrated that ZnO-NWs can mitigate the hemolysis caused by staphylococcal α-hemolysin and potentially provide protection against its detrimental effects. However, it is essential to consider the potential hemolytic activity of ZnO-NWs at higher concentrations when evaluating their biomedical applications. Further studies are warranted to understand the mechanisms underlying these observations and to optimize the safe and effective use of ZnO-NWs in various biomedical applications.

The results of the MTT assay indicated that the biomimetically synthesized ZnO-NWs did not exhibit any cytotoxic effects on HEK-cells, even at a dose significantly higher than their minimum inhibitory concentration (MIC) of approximately 100 μg ml−1. The experimental findings indicated that the viability of cells decreased as a result of exposure to increasing doses of ZnO-NWs. The findings of this study indicate that ZnO nanoparticles (ZnO-NPs) exhibit favorable characteristics as stable and non-toxic agents, displaying significant antibacterial efficacy without inducing toxicity in host cells (Figure 7C).





Antibacterial potential of ZnO-NWs against skin infection caused by Saureus

The antibacterial potential of the ZnO-NWs against skin infections caused by S. aureus was evaluated both in vitro and in mouse models. In the in vitro study, ZnO-NWs showed significant antibacterial activity against S. aureus. In mouse models, cutaneous microbial infections caused by S. aureus were characterized by reddening and disruption of the skin (Figure 8A), indicating the severity of the infection. Bacterial load within the infected skin was assessed using the plate count enumeration method. The results revealed that the ZnO-NW treatment led to a remarkable 50% decline in the pathogenic bacterial count compared to the control group as shown in Figure 8B (p ≤ 0.005). This significant reduction in the bacterial load demonstrates the potential effectiveness of ZnO-NWs in the treatment of skin infections caused by S. aureus.




Figure 8 | illustrates the potential of ZnO-NWs in the treatment of cutaneous infections in experimental animals. The present study investigates the progression of infection in murine skin models, specifically comparing the effects of PBS treatment, S. aureus infection alone, and S. aureus infection followed by treatment with ZnO-NWs at doses of 1 g kg−1 and 0.5 g kg−1 body weight, respectively. Histopathological investigations of animals subsequent to exposure to ZnO-NWs have been conducted. (A) The present study includes photomicrographs of mouse skin depicting four distinct groups: (i) a healthy group, (ii) an untreated control group, (iii) a group treated with 1 g kg−1 body weight of ZnO–NWs, and (iv) a group treated with 0.5 g kg−1 body weight of ZnO–NWs. These groups were established to investigate the effects of ZnO–NPs on the skin of mice. (B) The micrographs presented in this study effectively demonstrate that the topical application of ZnO-NWs results in recovery when compared to the untreated control groups. The present study investigates the residual bacterial load present in the skin of experimental animals subsequent to treatment with a formulation containing zinc oxide nanoparticles (ZnO-NWs). (C) The experimental procedure involved the topical infection of mice with S. aureus, followed by concurrent treatment with ZnO–NWs (S. aureus + ZnO–NWs). The control group consisted of mice that were inoculated with PBS alone. Following the onset of infection, the skin lesions were excised, homogenized, and subsequently subjected to bacterial enumeration using the colony-forming unit (CFU) assay on the tenth day. (D), the fluorescence in vivo imaging method showed that ZnO-NWs were only partially retained in the vital organs. The experiments were conducted in triplicate, and the results are presented as the mean the standard deviation (mean ± SD). The statistical significance was determined using the ***P ≤ 0.001 threshold. ** means p value of 0.01 significant value.



Overall, the findings from the in vitro and in vivo studies highlight the strong antibacterial activity of the ZnO-NWs against S. aureus, both in the laboratory setting and in a living organism. This suggests that ZnO-NWs could be promising candidates for the development of therapeutic agents to combat skin infections caused by this pathogen. However, further research and clinical studies are necessary to validate and optimize the use of ZnO-NWs as a potential treatment option for skin infections in humans.





Histopathology of tissues

Histopathological analysis of tissue samples obtained from mice infected with Staphylococcus aureus and subsequently treated with zinc oxide nanoparticles (ZnO-NWs) yielded significant findings regarding the therapeutic properties of these nanoparticles in the context of cutaneous infections. Within the experimental framework, the control group consisted of individuals who exhibited a state of sound health and were devoid of any infection. Notably, the dermal structure in this group exhibited a typical configuration, characterized by an unimpaired epidermal layer and a negligible or absent inflammatory reaction, as depicted in Figures 8A, C.

In contrast, dermal tissues of mice subjected to S. aureus infection displayed notable and substantial pathological alterations. The present study observed epidermal layer thinning accompanied by the manifestation of skin disorders and a notable influx of inflammatory cells. Inflammation was also observed in the subcutaneous and connective tissues. Application of zinc oxide nanowhiskers (ZnO-NWs) induces a notable regenerative response within the epidermal layer, leading to a reduction in skin damage. The observed tissues exhibited restoration of their typical structural arrangement accompanied by a notable decrease in inflammation, as evidenced by the diminished presence of inflammatory cells (Figure 8A). Furthermore, upon the application of ZnO-NWs in the absence of infection, only minor deviations in the skin were detected, as evidenced by the presence of a limited number of inflammatory cells infiltrating the affected area.

The histopathological analysis revealed that the application of ZnO-NWs had a notable impact on the restoration of dermal tissues afflicted with Staphylococcus aureus infection. The observed nanoparticles exhibited notable anti-inflammatory characteristics, resulting in a reduction in tissue damage and facilitation of tissue repair.

To assess the degree of absorption and dispersion of ZnO-NWs after topical administration, mice from each experimental group were administered with Fluorescein Isothiocyanate (FITC)-labeled ZnO-NWs. Subsequent to a 48-hour period, mice were euthanized. Analysis of the outcomes of this research revealed that the kidney and liver demonstrated the most prominent concentration levels of FITC-labeled ZnO-NWs, as illustrated in (Figure 8D). Additionally, we conducted assessments on the inherent toxicity of the synthesized ZnO-NWs in vivo for their hepatoxicity. The animals that received ZnO-NWs were subjected to analysis of liver function test parameters to assess the toxicity of the nanoparticles in vivo. According to the data presented in Figure SI A, it can be observed that animals administered with ZnO-NWs had slightly elevated levels of marker enzymes, namely AST and ALT, in comparison to the control animals that did not receive any treatment.

Thus, findings presented in our study confirm that the ZnO-NWs synthesized in-house exhibited no observable toxicity in vitro, and the level of toxicity observed in vivo was minimal. These results indicate that these nanoparticles can be considered safe for incorporation into medication formulations. This discrepancy implies that such nanoparticles are biocompatible, suggesting their potential for systemic circulation within the organism. The elevated levels of availability in these organs indicate the possibility of ZnO-NWs traversing biological barriers, hinting at their prospective utility in targeted drug delivery systems and other biomedical applications. These findings may lead to advancements in the development of nanotherapeutic agents and contribute to the evolving landscape of nanomedicine.






Conclusion

In summary, the present investigation has successfully illuminated the methodology for the biosynthesis of Zinc Oxide Nanowhiskers (ZnO-NWs) using chicken egg white as a biological template. The methodological approach necessitated the exposure of the egg white to elevated thermal conditions, with temperatures reaching 180°C. This process resulted in the formation of nanowhiskers exhibiting a diversity in both dimensions and structural configurations. Subsequent to their synthesis, the ZnO-NWs were subjected to meticulous characterization through the application of well-established spectroscopic and microscopic analytical techniques. This rigorous examination corroborated their dimensional properties, validating them within the range of 10-50 nm.




Top of form

This study aimed to explore the antibacterial and antibiofilm properties of biosynthesized Zinc Oxide Nanowhiskers (ZnO-NWs). The results of this study showed that the proliferation of both susceptible and resistant strains of bacteria was significantly inhibited. The underlying mechanism of the observed antibacterial activity is primarily attributed to the release of Zn2+ ions from the ZnO-NWs, leading to the subsequent generation of reactive oxygen species (ROS), which in turn initiates bacterial cell apoptosis.

In vivo assessments were performed using murine models to replicate skin infections triggered by Staphylococcus aureus. These assessments yield substantiated evidence, underscoring the potential of ZnO-NWs in reducing bacterial proliferation and aiding in the healing process of the infected epidermal tissue. The proficiency of ZnO-NWs in managing cutaneous infections was corroborated through detailed histopathological evaluations and colony-forming unit (CFU) assays, which revealed the biocompatibility of ZnO-NWs, substantiated by the lack of cytotoxic effects on both normal human embryonic kidney cells (HEK-293) and red blood cells (RBCs), even at high concentrations.

The synthesis method introduced in this research is delineated by its uncomplicated nature, economic viability, and eco-friendly approach, paving the way for biomimetic synthesis of nanoparticles from various materials. These research insights underscore the significant potential of ZnO-NWs as a groundbreaking therapeutic modality for managing and alleviating infectious diseases, especially those involving the skin. To fully harness the potential and applications of ZnO NWs in various biomedical fields, further research and developmental efforts are imperative.
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The unreasonable use of antibiotics is one of the important causes of antimicrobial resistance (AMR) that poses a huge public health threat. Magnolol is a traditional Chinese medicine exhibiting antibacterial-, antifungal-, anti-inflammatory-, and antioxidant activities. However, it is unclear whether magnolol has an inhibitory effect on mycoplasma. This study found that magnolol showed excellent inhibitory activity against various mycoplasmas. Magnolol showed dose-dependent inhibition of Mycoplasma synoviae growth and biofilm formation in vitro. Magnolol caused severely sunken and wrinkled M. synoviae cell membranes at the minimum inhibitory concentration, and an enlarged cell diameter. The chicken embryo infection model showed that magnolol significantly reduced M. synoviae pathogenicity in vivo. Kyoto Encyclopedia of Genes and Genomes pathway analysis showed that the citrate cycle, glycolysis/gluconeogenesis, and pyruvate metabolism were significantly disturbed at the minimum inhibitory concentration of magnolol. Interestingly, 41% of differential metabolites were in the categories of lipids and lipid-like molecules. Protegenin A was up-regulated 58752-fold after magnolol treatment. It belongs to fatty acyls, and destroys cell membrane integrity and cell activity. Ghosphatidylethanolamine, phosphatidylglycerol, phosphatidic acid, and phosphatidylserine related to membrane maintenance and stress response were widely down-regulated. Collectively, our results illustrate the feasibility of magnolol as a phytochemical compound to treat mycoplasma infection.
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1 Introduction

Mycoplasma belongs to the Firmicute phylum, Mollicute class, Mycoplasmatales order, and Mycoplasmataceae family, which are mainly characterized by the smallest self-replicating microorganism lacking a cell wall (Rebollo Couto et al., 2012). Mycoplasma has a high degree of host and tissue specificity and mainly colonizes epithelial surfaces of the genitourinary tract and respiratory, mammary gland, and serosa. Most mycoplasma such as Mycoplasma hyopneumoniae, Mycoplasma gallisepticum and Mycoplasma synoviae are pathogens that cause serious diseases and great economic losses in livestock production (Lloyd et al., 1986).

M. synoviae and M. gallisepticum are important pathogens in poultry industry that are the major causes of economic losses to the poultry industry (Feberwee et al., 2022). Recently, chronic respiratory disease (CRD), infectious synovitis, and eggshell apex abnormalities caused by M. synoviae have led to serious damage to poultry industry (Kursa et al., 2019; Petrone-Garcia et al., 2020). Therefore, M. synoviae has attracted extensive attention as a serious pathogen. Attenuated live vaccine of MS-H (Vaxsafe®MS) is used to prevent M. synoviae wildtype strain infection in poultry (Shahid et al., 2014). In addition, antibiotics including macrolides, lincosamides, pleuromutilins, and fluoroquinolones are another effective way to prevent and treat M. synoviae infection in veterinary clinics (Petrone-Garcia et al., 2020). However, the antimicrobial resistance (AMR) of mycoplasma is becoming serious owing to the unreasonable use of antibiotics in veterinary clinical treatment (Davies and Davies, 2010). Recently, M. synoviae resistance to enrofloxacin has become widespread in China (Zhang et al., 2022). If it doesn’t attract enough attention, AMR will become a huge threat to public health (Samreen et al., 2021). Hence, the development of novel antimicrobial agents is urgently needed.

Magnolol is a traditional Chinese medicine derived from Magnolia officinalis Cortex that displays potent antibacterial-, antifungal-, anti-inflammatory-, and antioxidant activities (Zhang et al., 2019). Magnolol or its derivatives have remarkable antibacterial and antifungal activities against Candida albicans (Behbehani et al., 2017; Xie et al., 2022), Streptococcus mutans (Greenberg et al., 2007); Staphylococcus aureus (Guo et al., 2021), Alternaria alternata (Wang et al., 2020), Rhizoctonia solani (Mo et al., 2021), Fusarium (Oufensou et al., 2019), Magnaporthe grisea (Choi et al., 2009), and Penicillium expansum (Chen et al., 2019). Magnolol could damage the integrity of fungal cells and interfere with cell metabolism to inhibit the growth of R. solani and A. alternata (Wang et al., 2020; Mo et al., 2021). Magnolol caused significant inhibition of gene expression that are related to adhesion, invasion, hyphal formation, biofilm formation, and metabolic enzymes in C. albicans (Xie et al., 2022). Magnolol or its derivatives have excellent antibacterial and anti-infective activity by destroying bacterial cell membranes (Guo et al., 2021).

Some studies have revealed the mechanism of antifungal and antibacterial activity of magnolol. However, it is unclear whether magnolol can inhibit mycoplasma activity. This study found that magnolol inhibited various mycoplasma. M. synoviae was used as a model to reveal that magnolol destructed cell morphology, biofilm formation, and colonization ability. Metabolomics analysis were conducted to systematically investigate the mechanism of magnolol against M. synoviae. In general, this study provided a theoretical basis for the further development of magnolol as a therapeutic agent in combating mycoplasma infections.




2 Materials and methods



2.1 Strains and culture conditions

The strains of M. synoviae, M. gallisepticum, and M. hyopneumoniae were maintained at Hubei Academy of agricultural Sciences, which were cultured in modified Friis’ medium at 37°C with 5% CO2 as described previously (Frey et al., 1968; Dusanic et al., 2009; Liu et al., 2022). Macrolides and fluoroquinolone are commonly antibiotics that used to treat M. synoviae infection. The MIC of tylosin and ciprofloxacin against M. synoviae showed 0.98 µg/mL and 3.91 µg/mL, respectively.




2.2 Minimal inhibitory concentration and minimum bactericidal concentration

Magnolol were serially diluted two-fold with concentration ranging between 2000 µg/mL to 0.98 µg/mL in 96-well plates, then mixed with 100 μL of mycoplasma culture (1 × 106 CCU/mL) to a final concentration of 1000 µg/mL to 0.49 µg/mL. Plates were incubated at 37°C with a 5% CO2 humidified incubator for 48 h. The color of media in each well was monitored. The MIC was determined as the minimal concentration of magnolol that resulted in no color change. The assay was performed in triplicate.

The MBC was determined by plating the culture in wells with growth inhibition (no color change) onto modified Friis’ solid medium, and incubated at 37°C with 5% CO2 humidified incubator for at least 7 d. The lowest magnolol concentration that resulted in no mycoplasma growth on solid medium was considered the MBC. The assay was performed in triplicate.




2.3 Time-kill kinetic assay

A time-kill kinetics assay was conducted to evaluate the bactericidal performance of magnolol in killing M. synoviae. Briefly, M. synoviae cells were grown to the mid-log phase in modified Friis’ medium, then subcultured 1:10 into the corresponding medium supplemented with different concentrations of magnolol (0 ×, ½ ×, 1 ×, 2 ×, and 4 × MIC). Subsequently, the treated suspensions were collected at different time points (12, 24, 36, and 48 h), and the effect of magnolol on growth was recorded by the color-changing units (CCU). The assay was performed in triplicate.




2.4 Morphological analysis by scanning electron microscope

Scanning electron microscopy (SEM) was performed as previously described with some modifications (Hu et al., 2021). Briefly, M. synoviae culture in the mid-log phase were co-incubated with or without 1×MIC of magnolol at 37°C for 12 h, fixed with 2.5% glutaraldehyde overnight at 4°C, dehydrated with a serial dilution of ethanol, air-dried, covered with a 10 nm gold/platinum layer, and observed by SEM (JFC-1600, JEOL, Japan).




2.5 Biofilm formation assay

The effect of magnolol on biofilm formation in M. synoviae was assessed by crystal violet staining using a previously described method with some modifications (Chen et al., 2012). Briefly, M. synoviae was grown in modified Friis’ medium at 37°C in a 5% CO2 humidified incubator for 36 h. The culture was then subcultured 1:10 into the corresponding medium with or without magnolol in a 96-well flat-bottom microplate, and incubated for 72 h. The wells were gently washed three times with PBS, stained with 1% crystal violet for 10 min at room temperature, washed four times with distilled water, and air dried. The dye was released by adding 100 μL of 33% acetic acid and quantified by recording the absorbance at 595 nm.

To evaluate that magnolol eliminates the mature biofilms of M. synoviae at the different concentration. The method described as above with some modifications. Briefly, the culture was incubated for 72 h to form the mature biofilm in a 96-well flat-bottom microplate, then added magnolol to a final concentration of 0, ¼ MIC, ½ MIC, 1 MIC, and re-incubated for 24 h, stained with crystal violet, measured the absorbance at 595 nm.




2.6 Biofilm visualization by confocal microscopy

Confocal microscopy was used to analyze the biofilm of M. synoviae as previously described with some modifications (Yi et al., 2020). Briefly, biofilms were formed with or without magnolol on round coverslips in a 12-well plate. After a 72-h incubation, the coverslips were gently washed three times with PBS to remove poorly attached cells and stained with LIVE/DEAD® BacLight™ Bacterial Viability and Counting Kit according to the manufacturer’s protocol (ABI L34856; Invitrogen, USA). SYTO 9 was used to label the live bacteria, which fluoresced green (488 nm). Propidium iodide was used to label the dead bacteria, which fluoresced red (561 nm). The sample was subsequently incubated at room temperature for 10 min, washed three times with PBS, and imaged by confocal microscopy.




2.7 Protection of chicken embryo by magnolol against M. synoviae infection

Previous study has reported that the magnolol exerted a low cytotoxicity in broilers, which can improve growth performance by modulating mucosal gene expression and the gut microbiota in the treatment of 300 mg/kg (Chen et al., 2021). Chicken embryos were used as an infection model to evaluate the protection provided by magnolol as previously described with some modifications (Helmy et al., 2020; Zhang et al., 2020). Briefly, Specific pathogen-free (SPF) chicken embryos were purchased from Merial-Vital, Beijing, China, and hatched in an environment of 37.5°C and 50–60% humidity. Five-day-old chicken embryos with similar body weights were randomly divided into 6 per group, challenged with 5 x 108 CCU of M. synoviae via allantoic cavity, followed by injection with magnolol at 1 mg/kg•body weight after 2 d post infection; PBS was used as a negative control. Chicken embryos were euthanized after 10 d post infection. The upper part of the trachea and right side of the lung were collected, weighed, homogenized in sterile saline, plated onto modified Friis’ solid plates, and counted with a light microscope after 7 d of incubation.




2.8 Non-targeted metabolomic analysis

M. synoviae cells were cultured in modified Friis’ medium to mid-log phase, then co-incubated with 1× MIC of magnolol at 37°C for 12 h. The untreated group was used as the control. The cells were harvested at 3,000 rpm, resuspended with methanol/chloroform, ultrasonicated, then added L-2-chlorophenylalanine (0.3 mg/mL) dissolved in methanol as internal standard, and ultrasonicated again. The supernatants were dried in a freeze concentration centrifugal dryer, redissolved in a mixture of methanol and water, vortexed for 30 s, ultrasonicated, then treated for 2 h at -20°C. The supernatants were collected using crystal syringes, filtered through 0.22 μm microfilters, and transferred to LC vials. ACQUITY UPLC I-Class system (Waters Corporation, Milford, USA) coupled with VION IMS QTOF Mass spectrometer (Waters Corporation, Milford, USA) was used to analyze the metabolic profiling in ESI positive and ESI negative ion modes. An ACQUITY UPLC BEH C18 column (1.7 μm, 2.1 × 100 mm) was used in positive and negative modes. The software of AbfConverter.4.0.0, MS-DIAL, and Progenesis Progenesis QI were used for Mass Spectrometry data conversion and Analysis. The software of RStudio and Notepad++ were used to data processing, calculation and drawing.




2.9 Statistical analysis

GraphPad 8 was used for graph creation. ImageJ was used to measure cell length and width. One-way analysis of variance (ANOVA) and Tukey’s test (α= 0.05) were used to determine significant differences (https://astatsa.com/OneWay_Anova_with_TukeyHSD/ ).





3 Results



3.1 Activity of magnolol against Mycoplasma

Magnolol had activity against M. synoviae, with a MIC of 15.63 µg/mL and MBC of 31.25 µg/mL. It also exhibited inhibitory effects against other mycoplasma strains, such as M. gallisepticum and M. hyopneumoniae (Figures 1B, C). Above all, this suggested that magnolol is a potential antibacterial agent Mycoplasma.




Figure 1 | The activity of magnolol against Mycoplasma. (A) Chemical structure of magnolol. (B) Minimal inhibitory concentration (MIC) of magnolol against M. synoviae. (C) MIC and minimum bactericidal concentration (MBC) values of magnolol against M. synoviae, M. gallisepticum, and M. hyopneumoniae. Data are presented as means ± SD of triplicate assays.






3.2 Killing effect of magnolol against M. synoviae

M. synoviae cell growth was inhibited at a MIC of 15.63 µg/mL of magnolol compared to untreated cells and were completely eradicated within 12 h under 2 × MIC of magnolol (31.25 µg/mL) (Figure 2). The bactericidal performance of magnolol was dose-dependent.




Figure 2 | Time-kill kinetics of magnolol against M. synoviae. (A) Killing effect of magnolol against M. synoviae. The magnolol concentrations ranged from ½ × MIC to 4 × MIC. The viability of M. synoviae was monitored by a color changing unit (CCU) assay at the indicated times. (B) Visualization of the effect of magnolol on M. synoviae growth. The culture medium was photographed after 48 h of incubation.






3.3 Destructive effect of magnolol on M. synoviae structure

The magnolol treated cells showed severely sunken and wrinkled of cell membranes (marked by red arrows) compared with untreated cells that displayed a standard spherical shape (Figure 3A). Cell diameter was measured using ImageJ as previously described (Vischer et al., 2015). On average, the cell diameter treated with magnolol was significantly larger (0.75 ± 0.31 µm) compared with the untreated cells (0.55 ± 0.22 µm) (Figure 3B). Moreover, the distribution of distinct cell diameter classes differed between the untreated and treated cells. The untreated cells were concentrated in a cell diameter interval of 0.1 to 1.2 µm (n= 73), and approximately 35.6% (26/73) of that showed a diameter of 0.6 to 0.8 µm that represented the highest proportion. However, the diameters of treated cell were distributed between 0.1 to 1.6 µm (n= 75), and 29.3% (22/75) showed a diameter of 0.8 to 1.0 µm, which represented the highest proportion (Figure 3C). Overall, the results suggested that magnolol severely damaged the cell membrane and cell morphology of M. synoviae.




Figure 3 | Morphological analyses of M. synoviae. (A) Cell morphology was analyzed with SEM in the treatment of magnolol at the MIC. The scale bars are 3 µm and 1 µm. The red arrow indicated cellular damage caused by magnolol. (B) M. synoviae diameter. Data are presented as the mean ± SD of triplicate assays. ***p value <0.001. (C) Histogram statistics of cell diameter.






3.4 Magnolol decreased M. synoviae biofilm formation

Sub-MICs levels (½ and ¼ MIC) of magnolol were used to test the influence of magnolol on biofilm formation, Magnolol significantly reduced the formation of M. synoviae biofilm (Figure 4A). The inhibitory efficacy increased with higher magnolol concentrations. Confocal microscopy combined with SYTO 9 and propidium iodide were used to compare that of treated and untreated cells to visualize the inhibition of magnolol on biofilm formation. Dense bacterial masses appeared in the untreated cells, whereas the magnolol treated cells were more dispersed and less aggregated (Figure 4B). Interestingly, biofilm elimination assay found that the mature biofilm was not eliminated on the treatment with ¼ MIC, ½ MIC, 1 MIC, 2 MIC of magnolol (Figure 4C). The results showed that magnolol could significantly inhibited the biofilm formation of M. synoviae with a dose-dependent, but could not eliminate mature biofilms.




Figure 4 | Biofilm formation of M. synoviae cultured at sub-MICs of magnolol. (A) Crystal violet staining of biofilm in the wells of a 96-well microplate. The absorbance was read at 595 nm. (B) Confocal microscopy showing the M. synoviae biofilm structures labeled with fluorescent SYTO 9 (green fluorescence) and propidium iodide (red fluorescence). (C) Crystal violet staining of mature biofilm after treated with magnolol. The absorbance was read at 595 nm. Data are presented as the mean ± standard deviation of triplicate assays. Different letters indicate significant differences according to Tukey’s test (α = 0.01).






3.5 Magnolol protected chicken embryo against M. synoviae infection

We performed the colonization assay using a chicken embryo infection model to evaluate the protective efficacy of magnolol against pathogenic bacteria in vivo (Figure 5A). The group treated with 1 mg/kg•body weight of magnolol presented a significantly lower bacterial load than that of the untreated group in the lung and trachea (Figure 5B). The results showed that magnolol had potent antimicrobial activity in vivo.




Figure 5 | The evaluation efficacy of magnolol against M. synoviae in chicken embryos. (A) Schematic diagram of chicken embryo infection. (B) Colonization assay. Chicken embryos were infected with 5 x 108 CCU of M. synoviae via allantoic cavity on day 9, then treated with magnolol at 1 mg/kg•body weight after 2 d post infection. Chicken embryos were euthanized after 10 d post infection. The lung and trachea were collected, resuspended in PBS, homogenized, and plated on modified Friis’ medium agar plates for colony enumeration; PBS was used as a negative control (n=6). Statistical significance was determined by two-tailed, unpaired Student’s t-tests. Error bars represented the mean ± standard deviations (ns, p value > 0.05; ***p value < 0.001).






3.6 Metabolomic analysis of M. synoviae in treatment with magnolol

We performed a comparative metabolomic analysis with untreated and treated cells using liquid chromatography-mass spectrometry (LC-MS) to investigate the influence of magnolol on the metabolism of M. synoviae. The software of SIMCA (version 14.0) was used to analyze the positive and negative data. The Orthogonal Projections to Latent Structures Discriminant Analysis (OPLS-DA) and Principle Component Analysis (PCA) scores plot showed obvious separation between the two groups in positive and negative modes (Figures 6A, B). Permutation tests showed that validity of model evaluation (Figure 6C). A total of 149 differential metabolites (DMs) were identified, with 92 up-regulated and 57 down-regulated (Figure 6D). The KEGG pathway enrichment analysis found that the DMs were mainly clustered in the categories of citrate cycle (TCA cycle), glycolysis/gluconeogenesis, and pyruvate metabolism (Figure 6E). The results implied that magnolol widely regulated the metabolism of M. synoviae, especially for TCA cycle, glycolysis/gluconeogenesis, and pyruvate metabolism.




Figure 6 | Metabolomic analysis of M. synoviae following treatment with magnolol. (A) Orthogonal Projections to Latent Structures Discriminant Analysis (OPLS-DA) score plots of M. synoviae after treatment with magnolol. The lines denote 95% confidence interval Hotelling’s ellipses. (B) Principle Component Analysis (PCA) scores plot showed obvious separation between the two groups in positive and negative modes. (C) The 7-fold cross validation and response permutation testing (RPT) were used to evaluate model validity. (D) Volcano plots showing the differential metabolites (DMs) in the magnolol treated group compared to the untreated group. Blue dots represent down-regulated, red dots represent up-regulated, and grey dots represent no significant change (p<0.05, VIP>1, FC>1). N represents the untreated group, T represents the magnolol-treated group. (E) Kyoto Encyclopedia of Genes and genomes (KEGG) pathway enrichment of DMs.






3.7 Effects of magnolol on lipid metabolic profiling of M. synoviae

A total of 41% DMs fell into the category of lipids and lipid-like molecules (Figure 7A). This was the dominant category apart from unclassified metabolites. Lipids and lipid-like molecules are essential constituent of cells, formed with a broad range of components such as glycerophospholipids (GPs), fatty acids, sphingolipids (SPs), glycerolipids (GLs), and so on (Fahy et al., 2009). This study showed that the category of lipids and lipid-like molecules were significantly disturbed in the magnolol group, which were consistent with 11% fatty acyls, 14% GPs, 1% SPs, 7% prenol lipids, 3% GLs, 2% polyketides, and 3% steroids and steroid derivatives (Figure 7B). The data suggested that GPs and fatty acyls were the most strongly affected metabolites in the category of lipids and lipid-like molecules.




Figure 7 | Analysis of the DMs. (A) Pie chart showing the proportions of different categories among all DMs. (B) The abundance of specific metabolites in the category of lipids and lipid-like molecules.






3.8 Glycerophospholipids and fatty acyls

Glycerophospholipids are major structural components of bacterial membranes that are primarily composed of phosphatidylethanolamine (PE), phosphatidylglycerol (PG), cardiolipin (CL), and so on (Lopez-Lara and Geiger, 2017). The major metabolic pathways of GPs in M. synoviae are shown in Figure 8A; CDP-diacylglycerol (CDP-DAG) is a precursor for GP synthesis, which is converted by phosphatidic acid (PA), then converted to zwitterionic lipid PE, anionic lipid PG, and CL(Lopez-Lara and Geiger, 2017). This study identified 21 differential metabolites (6 up-regulated and 15 down-regulated) in the pathway of GP synthesis. Every metabolite in the sub-class of phosphatidylcholine (PC), phosphatidylserine (PS), and PE significantly decreased in abundance (Figure 8B; Supplementary Table S1). The data showed that the metabolic pathway of GPs were significantly affected in the treatment of magnolol.




Figure 8 | The disturbance of glycerophospholipids (GPs) and the fatty acyl metabolic pathway. (A) Scheme of GPs metabolic pathways in M. synoviae. The names of the metabolites with altered abundance are shown in black, while no significantly different metabolites are shown in blue. The most important components of the cell membrane are shown in a black frame. (B) Alteration of the GP metabolic pathway during treatment with magnolol. G-3-P, 1-glyceraldehyde-3-phosphate; PA, phosphatidic acid; LysoPA, lysophosphatidic acid; CDP-DAG, cytidine diphosphate diacylglycerol; PS, phosphatidylserine; PC, phosphatidylcholine; LysoPC, lysophosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; LysoPG, lysophosphatidylglycerol; CL, cardiolipin. (C) The alteration of abundance at the sub-class of fatty acids and conjugates during magnolol treatment *p value < 0.05, **p value <0.01, ***p value <0.001.



Fatty acyls are key categories of metabolites that act as a source of energy and form complex lipids (Xicoy et al., 2019). Additionally, it is a component of membranes that extensively regulates biological processes, including intracellular signal-ling, gene expression, transcription factors, inflammation, and bioactive lipid production (Calder, 2015; Fritsche, 2015) This study revealed that fatty acyls are a strongly affected metabolites in the category of lipids and lipid-like molecules. Sixteen DMs in the pathway of fatty acyls were identified, with 10 up-regulated and 6 down-regulated, that are widely distributed in the sub-class of eicosanoids, fatty acids and conjugates, fatty acyl glycosides, fatty alcohols, lineolic acids and derivatives, and oxygenated hydrocarbons (Supplementary Table S2). We found that almost every metabolite in the sub-class of fatty acids and conjugates was present in high abundance. It is worth noting that the abundance of “Protegenin A” significantly increased nearly 58,753-fold (Figure 8C). The results showed that magnolol significantly affected the metabolic pathway of fatty acyls on M. synoviae.





4 Discussion

The unreasonable use of antibiotics in veterinary clinic leads to the emergence of AMR that poses a serious threat to human health (Al-Khalaifa et al., 2019). The use of antibiotics in livestock and poultry breeding industry has been greatly reduced with the promulgation of the order to restrict the use of antibiotics, resulting in increasing difficulties in the prevention and control of mycoplasma disease (Kama-Kama et al., 2017; Nhung et al., 2017). Compared to M. gallisepticum, M. synoviae causing chronic respiratory disease (CRD), infectious synovitis, and eggshell apex abnormalities, which lead to serious damage to poultry industry and attracted extensive attention in recent years (Kursa et al., 2019; Petrone-Garcia et al., 2020). Therefore, there is an urgent need to develop antibiotic substitutes to help livestock and poultry production. This study found that magnolol is a potential agent against M. synoviae. Metabolomics was used to analyze the mechanism of magnolol against the growth, cell morphology, biofilm formation, and colonization ability of M. synoviae. Moreover, to verify the broad-spectrum properties of magnolol against mycoplasma of other animal origin, M. hyopneumoniae was used to evaluated antimicrobial property.

Magnolol is one of major bioactive isolates from Magnolia officinalis that has many pharmacological activities, including anticancer-, anti-inflammatory-, antifungal-, and antioxidant activities (Zhang et al., 2019; Xie et al., 2022). This study showed that magnolol significantly inhibited the growth of various mycoplasma in vitro, including M. synoviae, M. gallisepticum, and M. hyopneumoniae, The MICs of magnolol against various mycoplasma were determined at 15.63 µg/mL, and the inhibitory effect was dose-dependent (Figures 1, 2). This result is consistent with previous studies demonstrating that the MIC of magnolol against S. aureus ATCC29213 was 32 µg/mL, 64 µg/mL for Enterococcus faecalis ATCC29212, 16 µg/mL for Bacillus subtilis and Micrococcus luteus, and below 128 µg/mL for Escherichia coli ATCC25922, Stenotrophomonas maltophilia, Salmonella enterica H9812, and Salmonella enterica 8389 (Guo et al., 2021). As for antifungal activity, the MIC of magnolol against A. alternata was determined at 100 µM (26.6 µg/mL), EC50 of 7.47 µg/mL for R. solani, MIC of 40 µg/mL for C. albicans (Zhou et al., 2017; Wang et al., 2020; Mo et al., 2021) The results suggested that magnolol exhibited a significant inhibitory effect against mycoplasmas.

Cell morphology analysis showed that magnolol caused severely sunken and wrinkled of cell membranes, and abnormal cell diameter (Figure 3), which is consistent with the results reported in previous studies (Behbehani et al., 2017; Wang et al., 2020; Mo et al., 2021). Interestingly, comparative metabolomics analysis revealed that lipid and lipid molecules accounted for the largest proportion of DMs (up to 41%) (Figure 7A). Fatty Acyls are modulators of cell membrane properties and a reservoir of energy (de Carvalho and Caramujo, 2018), shows variable production in the group of magnolol treatment. In this study, the abundance of protegenin A increased nearly 58752-fold in the group of treatment. Protegenin (also called bacterial polyynes) act as an antimicrobial agent that is composed of natural compounds containing an ene-tetrayne, ene-triyneene, or ene-triyne (Ross et al., 2014). Polyyne biosynthetic gene clusters are widely distributed within bacteria, such as Pseudomonas protegens, Burkholderia caryophylli, and Pseudomonas fluorescens (Murata et al., 2022). A recent study found that bacterial polyynes disrupt cell membrane integrity and impair the cell viability by inhibiting acetyl-CoA acetyltransferase activity in C. albicans (Lin et al., 2022). These findings indicate that magnolol may influence cell membrane integrity and cell viability via disrupting protegenin A production (Figure 9). However, the underlying mechanism by which magnolol regulates protegenin A production remains to be further investigated.




Figure 9 | The Schematic diagram demonstrating the membrane damage effect of magnolol against M. synoviae. GPs, glycerophospholipids; G-3-P, 1-glyceraldehyde-3-phosphate; PA, phosphatidic acid; LysoPA, lysophosphatidic acid; CDP-DAG, cytidine diphosphate diacylglycerol; PS, phosphatidylserine; PC, phosphatidylcholine; LysoPC, lysophosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; LysoPG, lysophosphatidylglycerol; CL, cardiolipin. The green arrow indicates down-regulated, red arrow indicates up-regulated. the red question mark indicates unknown.



Magnolol reduced the biofilm formation and pathogenicity of M. synoviae. Biofilm is formed in the bacteria that aggregate in the self-synthesized hydrated polymer matrix (Costerton et al., 1999). Previous studies have shown that biofilm-forming ability is affected by energy-related metabolic pathways, including glycerolipid, amino acid, and carbohydrate metabolism (Lu et al., 2019; Qi et al., 2022). This study found that the inhibitory effect of magnolol on the biofilm formation of M. synoviae was enhanced with increasing concentration, which is consistent with previous studies (Behbehani et al., 2017; Guo et al., 2021). Magnolol could not eliminate the mature biofilms of M. synoviae. Previous studies have revealed that magnolol significantly decreased the activity of catalase (CAT), polyphenol oxidase (PPO), superoxide dismutase (SOD), succinate dehydrogenase (SDH) and NAD-malate dehydrogenase (NAD-MDH), and so on (Wang et al., 2020; Mo et al., 2021). In our study, KEGG analysis revealed that the pathway of citrate cycle, glycolysis/gluconeogenesis, and pyruvate metabolism were significantly disturbed in the treatment of magnolol (Figure 6D). This may potentially explain the effect of magnolol on biofilm formation and pathogenicity. Moreover, the proportion of GPs with changed abundance in class of lipids and lipid-like molecules showed highest, accounting for 14% (Figure 7B). PA, PC, PE, PE, PG, and PS belong to GPs and showed widely down-regulated abundance in the magnolol treated group (Figure 9). Previous studies revealed that the abundance of lipids is closely related to the formation of biofilms (Lattif et al., 2011; Benamara et al., 2014) The proportions of PE and PG were significantly higher abundance in biofilms bacteria than planktonic bacteria (Benamara et al., 2014). These findings suggest that the energy-related metabolism (especially lipid metabolism) plays an important role in M. synoviae biofilm formation.
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The rise of multi-drug resistant (MDR) pathogens poses a significant challenge to the field of infectious disease treatment. To overcome this problem, novel strategies are being explored to enhance the effectiveness of antibiotics. Antibiotic adjuvants have emerged as a promising approach to combat MDR pathogens by acting synergistically with antibiotics. This review focuses on the role of antibiotic adjuvants as a synergistic tool in the fight against MDR pathogens. Adjuvants refer to compounds or agents that enhance the activity of antibiotics, either by potentiating their effects or by targeting the mechanisms of antibiotic resistance. The utilization of antibiotic adjuvants offers several advantages. Firstly, they can restore the effectiveness of existing antibiotics against resistant strains. Adjuvants can inhibit the mechanisms that confer resistance, making the pathogens susceptible to the action of antibiotics. Secondly, adjuvants can enhance the activity of antibiotics by improving their penetration into bacterial cells, increasing their stability, or inhibiting efflux pumps that expel antibiotics from bacterial cells. Various types of antibiotic adjuvants have been investigated, including efflux pump inhibitors, resistance-modifying agents, and compounds that disrupt bacterial biofilms. These adjuvants can act synergistically with antibiotics, resulting in increased antibacterial activity and overcoming resistance mechanisms. In conclusion, antibiotic adjuvants have the potential to revolutionize the treatment of MDR pathogens. By enhancing the efficacy of antibiotics, adjuvants offer a promising strategy to combat the growing threat of antibiotic resistance. Further research and development in this field are crucial to harness the full potential of antibiotic adjuvants and bring them closer to clinical application.
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Introduction

The evolution and spread of multidrug-resistant (MDR) bacteria is a matter of global health concern in the 21st century. A WHO report of 2017 identifies ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species) as critical-priority pathogenic bacteria causing fatal antibiotic resistance (Tacconelli et al., 2018). The emergence and spread of MDR pathogens pose a significant threat to public health worldwide. Multi-drug resistance is a complex and multifaceted problem. MDR occurs due to various factors, including the overuse and misuse of antibiotics such as unnecessary prescriptions, inappropriate dosages, incomplete or prolonged treatment courses, a lack of proper and quick diagnostic measures (Cantón et al., 2013), inadequate infection prevention and control practices in health care facilities, poor adherence to hygiene, a lack of sanitation (Chinemerem Nwobodo et al., 2022), and the genetic adaptability of microbial species. Furthermore, routine use of antibiotics in livestock production and in farming and agriculture facilitates the emergence of drug-resistant strains that can spread to humans via the food web or chain (Aslam et al., 2021).

Traditional antibiotics, once hailed as miraculous treatments, are becoming increasingly ineffective against these resilient microbial strains (Smith & Johnson, 2023). Mechanisms which collectively contribute to the reduced susceptibility of drug-resistant pathogens to conventional antibiotics are: 1) production of enzymes like β-lactamases, which break down the molecular structure of antibiotics to render them inactive, is a crucial strategy utilized by the pathogens (Egorov et al., 2018); 2) development of efflux pumps by drug-resistant bacteria to actively expel antibiotics and reduce their concentration in their cells; 3) modification of antibiotic target site; 4) enzymatic inactivation due to bacterial mutations causing production of altered ribosomes or enzymes which can diminish the binding affinity of antibiotics rendering them ineffective (Munita & Arias, 2016). The continuous selective pressure exerted by antibiotics has led to the evolution and dissemination of resistant strains, rendering many commonly used antibiotics ineffective (Davies & Davies, 2010). Consequently, infections caused by these drug-resistant pathogens are associated with higher mortality rates in vulnerable populations. Also lead to increased healthcare costs, prolonged hospital stays, and consuming more resources, resulting in the loss of productivity and necessitating high-acuity care. In recent years, the emergence of extensively drug-resistant (XDR) and pan-drug-resistant (PDR) bacteria has further exacerbated the crisis, leaving clinicians with limited or no treatment options (Struelens, 1998; Ozma et al., 2022). Above all, a lack of new antibiotic development strategies and dependence on already available antibiotics further exacerbate the problem.

This growing crisis necessitates the development of novel strategies to enhance the efficacy of existing antibiotics and combat the rising tide of drug resistance. In order to extend the life and efficacy of the current antibiotic arsenal, such novel strategies should focus on 1) increasing awareness of antibiotic stewardship among all health care communities, 2) enhancing research and development facilities to improve antibiotic production (Prestinaci et al., 2015); and 3) finding ways to prolong the life span and efficiency of currently available antibiotics. Other approaches under investigation are whole genome sequencing, quorum quenching (QQ), viral phage therapy, monoclonal antibodies, drug repurposing, novel small-molecule antibiotics with a focus on biologics and non-antibiotic adjuvants, and complementary and alternative therapies (Uddin et al., 2021). All of these aim to preserve the healthy microbiota while at the same time working toward preventing infections and resistance. However, among all of these strategies, using “antibiotic adjuvants in combination with antibiotics” has proven to be the most successful and effective (González-Bello, 2017).

Antibiotic adjuvants have emerged as a promising approach to counteract multi-drug resistance and restore the efficacy of existing antibiotics. Adjuvants are compounds or substances that are co-administered with antibiotics to enhance their antimicrobial activity. This can be achieved by either directly inhibiting bacterial resistance mechanisms or by potentiating the effects of antibiotics (Gill et al., 2015). The use of antibiotic adjuvants to resist AMR has potential advantages over the development of entirely new antibiotics. Adjuvants can effectively enhance the potency of existing antibiotics. This is made possible by lowering the minimum inhibitory concentration of the antibiotic required to kill the bacteria and allowing for the preservation of currently available treatment options (Melander and Melander, 2017; Laws et al., 2019). Repurposing the antibacterial compounds rendered obsolete (Schweizer, 2019), (Boyd et al., 2021) opens up the possibility of developing numerous analogues as antibiotic adjuvants. Moreover, the combination of adjuvants with antibiotics has the potential to reduce the rates of bacterial mutations, which has the potential to slow the development of resistance because of the well-conserved putative bacterial target (Allen & Brown, 2019). This approach represents a synergistic strategy where the combined effect of the adjuvant and the antibiotic is greater than the sum of their individual effects (Gill et al., 2015). AAs are resistant to antibiotics due to their unique mechanism (Annunziato, 2019), and most importantly, there is no selection pressure as the compounds are nonantibiotic in nature (Melander & Melander, 2017). The antibiotic adjuvant strategy also has certain limitations, like the identification of compounds or substances with essential physicochemical properties that can be used as adjuvants and co-administered with antibiotics, which is a daunting task. Additionally, the drug-drug interactions between antibiotics and adjuvants need to be assessed to avoid deleterious effects. Moreover, to facilitate an efficient co-dosing regimen with optimal spatial and temporal delivery options, adjuvants and antibiotics must have pharmacokinetic and pharmacodynamic properties that are compatible with one another. (Melander & Melander, 2017; Chawla et al., 2022). Concisely, antibiotic adjuvants are essential to enhance the susceptibility of bacteria to antibiotics and combat MDR. (Dhanda et al., 2023).

In the fight against MDR infections, the development and implementation of antibiotic adjuvants is a crucial weapon that offers hope for promising treatment alternatives against the impending danger. The main objective of this review is to provide a brief overview of the alarming issue of multi-drug resistance. It also discusses the mechanisms by which bacteria are rendering antibiotics obsolete, as well as the latest advancements in the development of antibiotic adjuvants. Furthermore, this research tries to notify the gap in the existing scenario and establish links between various strategies that are required to overcome AMR and make a substantial impact on public health and patient outcomes.





Mechanisms of antibiotic resistance

The development of defense mechanisms by bacteria against drugs that were once efficient at treating infections is known as antibiotic resistance (Blair et al., 2015). Bacterial defense armamentarium against antibiotics contributing to antibiotic resistance has evolved over time and includes the following methods: 1) genetic mutations; 2) modification of the drug target; 3) porin mutations causing a reduction in permeability; 4) increase in the number of efflux pumps; 5) enhance the secretion of inactivating enzymes and/or hydrolases; 6) changes in cell morphology; 7)Metabolic regulation or auxotrophy; 8) initiation of self-repair systems within the bacteria; 9) interaction between resistance protein and antibiotic target; 10) acquisition of resistance genes from other bacteria termed as community cooperative resistance; 11) biofilm formation and protection; 12) antibiotic avoidance (Hasan & Al-Harmoosh, 2020; Uddin et al., 2021; F. Zhang & Cheng, 2022). The most crucial among them are summarized in Figure 1.




Figure 1 | Antibiotic resistance mechanisms in pathogenic bacteria.






Genetic mutations

Bacteria can develop mutations in their DNA that result in changes in the structure of the antibiotic target, making it less susceptible to the drug. For example, some bacteria can develop mutations in their DNA that alter the structure of the ribosomes, which are the cellular structures responsible for protein synthesis. This can make it more difficult for antibiotics that target the ribosomes, such as macrolides and tetracyclines, to bind to their target and inhibit bacterial growth (Wang et al., 2023).





Modification of the drug target

Bacteria can change the structure of their cell wall, membrane, or other cellular structures targeted by antibiotics, making them less susceptible to the drugs. For example, some bacteria can modify their cell wall structure, reducing the binding sites for antibiotics that target the cell wall, such as beta-lactams (Schaenzer & Wright, 2020).





Porin mutations causing a reduction in permeability

The absorption of antibiotics by Gram-negative bacteria is significantly influenced by porin channels. Reduced permeability of multiple antibiotic classes, such as aminoglycosides and fluroquinolones, is caused by mutations that result in inactivation or downregulation of porin proteins, such as OprD (Reynolds et al., 2022).





Increased expression of efflux pumps

Bacteria can have efflux pumps that can pump out antibiotics before they can reach their target inside the cell. These pumps can remove antibiotics from the bacterial cell and pump them back out into the environment, reducing the concentration of the drug inside the cell and making it less effective. Efflux pumps can be found in many different types of bacteria and can confer resistance to a broad range of antibiotics (Abdi et al., 2020).





Enhance secretion of inactivating enzymes and/or hydrolases

Some bacteria produce enzymes that can break down or modify antibiotics, rendering them ineffective. For example, some bacteria can produce beta-lactamases, which are enzymes that can cleave the beta-lactam ring present in many antibiotics, including penicillins and cephalosporins, and make them inactive (Schaenzer & Wright, 2020).





Changes in cell morphology

In the presence of antibiotics, bacteria can undergo several morphological alterations, which include changes in cell size, shape, surface-to-volume (S/V) ratio, or curvature. For example, P. aeruginosa changes from rod-shaped to spherical cells in the presence of β-lactam antibiotics. Bacteria also tend to reduce the surface-to-volume ratio in the presence of antibiotics, thereby decreasing the antibiotic influx due to reduced porin and efflux pump expression, ultimately reducing intracellular antibiotic concentration and thus antibiotic resistance. On the other hand, an increase in the S/V ratio leads to a dilution of antibiotics (Ojkic et al., 2022).





Metabolic regulation or auxotrophy

Horizontal gene transfer or genetic mutations in bacteria can lead to significant physiological changes that might be accompanied by alterations in metabolism. Evidence suggests that the accumulation of alarmone (p)ppGpp triggers downstream signaling of rRNA and metabolic processes, determines stress survival, and modulates the bacterial response to antibiotics. For example, ppGpp alarmone mediates vancomycin tolerance in Enterococcus faecalis and also enhances the emergence and existence of persister cells of M. tuberculosis. On the other hand, the presence of auxotrophic strains of bacteria alleviates bacterial sensitivity to antibiotics and reduces the bactericidal actions of antibiotics, thereby enhancing antibiotic resistance (Zhang & Cheng, 2022).





Initiation of self-repair systems within the bacteria

Bacteria can enhance antibiotic resistance by producing certain proteins and expressing genes encoding these proteins. These proteins might be responsible for DNA repair, lipid trafficking, or modulating the expression of porins and efflux pumps. The disruption in the repair of the damaged DNA is impacted by a lower antibiotic concentration, which ultimately leads to antibiotic resistance. Sharma et al. (2017) reported that transcription factors MarR and MarA in enteric bacteria transform the expression patterns of porin channels and efflux pumps, thereby playing a crucial role in antibiotic resistance. In a similar study, Erlandson et al. investigated the existence of a self-resistance protein and its influence on antibiotic resistance in echinomycin-producing bacteria. Ecm16 is a structural homolog of UvrA (a nucleotide excision repair protein) with ATPase activity. They reported that the expression of Ecm 16 in E. coli makes it an echinomycin-resistant strain. Hence, targeting these self-repairing proteins is a novel strategy to overcome antibiotic resistance (Erlandson et al., 2022).





Interaction between resistance protein and antibiotic target

Target protection is crucial to enhance antibiotic resistance. It involves the interaction between resistance protein and an antibiotic target, which prevents the antibiotic from blocking its target and suppresses the effect of the antibiotic. Based on the underlying protection mechanism involved, target proception can be classified into three types: 1) type I, where the drug is removed from the target sterically; 2) type II, where conformational changes are induced within the target that cause the drug to dissociate allosterically from the target; 3) type III, where conformational changes are induced in the target, enabling antibiotic targets to remain functional when bound to antibiotics. For instance, direct displacement of the drug tetracycline from its target, i.e., the 70S binding site of ribosomes, by tetracycline ribosomal protection proteins (TRPPs), facilitates target protection and hence enhances antibiotic resistance (Wilson et al., 2020), (Zhang & Cheng, 2022).





Acquisition of resistance genes

Bacteria can acquire resistance genes from other bacteria through the process of horizontal gene transfer, which can occur through conjugation, transformation, or transduction. Resistance genes can confer resistance to a specific antibiotic or a group of antibiotics and can be located on plasmids, transposons, or other mobile genetic elements that can be transferred between bacterial cells (Shehreen et al., 2019).





Biofilm formation and protection

Bacteria can form biofilms, which are protective layers of extracellular matrix that can shield them from the action of antibiotics. Biofilms can make bacteria less susceptible to antibiotics by reducing the penetration of the drug into the bacterial cell and by providing a physical barrier that can prevent the drug from reaching its target (Gebreyohannes et al., 2019).





Antibiotic avoidance

Some bacteria can avoid exposure to antibiotics by entering a dormant state, known as persistence or tolerance, which makes them less susceptible to the drugs. In this state, the bacteria can survive without dividing or growing, allowing them to evade the action of antibiotics that target rapidly dividing cells (Hembach et al., 2019).

These mechanisms of antibiotic resistance, as presented in Table 1, can occur individually or in combination. The development of novel antibiotics and the prudent use of already-existing ones are crucial in the fight against antibiotic resistance and prevent spread of resistant microorganism.


Table 1 | Various types of antimicrobial resistance mechanism.








Antibiotic adjuvants (AA)

During empirical treatment, physicians generally prescribe two or more antibiotics in order to broaden the spectrum, covering all potential bacterial infections. Evidence suggests that combination therapy exerts a more synergistic effect, resists bacterial resistance, and reduces mortality rates in contrast to medication administration using monotherapy. (Dhanda et al., 2023). For instance, the broader-spectrum antibiotic Bactrim®, which is a combination of trimethoprim and sulfamethoxazole, is available, and the usage of many such combinations remains a clinical mainstay (Kalan & Wright, 2011). Combination therapy is not just restricted to the combination of two or more antibiotics but also involves the use of bioactive chemical entities commonly known as antibiotic adjuvants to augment the potency of a primary antibiotic. Moreover, treatment of drug-resistant bacterial infections using antibiotic adjuvant combinations is regarded as a better treatment choice than using numerous antibiotics. Concisely, it can be stated that antibiotic adjuvants (an antibiotic and a chemical entity) are used as part of combination therapy. They are the compounds with little or no antibiotic activity that are co-administered with antibiotics. They potentiate antibiotic effectiveness and minimize or block bacterial resistance by synergistically acting with them. (Liu et al., 2019). However, the major difference between combination therapy and using antibiotic adjuvant is that in the latter situation, antibiotics can be used alone as monotherapy, whereas adjuvant has no activity of its own (Worthington & Melander, 2013).





Types of antibiotic adjuvants

Antibiotic adjuvants (AA) act synergistically with antibiotics to enhance bacterial susceptibility to antibiotics. They also modulate the host’s immune response to enhance the overall therapeutic outcome. Several classes of adjuvants are known, such as efflux pump inhibitors, β-lactamase inhibitors, quorum sensing inhibitors, and adjuvants targeting bacterial cell wall synthesis and membrane permeability. However, depending on the putative bacterial target and the action carried out, AA can be broadly classified as Class I and Class II antibiotic adjuvants (Wright, 2016). Class I AA acts by targeting active or passive resistance mechanisms in bacteria; Class II AA potentiates antibiotic activity in the host (De Oliveira et al., 2020). Different types of antibiotic adjuvants, along with examples, are presented in Table 2.


Table 2 | Various antibiotic adjuvants along with their mechanism of action and functions.



Class I can be further differentiated into Class IA and Class IB based on their mechanisms of action (Ahmed et al., 2023). Class IA adjuvants are also known as “inhibitors of active resistance,” as they are capable of directly inhibiting antibiotic resistance. They work by inactivating or modifying enzymes, efflux pump systems, or modified drug targets. Class IB adjuvants are also known as “inhibitors of passive resistance,” capable of potentiating antibiotic activity. They act by evading intrinsic and passive resistance mechanisms such as signaling and regulatory pathways, altering outer membrane permeability, evading biofilm formation, or altering physiology (Wright, 2016; Sheard et al., 2019). Class II AA, known as “host modulating adjuvants,” work by targeting host cellular processes to enhance antibiotic efficacy, like triggering an immune response or an increase in phagocytosis. It is noteworthy that the AAs of Class IA are the only clinically available adjuvants, whereas those of Class IB and Class II are under investigation (Wright, 2016; Dhanda et al., 2023). AA can be generically categorized as beta(β)-lactamase inhibitors, efflux pump inhibitors (EPIs), membrane permeabilizers, and anti-virulence compounds based on their commercial availability. (González-Bello, 2017; Annunziato, 2019; Abd El-Aleam et al., 2021). Here are some common types of antibiotic adjuvants:




β-Lactamase inhibitors

β-lactam antibiotics such as penicillins and cephalosporins are often combined with β-lactamase inhibitors. β-lactamase is an enzyme produced by some bacteria that can degrade β-lactam antibiotics, rendering them ineffective. Examples of β-lactamase inhibitors include clavulanic acid, sulbactam, and tazobactam (Bush & Bradford, 2016).





Efflux pump inhibitors

Efflux pumps are mechanisms utilized by bacteria to pump out antibiotics from within their cells, reducing the intracellular concentration of the drug and leading to resistance. Efflux pump inhibitors (EPIs) can block these pumps, preventing antibiotic expulsion and increasing intracellular drug levels. Examples of EPIs include phenylalanine-arginine β-naphthylamide (PAβN) and carbonyl cyanide m-chlorophenylhydrazone (CCCP) (Sharma et al., 2019).





Synergistic combinations

Certain adjuvants can enhance the activity of antibiotics when used in combination. For example, the combination of trimethoprim and sulfamethoxazole (TMP-SMX) works synergistically by inhibiting sequential steps in bacterial folate synthesis, leading to enhanced antimicrobial efficacy (Minato et al., 2018).





Metal ion chelators

Some adjuvants function by chelating metal ions that are essential for bacterial growth and virulence. For instance, ethylenediaminetetraacetic acid (EDTA) can chelate divalent cations like calcium and magnesium, disrupting bacterial cell membranes and increasing the susceptibility of bacteria to antibiotics (Finnegan & Percival, 2015).





Biofilm disruptors

Biofilms are communities of bacteria encased in a protective matrix, making them highly resistant to antibiotics. Adjuvants that can disrupt biofilms, such as enzymes (e.g., dispersin B) or specific agents (e.g., DNase), can enhance antibiotic penetration and efficacy against biofilm-associated infections (Roy et al., 2018).





Immunomodulators

Some adjuvants work by modulating the host immune response, thereby enhancing the efficacy of antibiotics. Immunomodulators can stimulate the immune system, increase phagocytosis, or promote the release of cytokines and chemokines, which can aid in bacterial clearance. Examples include interferons, granulocyte colony-stimulating factor (G-CSF), and immunostimulatory oligonucleotides (Coffman et al., 2010).





Nanoparticles

Nanoparticles can be used as adjuvants to improve antibiotic delivery, stability, and efficacy. They can enhance antibiotic solubility, prolong drug release, and increase drug accumulation at the infection site. Various types of nanoparticles, such as liposomes, polymeric nanoparticles, and metallic nanoparticles, have been explored as antibiotic adjuvants (Zong et al., 2022).

It’s important to note that the use of antibiotic adjuvants may vary depending on the specific antibiotic, the type of infection, and the resistance mechanisms involved. Additionally, the development and use of adjuvants are ongoing areas of research, and new types of adjuvants may emerge in the future.






Mechanism of action of antibiotic adjuvants

AA enhance the antibiotic efficacy and halt/reverse the bacterial resistance via several mechanisms as depicted in Figure 2. Thus, they are also termed as “antibiotic potentiators” (Chawla et al., 2022) or “resistance breakers” (Laws et al., 2019) or “chemosensitizers”(Venter, 2019; González-Bello, 2017; Boyd et al., 2021). Different mechanism of action of antibiotic adjuvants as follows.




Figure 2 | Diagrammatic representation of mechanism of action of various types of antibiotic adjuvants. (A) Class IA beta lactamse inhibitors. (B) Class IB Efflux pump inhibitors and membrane permeabilizers. (C) Class IB Biofilm inhibitors. (D) Class IB Quorum sensing inhibitors. (E) Class II Targeting host defense mechanism with immune enhancers.






Inhibitors of active resistance

Class 1A adjuvants act by targeting resistance caused by bacterial enzymes. Antibiotic activity is impaired by the resistance enzymes via multiple pathways, like modification of antibiotic targets, or antibiotic inactivation by hydrolysis or modification. Class 1A adjuvants are widely accepted adjuvants due to the clinical success exhibited by inhibition of enzyme -mediated resistance. The best example of this class of AA is Beta(β) lactamase inhibitors. Beta lactamase inhibitors are administered along with beta lactam antibiotics (penicillin, cephalosporins carbapenems and monobactams) (Idowu et al., 2019). These antibiotics possess a beta lactam ring which is essential for their antibiotic activity. However, β-lactamases are enzymes with potential to open this beta lactam ring and render the antibiotic ineffective(Tooke et al., 2019). In pursuit to overcome such resistance beta lactamase inhibitors were developed, they work by irreversibly binding to and inhibiting serine beta lactamases and metallo-β-lactamases, and hence preventing inactivation of the antibiotic. This combination (β-lactam antibiotic +β-lactamase inhibitor) is effective against wide spectrum of microorganisms (González-Bello et al., 2020).

The classical example of this combination widely used in clinics is Augmentin (Clavulanic acid + amoxicillin). Here, clavulanic acid irreversibly inhibits Ser-β-lactamases and retains the efficacy of antibiotic amoxicillin against the pathogens(Arer & Kar, 2023). Also, novel antibiotic adjuvants such as diazabicyclooctanones (DBOs), a non-β-lactam β-lactamase inhibitor used in combination with ceftazidime, imipenem and cilastatin show promising results (Yahav et al., 2020). Other examples of such combinations include tazobactam+ piperacillin; sulbactam+ ampicillin; avibactam +ceftazidime (Mosley et al., 2016); tazobactam+ ceftolozane; vaborobactam + meropenem (Lu et al., 2020; Principe et al., 2022). These inhibitors have broader spectra of activity and can inhibit a wider range of β-lactamases including extended -spectrum beta-lactmasese(ESBLs) and carbapenemases. However, inhibitors against carabapenem hydrolyzing oxacillinases (CHLDs) and New Delhi metallo-β lactamses(NDM-1) are under investigation.





Inhibitors of passive resistance

Class 1B adjuvants have emerged as a promising strategy in the battle against antimicrobial resistance (AMR). They are also known as antibiotic potentiators or resistance breakers as they enhance the efficacy of currently available antibiotics, thereby potentiating their action against resistant bacteria.





Efflux pump inhibitors (EPIs)

One of the main mechanisms by which class 1B adjuvants combat AMR is by inhibiting bacterial efflux pumps. Efflux pumps are cellular transport proteins which are actively involved in the cellular extrusion of substances, including antibiotics out of bacterial cell, leading to decreased concentration of antibiotic in the cell and thus reduced efficacy, also generating antibiotic resistance phenotype of bacteria that expresses efflux pump (Abdel-Karim et al., 2022). The types of efflux pumps that exist in these pathogens are i) ATP binding cassette (ABC), ii) small multidrug resistance(SMR) family, iii) major facilitator superfamily (MFS) iv) multidrug and toxin extrusion (MATE) family and v) resistance nodulation and cell division (RND) family and vi) proteobacterial antimicrobial compound efflux (PACE) superfamily (Huang et al., 2022). The RND superfamily is prominent efflux pump family in Gram -ve bacteria, whereas MFS, ABC, MATE and SMR are seen in both Gram +ve and Gram -ve bacteria (Blanco et al., 2016; Auda et al., 2020). Class 1b adjuvants such as EPIs can inhibit these efflux pumps, preventing antibiotic expulsion and allowing higher concentrations of antibiotics to accumulate within the bacterial cells, thereby increasing their potency (Abdel-Karim et al., 2022). Lomovskaya et al., were the first to develop a peptidomimetic EPI, named MC-207,110 [phenylalanyl arginyl β-naphthylamide (PAβN)]. They demonstrated that this EPI when used in combination with either levofloxacin or erythromycin enhances their antibacterial activity against MexAB-OprM-overexpressing strains of P.aeruginosa (Lomovskaya et al., 2001). Successively, several other EPIs were developed but unfortunately couldn’t reach the clinical realm due to toxicity issues in mammalian cells.





Membrane permeabilizers

Class 1B adjuvants known as membrane permeabilizers or membrane saboteurs can enhance the permeability of bacterial cell membranes, facilitating the entry of antibiotics into bacterial cells, enhancing their intracellular concentration essential to kill the bacteria and to overcome resistance (Si et al., 2022). Hydrophobic antibiotics readily cross the lipid bilayer whereas hydrophilic antibiotics can enter bacteria only through channel forming proteins called porins (Gill et al., 2015). Many factors such as membrane lipids, membrane composition, porins and presence of efflux pumps influence membrane permeability and drug uptake affecting susceptibility of bacteria to antibiotics. Outer membrane(OM) of Gram -ve bacteria has an additional outer layer of polyanionic lipopolysaccharides (LPS) that makes the membrane more impermeable than Gram +ve bacteria (Farrag et al., 2019). Electrostatic interactions between divalent cations (Ca2+ and Mg2+) and anionic phosphate group in lipid A are essential for stabilization of OM LPS structure (Domalaon et al., 2018). Over expression of porins and extra outer membrane confer resistance to bacteria (Delcour, 2010). Antimicrobial peptides (Colisitn), detergents, nanoparticles (Polymyxin B nonapeptide (PMBN) can be used as membrane saboteurs to enhance membrane permeability and increase antibiotic concentration essential to kill the bacterial cell (Si et al., 2023). Cerium oxide nanoparticles were demonstrated to be potential antibiotic adjuvants specifically membrane permeabilizers that enhance the antibiotic activity against AMR (Bellio et al., 2018). Natural compounds such as thymol and gallic acid, glycosylated cationic block poly beta peptide (PAS8-b-PDM12) (Si et al., 2020), chitosan derivatives 2,6-diaminochitosan (2,6-DAC) (Si et al., 2021), glycine containing amino acid conjugated polymer (ACP) (Barman et al., 2019), polyurethanes and polycarbonates were found to be potent membrane permeabilizers.





Proton motive force (PMF) inhibitors

Furthermore, for agents with cytosolic targets inner membrane acts as a potential barrier, restricts the diffusion of hydrophilic molecules. Transporter proteins are essential for movement of charged particles and hydrophilic molecules into the cell. Efflux pumps utilize proton motive force (PMF) to remove antibiotics, decrease their concertation and hence protect the bacterial cell (Wang et al., 2021). PMF is an electro chemical proton gradient governed by the electric potential (ΔΨ) and the proton gradient (ΔpH). A balance is maintained between these two components to have stable PMF levels (Farha et al., 2013). PMF is the driving force required for ATP synthesis in bacterial cell, it also powers bacterial cell motility and cell division (Lee et al., 2023). PMF is essential for entry of weakly charged and amphiphilic particles into cytosol. Tetracyclines and loperamide penetrate bacterial cell in a ΔpH-dependent manner, however, loperamide dissipates the electric potential (ΔΨ) of PMF. As a counter regulatory mechanism to maintain PMF maintain and ATP synthesis levels, bacteria increase the transmembrane proton gradient (ΔpH) in the cell which in turn enhances the uptake of tetracycline. In contrast, aminoglycoside uptake is ΔΨ dependent, explaining the antagonistic effect between loperamide and aminoglycosides (Ejim et al., 2011). Polymyxin inhibits ΔΨ and alters membrane permeability by disrupting LPS structure. PMF inhibitors e.g., thioridazine, nordihydroguaiaretic acid, trifluoperazine, gossypol, amitriptyline and carbonyl cyanide m-chlorophenyl hydrazone (CCCP),antibiotic hybrids were found to eliminate MRSA cells by disrupting PMF by exhausting either ΔΨ or ΔpH (Mohiuddin et al., 2022).





Biofilm inhibitors

Bacterial growth adaptations against stress, desiccation, the oxidizing effects of chemicals, and the host’s immune system led to the development of bacterial biofilms. Concisely, these biofilms are essential for bacterial survival in harsh environments. In addition to contributing to antibiotic resistance and enhancing bacterial pathogenicity, they are the source of chronic or persistent infections. Bacteria tend to live in communities attached to the nearby surfaces enclosed within a matrix. This extracellular matrix (ECM) will be formed by bacterially secreted extrapolymeric substances (EPS), which are a complex mixture of exopolysaccharides, DNA, proteins, and lipids. These stationary microbial communities that thrive on host tissues and implanted medical devices are termed ‘Biofilms’. The biofilm matrix allows bacterial communities to co-exist in close proximity. These biofilm communities are heterogeneous and possess interstitial voids, a unique architectural feature. The main function of the interstitial voids is to act as a circulatory system and facilitate the diffusion of nutrients, gases, and antimicrobial agents, as well as the removal of metabolic wastes. The existence of cells in close proximity to biofilms enables the exchange of plasmids, quorum sensing molecules called quoromones, and horizontal transfer of antibiotic resistance genes (Ghosh et al., 2020; Davies and Davies, 2010).

The transition from the free-floating planktonic phase to the formation of biofilm is an intricate and tightly controlled multi-step cascade that occurs via the following steps: The first step consists of the attachment of planktic bacterial cells to the surface using appendages, sex pili, or fimbriae, under stress conditions. The second step involves the aggregation and colonization of single-seeded cells. Subsequently, growth and cell division of seeded bacterial cells occur, during which they secrete EPS that offers structural rigidity and release chemicals called quoromones (quorum sensing molecules), responsible for bacterial cell communication and controlling the gene expression of the biofilm. Cell division and aggregation/colonization occur until there is a significant increase in the cell density in the biofilms. This is called the maturation phase. This mature biofilm structure is responsible for antibiotic resistance. In this stage, the EPS restricts the movement of substances and increases toxic buildup, due to which the bacteria get activated. Subsequently, they secrete EPS-digesting hydrolases, which help dissolve EPS around them and release the planktic bacterial cells, which can seed into new colonies (Luo et al., 2021). Biofilm formation is crucial for the development of antibiotic resistance, recalcitrance, and recurrent chronic infections that are difficult to treat. For instance, biofilm-forming phenotypes of P. aeruginosa were found in the clinical isolates of cystic fibrosis patients, in patients with chronic wounds, and also in those suffering from ventilator-associated pneumonia (VAP), making it difficult to treat such patients (Mulcahy et al., 2014).

The mechanisms by which bacterial biofilms enhance antimicrobial resistance are: 1) resistance due to the complex nature of the biofilm surface; 2) resistance due to challenging microenvironments within the biofilm; and 3) resistance due to the polymorphic and heterogeneous nature of the biofilms (Luo et al., 2021). The EPS is a sticky layer that acts as a natural defense, shielding the bacteria against stressful conditions and chemicals. Its composition is also varied. EPS delays diffusion, decreases the rate of drug penetration, and blocks the entry of certain chemicals, thereby enhancing resistance to antibiotics. The microenvironment inside the biofilm is intriguing and prone to change. At different strata, it has different chemistry; deep inside, metabolic wastes and nutrients are accumulated. It becomes more anaerobic in nature, which is not favored by antibiotics. Some of the bacteria turn into spore-like dormant forms called ‘Persister cells (Abebe, 2020). These dormant forms do not divide in unfavorable conditions and are central to the recalcitrance of chronic cells, enhancing antibiotic resistance; hence, the eradication of persisting cells is also important (Allen & Brown, 2019). Antibiofilm agents, either alone or in conjunction with antibiotics, are being used to destroy bacterial biofilms. Many agents such as N-acetylcysteine (NAC), Tween 80, D-amino acid, polyamine norspermidine (Böttcher et al., 2013), Dispersin B (DspB), DNase I, and α-amylase are used as antibiofilm agents (Hawas et al., 2022). These agents can be classified under Class IB AA as they work toward enhancing antibiotic sensitivity by disrupting various phases in biofilm formation and maturation, such as i) inhibition of adherence of bacteria to surfaces; ii) attenuation of QS signaling cascade; iii) disruption of second messengers involved in various signaling cascades; iv) inhibition of biofilm maturation (Wu et al., 2015; Ghosh et al., 2020). v) modulation of cyclic di-guanosine monophosphate (c-di-GMP) or passive (enzymatic or physical biofilm disruption) essential for dispersal of mature biofilms (Wille & Coenye, 2020). Yu et al. (2015) showed that exogenously administered Ps1G, a glycosyl hydrolase produced by P. aeruginosa, effectively inhibits biofilm formation and enhances disruption of existing biofilms. Zhang et al. (2013) reported that streptomycin coupled with chitosan inhibited biofilm formation and led to the disruption of established biofilms.





Quorum quenchers/quorum sensing inhibitors

Alternatively, bacterial co-existence in the host depends mainly on its chemical communication using specialized molecules called ‘auto-inducers (AIs),’ and this phenomenon is called “quorum sensing (QS)” (LaSarre & Federle, 2013). QS helps the bacteria suppress the host immune system, migrate to a suitable environment to flourish, and form biofilms; all these acts render antibiotics less efficient (Soukarieh et al., 2023). The molecules involved in QS are different in Gram-negative (-ve) and Gram-positive (+ve) bacteria. Based on their molecular structure, QS signaling molecules are divided into three groups: 1) QS molecules in Gram+ve bacteria are oligopeptides or auto-inducing peptides (AIPs). For example, in Staphylococcus aureus, AIPs are QS molecules used for chemical communication, where the autoinducer phosphorylates the receptor bound to the cell membrane. 2) Furthermore, QS signaling molecules in Gram-ve bacteria are derivatives of fatty acids such as N-acyl-homoserine lactones (AHLs) and cis-11-methyl-2-dodecenoic acid (DSF). For example, in Pseudomonas aeruginosa, AHLs synthesized by LuxI-type synthases or other molecules synthesized from S-adenosylmethionine (SAM) are used, where the autoinducers bind to cellular receptors after freely diffusing into the cell (Lazar et al., 2021). 3) Other classes of QS signaling molecules include autoinducer-2 (AI-2), α-pyrone, integrated quorum-sensing signal (IQS), 3-hydroxy-methyl palmitate (3-OH-PAME), Pseudomonas quinolone signal (PQS), dialkyl resorcinols (DARs), and p-coumaroyl-HSL (aryl-HSL) (Zhu et al., 2023). QS disruption is crucial to overcome antibiotic resistance. It could be possible by tampering with either the QS signaling molecules, such as AHLs, or interfering with the QS signaling pathways (modifying the signal generator or receptor). The enzymes used to disrupt QS signals are called quorum quenching enzymes (QQE). QS pathways can be modulated using chemicals known as quorum quenchers (QQ) or quorum sensing inhibitors (QSIs), which further decrease QS-controlled gene expression (Fong et al., 2018). Soukareih et al. reported that QSI (R)-2-(4-(3-(6-chloro-4-oxoquinazolin-3(4H)-yl) -2-hydroxypropoxy)phenyl)acetonitrile, conjugated with the comonomer 2-dimethylaminoethyl acrylate (DMAEA), could efficiently disrupt P. aeruginosa biofilms when used in combination with ciprofloxacin (Soukarieh et al., 2023).





Targeting host defense mechanisms

AMR can be subdued by using unconventional treatment strategies where non-vital bacterial processes are targeted, such as cell attachment, host-pathogen interactions, or enhancing host defensive mechanisms. These mechanisms offer advantages such as lesser selection pressure and stable host protein targets due to the slow evolution of microbial resistance. Class II AA are a new class of drugs that are currently under investigation targeting the host’s defensive mechanisms, making them suitable candidates to overcome the existing antibiotic crisis. They can be termed “immune enhancers.” The host defense mechanisms being targeted include: i) regulating pattern recognition receptor (PRR) signaling pathways. e.g., 4C-Staph/T7-alum vaccine containing a TLR7-agonist (SMIP.7-10) and T7-alum adjuvant was found efficient to treat peritonitis in mice caused by staphylococcal strains (Bagnoli et al., 2015; Mancini et al., 2016); ii) enhancing the autophagy activity through the use of P38 and cathepsin B inhibitors. (C) Stabilizing hypoxia-inducible factor 1α (HIF α). HIF-1α is a key regulator of the immune response. Augmentation of HIF levels might enhance antimicrobial activities and boost infection clearance in the majority of infections. Contrastingly, some microorganisms, such as Toxoplasma gondii and Leishmania, thrive well when HIF levels are enhanced. Zinkernagel et al. (2008) reported that mimosine augments HIF-1α, which enhances the bactericidal activity of phagocytes. Similarly, it was found that HIF-1α stabilizing agent AKB-4924 reduced uropathogenic Escherichia coli (UPEC) bladder infection in mice by 10-fold; it was found to be efficient in killing Acinitobacter baumanii and Pseudomonas aeruginosa and limiting S. aureus in a skin abscess model in mice (Okumura et al., 2012). (D) regulating ROS and RNS production. ROS-inducing strategies like antimicrobial photodynamic therapy (aPDT) and cold atmospheric plasma (CAP) enhance microbial eradication used to treat wounds and in food contamination cases (Li et al., 2021). Alternatively, antibiotics, when combined with antimicrobial peptides, show synergistic effects and enhance antimicrobial activity. Haisma et al. (2014) demonstrated that peptides of human cathelicidin LL-37 and its derivatives, such as P60.4Ac and peptide 10 (P10), were efficient antibiofilm agents and could efficiently eradicate multidrug-resistant S. aureus (MRSA) and mupirocin MRSA from burn wounds without altering the viability of the host keratinocytes. Another example is that of BAY 11-7082 (BAY, an inhibitor of IkBα kinase), which inhibits nuclear factor-kappa B (NF-kB) activation, which could in turn enhance macrophage apoptosis and autophagy, which are essential for pathogenic clearance and killing intracellular Mycobacterium tuberculosis (MTB) (Bai et al., 2013). However, care must be taken while using immune enhancers, as overstimulation of the immune system can lead to deleterious effects on the host.

Finally, it is plausible to conclude that antibiotic adjuvants are crucial, with significant clinical ramifications in the fight against antimicrobial resistance. They can be a valuable addition to the arsenal of existing antibiotics due to their ability to enhance antibiotic efficacy, prevent biofilm formation, provide alternative strategies to overcome resistance, and prevent its further development. These valuable tools can be utilized in clinical practice for managing infections caused by multidrug-resistant pathogens; they can significantly improve prognosis and preserve the effectiveness of antibiotics in the long term.






Conclusion and future prospective

Antibiotic adjuvants represent a promising and synergistic tool in the battle against MDR pathogens. The current study on antibiotic adjuvants opens up several avenues for future research and further directions. Here are some potential areas to explore: Adjuvant Development: With the rise of antibiotic resistance posing a significant threat to public health, the development of new strategies to enhance the efficacy of existing antibiotics is crucial. Adjuvants offer a unique approach by targeting the underlying mechanisms that contribute to antibiotic resistance and working in synergy with antibiotics to overcome these challenges. Continued research and development of adjuvants is crucial. Investigating new adjuvant compounds or modifying existing ones to improve their efficacy, safety, and specificity can lead to the discovery of more potent adjuvants. Understanding the mechanisms of action and identifying new targets for adjuvants can further enhance their ability to combat multidrug-resistant pathogens. Mechanism Elucidation of adjuvants: one of the key advantages of antibiotic adjuvants is their ability to reverse or suppress antibiotic resistance mechanisms in bacteria. Adjuvants can inhibit efflux pumps, enzymes, or biofilm formation, which are common strategies employed by bacteria to resist the effects of antibiotics. By blocking these resistance mechanisms, adjuvants can restore the susceptibility of bacteria to antibiotics, allowing the drugs to once again effectively kill the pathogens. Another important aspect of antibiotic adjuvants is their potential to target bacterial virulence factors. Unlike antibiotics that primarily target bacterial growth and survival, adjuvants can interfere with the mechanisms that enable bacteria to cause harm to the host. By inhibiting virulence factors such as toxin production or adhesion to host tissues, adjuvants can attenuate the pathogenicity of bacteria, allowing the host’s immune system and antibiotics to more effectively clear the infection. Gaining a deeper understanding of the mechanisms by which adjuvants overcome antibiotic resistance is essential. This knowledge offers a significant advantage over developing entirely new antibiotics or adjuvants with tailored mechanisms of action for different resistance mechanisms or bacterial species. Furthermore, antibiotic adjuvants have demonstrated the ability to enhance the activity of antibiotics through synergistic interactions. Adjuvants can potentiate the effects of antibiotics by increasing their uptake into bacterial cells, improving their binding to targets, or interfering with bacterial defense systems. This synergistic effect not only improves the overall efficacy of antibiotics but also helps to overcome the development of resistance. Combination Strategies: By using adjuvants in combination with antibiotics, lower doses of antibiotics can be used, reducing the likelihood of resistance emergence. Investigating the potential of combining adjuvants with other therapeutic approaches, such as phage therapy, immunotherapy, or host-directed therapies, is a promising direction. Understanding the synergistic effects and potential interactions between adjuvants and alternative therapies can provide valuable strategies for combating multidrug-resistant pathogens. In vivo studies: Identifying adjuvants with high specificity and low toxicity is essential to ensuring their safety and efficacy. Additionally, the optimization of adjuvant-antibiotic combinations requires extensive research, both preclinical and clinical trials in animal and human models, to determine the most effective strategies for different pathogens and resistance mechanisms. Clinical implementation: Translating the use of adjuvants into clinical settings is a crucial step. Real-world studies can provide data related to cost effectiveness, feasibility, toxicity, etc., which can provide protocols necessary for their usage in clinical settings. However, it is worth noting that the development and implementation of antibiotic adjuvants face certain challenges like lack of proper research, insufficient funds, rapidly growing resistant strains, etc. Despite these challenges, antibiotic adjuvants hold great potential for combating MDR pathogens. They offer a multifaceted approach by targeting resistance mechanisms, enhancing antibiotic activity, and attenuating bacterial virulence. The integration of adjuvants into existing antibiotic treatment regimens could revitalize the efficacy of currently available antibiotics, prolong their lifespan, and provide an essential tool in the fight against antibiotic resistance. Moving forward, continued research and development in the field of antibiotic adjuvants are crucial. Collaborations between scientists, clinicians, and pharmaceutical companies are necessary to identify and optimize adjuvants that can be successfully translated into clinical practice. Additionally, regulatory agencies play a vital role in ensuring the safety and efficacy of adjuvants and providing guidelines for their appropriate use.

In conclusion, antibiotic adjuvants offer a promising solution to combat MDR pathogens. By addressing the challenges posed by antibiotic resistance through various mechanisms, adjuvants have the potential to revolutionize the treatment of infectious diseases. Continued efforts to develop and implement antibiotic adjuvants are essential in our fight against the growing threat of antibiotic resistance and to safeguard public health.
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Background: Collecting data on antimicrobial resistance (AMR) is an essential approach for defining the scope of the AMR problem, developing evidence-based interventions and detecting new and emerging resistances. Our study aimed to identify key factors influencing the implementation of a laboratory-based AMR surveillance system in Cambodia. This will add additional insights to the development of a sustainable and effective national AMR surveillance system in Cambodia and other low- and middle-income countries.

Methods: Key informants with a role in governing or contributing data to the laboratory-based surveillance system were interviewed. Emerging themes were identified using the framework analysis method. Laboratories contributing to the AMR surveillance system were assessed on their capacity to conduct quality testing and report data. The laboratory assessment tool (LAT), developed by the World Health Organisation (WHO), was adapted for assessment of a diagnostic microbiology laboratory covering quality management, financial and human resources, data management, microbiology testing performance and surveillance capacity.

Results: Key informants identified inadequate access to laboratory supplies, an unsustainable financing system, limited capacity to collect representative data and a weak workforce to be the main barriers to implementing an effective surveillance system. Consistent engagement between microbiology staff and clinicians were reported to be a key factor in generating more representative data for the surveillance system. The laboratory assessments identified issues with quality assurance and data analysis which may reduce the quality of data being sent to the surveillance system and limit the facility-level utilisation of aggregated data. A weak surveillance network and poor guidance for outbreak response were also identified, which can reduce the laboratories’ opportunities in detecting critical or emerging resistance occurring in the community or outside of the hospital’s geographical coverage.

Conclusion: This study identified two primary concerns: ensuring a sustainable and quality functioning of microbiology services at public healthcare facilities and overcoming sampling bias at sentinel sites. These issues hinder Cambodia’s national AMR surveillance system from generating reliable evidence to incorporate into public health measures or clinical interventions. These findings suggest that more investments need to be made into microbiology diagnostics and to reform current surveillance strategies for enhanced sampling of AMR cases at hospitals.

KEYWORDS
 antimicrobial resistance, laboratory-based surveillance, qualitative research, laboratory capacity assessments, clinical microbiology


Introduction

Antimicrobial resistance (AMR) is one of the leading global health threats; in 2019, an estimated 4.95 million deaths were associated with drug-resistant infections (1). The burden of AMR is disproportionately higher in low- and middle-income countries (LMICs) due to flagrant drug consumptions and utilisations (2). A study analysing global antibiotic consumption demonstrated that consumption in LMICs more than doubled from 2000 to 2015, reaching a rate of 24.5 billion defined daily doses (3). In Southeast Asia, the increase in AMR has also been attributed to socio-economic development and unregulated access to antimicrobials (4). Cambodia, in particular, has a high potential for emerging AMR threats due to its high prevalence of infectious diseases. A Cambodian paediatric hospital retrospectively analysed bacterial infections over a 9-year period and found that Acinetobacter baumannii had a resistance ratio of 93.3% towards third-generation cephalosporins while 62.1% of Klebsiella pneumoniae isolates were resistant to both ampicillin and gentamicin (5). Furthermore, a study from 2017 investigating animal products at Banteay Meanchey, a rural province in Cambodia, found that 52% of Salmonella isolated from these samples were multidrug-resistant (6). Although data on AMR is still scarce, available evidence from Cambodia and neighbouring countries suggests that the burden of AMR in Cambodia is likely to be high (7).

Cambodia has made great efforts in combating AMR by developing and implementing the Multi-Sectoral Action Plan on Antimicrobial Resistance and establishing a national AMR surveillance system (8). This national AMR surveillance system was fully established in 2018 by the Communicable Disease Control Department of the Ministry of Health. The surveillance system is a laboratory-based surveillance consisting of 8 sentinel sites distributed across the country, while the Communicable Disease Control Department serves as the coordinating centre responsible for governance and data aggregations (9). The geographical distribution of each sentinel site is shown in Figure 1. Cases are identified routinely when laboratory tests are positive for any of the 7 priority pathogens. The system collects microbiology laboratory data at all 8 sentinel sites while inpatient admission and specimen request ratios are collected from 4 sentinel sites. The National Reference Laboratory (NRL) is also a component of the surveillance system which enhances quality assurance by conducting confirmatory tests for isolates sent by sentinel sites. The national AMR surveillance system in Cambodia has successfully continued its operations likely due to contributing factors such as stakeholder accountabilities fostered by numerous policies and guidelines, financial and technical assistance from international partners and strong commitment to combat AMR by the government (10). Ultimately, this surveillance system aims to measure the health burden of AMR, provide data to inform interventions, and detect emerging resistance.

[image: Figure 1]

FIGURE 1
 Distribution of all 8 sentinel sites participating in Cambodia’s national AMR surveillance system.


Conducting routine AMR surveillance at the national level enables the country to characterise the geographical and temporal patterns and magnitude of AMR. This information is essential for the development and refinement of public health policies and programs aimed at reducing AMR as well as guiding local empirical antimicrobial therapies (11, 12). However, implementing a robust AMR surveillance system capable of generating high quality data is challenging especially for LMICs due to weak microbiology laboratory capacity and governance, and sub-optimal availability of resources and investments (13, 14). A review of AMR research from Cambodia in 2019 suggested that unstandardised data, absence of data on important resistance mechanisms and low sample numbers will be an obstacle for utilising available data to inform local strategies (7). Additionally, the distribution of Cambodia’s sentinel sites further limits the system in generating nationwide-representative results, as they are situated only in urban areas or large provinces (10). These are some of the challenges that need to be overcome in order to develop a surveillance system capable of accurately measuring the scope of the AMR burden in Cambodia and effectively guiding interventions. However, to the best of our knowledge, there are no existing studies which explores the perspectives of those who are directly involved with managing, operating or using a laboratory-based AMR surveillance system in Cambodia. This study intends to fill this important gap in literature by incorporating these perspectives with quantitative assessments. It aims to determine the barriers and facilitators to implementing a laboratory-based AMR surveillance system in Cambodia to support the development of an effective AMR surveillance system.



Methods


Study design and settings

We applied concurrent mixed qualitative-quantitative methods to have a more nuanced perspective of barriers and facilitators influencing development of an effective AMR surveillance system in Cambodia. The qualitative aspect of the study included document review and analysis, direct field observations and key informant interviews (KII). For document review and analysis, policy documents such as standard operating procedures (SOP) guidelines, national action plans and reports related to Cambodia’s AMR surveillance system were reviewed using qualitative document analysis pre- and post- interviews. This was done to gain insights into the key themes and objectives of the national AMR surveillance system in Cambodia, gather more information during interviews and identify any discrepancies between guidelines and the associated implementation. Semi-structured interviews with key informants (KI) were conducted to gain a deep understanding of the perspectives of national level individuals involved with policy development and implementers of the National AMR surveillance system. Field observations at sentinel sites and the Communicable Disease Control Department also gave detailed insights into the reporting and management of AMR data such as the use of paper-based records, digital platforms to store the AMR data and how these two are integrated at the central level. Observations were recorded and stored in field notes. Together, this data triangulation provided the source of data for qualitative analysis on the factors influencing AMR surveillance system implementation for this study. In addition, we further assessed the AMR surveillance system by evaluating the capacity of microbiology laboratories using an assessment tool. This allows an in-depth analysis of the various technical issues faced by laboratories participating in the surveillance system. Permission for conducting the assessment was given by and conducted at 6 sentinel sites.



Participant selection and characteristics

As a first step, stakeholder analysis was conducted by reviewing the Multi-Sectoral Action Plan on Antimicrobial Resistance in Cambodia 2019–2023 and the SOP for Cambodia Laboratory-based Surveillance resulting in a total number of 25 potential informants (9). KI were purposively selected on the following criteria: a current role in the national AMR surveillance system or work involving antibiotic resistance and the utilisations of data collected by the surveillance system. To gain comprehensive understanding of the challenges of implementation, it was essential that we investigate all aspects of the surveillance system’s structure from sample collection to data analysis and data utilisation. As such, prospective respondents included a diverse group of laboratory staff, individuals who interact with and manage the AMR surveillance database, hospital management with influence over the surveillance implementation, potential users of AMR surveillance data, and those who work at the central level to govern and monitor the progress of the surveillance system. We classified our study population into two groups: Surveillance personnel (SP) and high-level management (HM). SPs were directly involved with contributing to the collection of surveillance data and routine functioning of the system. HMs were individuals entitled to make governing decisions and influence policies, designs or resource allocations related to the national AMR surveillance system. KI were contacted by an invitation letter as well as by a phone call for confirmation. 22 of the 25 identified KI accepted the invitation and allowed the interviews. The three KI which did not accept the invitation, due to conflicting schedules, provided contacts of replacements who had similar roles and backgrounds. Invitations for interviews were terminated when data saturation was reached, and no additional themes could be identified. All 25 KIIwere conducted between October 2022 and February 2023.



Data collection


Key informant interviews

Two semi-structured interview guides asking on similar elements but tailored for SPs and HMs were developed. The interview guides consisted of open-ended questions categorised into four different sections: (1) Role and organisational involvement in AMR surveillance in Cambodia. (2) Surveillance resources. (3) Surveillance function and data management. (4) Perceptions and recommendations for AMR surveillance in Cambodia. Guides for HMs includes an additional fifth section with questions on the application and utilisations of surveillance data. The semi-structured interview format was used to allow for a degree of flexibility in exploring themes due to the diverse professional background of respondents. Each guide was developed in English and translated to Khmer (Supplementary files).

To improve appropriateness of the interview guides, they were piloted with two microbiology staff: the head of microbiology unit at the national reference lab and a laboratory technician whose role involves data entry and reporting of AMR trends. Their characteristics matches well with some of the study population.

Key informant interviews took place in each interviewee’s office and through video calls on Zoom when in-person interviews are not possible. All interviews were conducted in the respondents’ native language (Khmer or English) and took between 45 and 60 min. Each interview was conducted by two researchers – an interviewer (SM) and a note taker (CS or SL). All three authors have had prior training and experience in qualitative analysis. SM is a male researcher at the NIPH and has no established relationship or connections to the AMR surveillance system or individuals working within it. CS is a male researcher and a surveillance officer for the influenza-like illnesses (ILI) and severe acute respiratory infection (SARI) surveillance system. Their experience with the ILI and SARI surveillance system may result in pre-conceived notions of the factors that influence the AMR surveillance systems. Both SM and CS considers themselves as outsiders to the AMR surveillance system. SL is a female quality officer at the NRL and has established relationships with some key informants identified in the study. SL may be biased towards her experience as a staff at the NRL as well as having worked with certain key informants in the past. Their experience of working within the Cambodian health system may also confer assumption of resource constraints and their effects. All three were encouraged to conduct the study without any assumptions about the surveillance system prior to the start of the interviews. To reduce the influence of individuals’ positionality, more than one researcher conducted the KII and qualitative analysis. Furthermore, interviewers used probes sparingly and in a neutral and respectful manner to allow the informants to express their own views when expanding on their ideas.

Interviews were recorded, manually transcribed, and translated verbatim by SC and SM. Interviews which did not receive consent to be audio recorded were written in an interview note format in Khmer and also translated into English. SM proofread the translated transcripts. There were no repeat or follow-up interviews during the period of this study. To reduce misinterpretations, notes made during the interview were debriefed and further discussed among the research team post-interview. KI were not given the option to read transcripts before analysis. Instead, respondent validations were conducted after qualitative analysis to increase validity of our interpretations. Preliminary themes were summarised and shown to respondents by an email or a text message containing a link to an online survey (QualtricsXM, Provo, UT). KIs were asked to identify errors or gaps in interpretations and provide additional information on the challenges of implementing AMR surveillance which have not been identified in the initial analysis.



Laboratory assessment

We developed our assessment tool by adapting the WHO’s Laboratory Assessment Tool (LAT) for facilities to reflect laboratory functions which are relevant to the needs of the AMR surveillance system as set out by surveillance system’s SOP (15). The adapted LAT contains 10 different modules with a total of 293 questions. These are closed questions which can be answered with 1. Yes, 2. Partial, 3. No or 4. Not Applicable (NA). Some indicators had responses of 1, 2 and 3. Responses with Yes or 1 were given a score of 100%, 2 were given a score of 50% while 3 or No were given a score of 0%. NA responses were not included in the calculations. The laboratory quality management system team and microbiology unit of the NRL were consulted to support the tool’s development.

Laboratory assessments were conducted by an assessment team comprised of four individuals with experience in laboratory quality management and clinical microbiology. The assessments took two working days to complete for each sentinel site. Field observations, document inspections and short interviews were used to collect data for the assessment tool. Prior to each assessment, laboratories were requested to nominate one laboratory technician and one quality officer who could answer questions on day-to-day operations. Each interview took between thirty minutes and one hour and questions were directly from the LAT. Overall, 6 interviews were conducted with 12 laboratory staffs for the assessment.



Data management and analysis

A framework analysis of the key informant interview data was conducted starting with data familiarisation through multiple re-readings of the interview transcripts. To accurately report the situation, the primary and secondary author conducted field visits alongside the laboratory assessment team to fully immerse in the situation of the surveillance system. We utilised a data-driven method by performing an initial round of inductive coding on three transcripts resulting in codes which are specific to the AMR surveillance system in Cambodia. This formed the initial analytical framework. Deductive coding of more transcripts was performed, making sure to note any passages or codes which do not fit into the existing set of codes. This process of inductive and deductive coding was iterated until no new codes were generated resulting in the final analytical framework. This analytical framework was applied to the transcripts and charted into a framework matrix enabling cross-case analyses and developments of memos. Memos and codes in the framework matrix were built into themes which were revisited and refined consistently throughout the process (Table 1). Framework analysis was led by SM and SC using Microsoft Word and Microsoft Excel. Results from validation survey were considered as additional data and contributed to the refinements of emerging themes. Following the completion of the laboratory assessments at each sentinel sites, questions were organised into 25 distinct indicators where the score of each indicator was determined by taking the average score of all questions grouped with that specific indicator. These indicators were then further grouped into 5 broad dimensions for analysis (1). Quality Management (2). Financial and Human Resources (3). Data and information management (4). Microbiology Testing Performance (5). Surveillance Capacity. The score of each dimension is calculated as the average of all indicator scores grouped within the dimension. The structure of each dimension and their associated indicators is described in Table 2. For the microbiology testing performance dimensions, only tests that are relevant to identifying the seven bacteria under surveillance are assessed: Staphylococcus aureus, Streptococcus pneumoniae, Klebsiella pneumoniae, Salmonella spp., Acinetobacter spp., Escherichia coli and Burkholderia pseudomallei. The full list of questions grouped under each indicator, full formulas for calculating indicator and dimension scores and the complete LAT used in this study can be found in the Supplementary files.



TABLE 1 Code tree and descriptions.
[image: Table1]



TABLE 2 Dimensions and indicators evaluated by the laboratory assessment tool.
[image: Table2]



Ethical considerations

Ethical approval for the research protocol was obtained from the National Ethics Committee for Health Research in Cambodia (NECHR No. 311). All informants were provided an information sheet, informed about the objective of the study, and were asked to review and sign a consent form prior to the interviews. Consent was also obtained for audio-recording when permitted. Informants kept a copy of both the information sheet and consent form for participation in the study. Identifying information was removed to ensure anonymity and confidentiality as indicated by the informants. To provide additional confidentiality, informants were provided with the option of not being quoted. Confidentiality was maintained throughout the whole process of data collection, analysis and publication or report.





Results


Key informant’s perspectives


Characteristics of key informants

In total, 25 individuals (18 HMs and 7 SPs) participated in the qualitative study and took part in the KIIs. Some KI fulfilled dual roles as both AMR focal points and as laboratory staffs (laboratory technicians or managers); the full list of KI and their associated background is outlined in Table 3. The response rate to the respondent validation survey was 68% (17/25).



TABLE 3 Key informants’ characteristics.
[image: Table3]



Microbiology supplies and logistics

Accessing quality laboratory supplies were widely agreed to be a constraint for the surveillance system. Although Cambodia has improved its access to growth media with the development of the central media making laboratory (CMML), obtaining certain microbiology reagents or consumables remain a burden for sentinel sites due to their high cost (16). In Cambodia, public healthcare facilities have two primary means of procuring medical supplies: by direct purchasing from private distributors, and through a benefit package offered by the government through the central medical store (CMS).

Despite the addition of microbiology materials in the essential medicines list in 2018, key informants explained that microbiology supplies were rarely procured by the central government as haematology and biochemistry laboratory supplies were cheaper and perceived to be of higher priority. Therefore, sentinel sites are reliant on supplies purchased from private distributors who often sell these items at a high price for profit. The main factors attributed to driving the cost of microbiology supplies is a combination of weak supply chain, small number of microbiology laboratories and inability to make bulk purchases. Consumables and reagents that need to be imported such as antibiotic disks are particularly susceptible to an increase in price due to cost of shipping through cold storage, distance and import tax. Additionally, informants reported that the small number of tests being conducted, an incremental financing system, and short expiration dates of internationally imported supplies hindered their ability to make bulk purchases; thus, private distributors can charge a premium for these items. The COVID-19 pandemic further exacerbated this issue as it severely disrupted the global supply chain. As a result, majority of informants perceived inadequate access to microbiology supplies as the biggest burden for the AMR surveillance system.


“But if we order from abroad it takes 1–2 months. And another problem, we are unable to order in smaller quantity either. They would not deliver it unless, we either add extra money because of tax registration or cost of import. Or for another choice, we have to order in their required volume. Which is a problem because we do not need that much, and they might be expired if we just store them” – SP.
 

To address this problem, some sentinel sites have participated in supply sharing with other microbiology laboratories to prevent stockouts. Some informants perceived that the burden of microbiology supply is a systematic issue requiring a top-down approach to solve. It was suggested that centralisation of microbiology supply procurement and policy-level changes could reduce the cost of importing microbiology supplies. It is believed that these strategies would enable better access to microbiology supplies across all means of procurement.


“One solution we try, is that we usually borrow from other labs, for example one box of this reagent or that reagent. One place we have borrowed from recently is [redacted] lab. This allows us to solve the problem for when we just need small amounts of material and without having to order a lot in advance” – HM.
 



Financial sustainability of clinical microbiology service

The quality and output of the national AMR surveillance system in Cambodia requires well-functioning microbiology laboratories as the surveillance data are directly transferred from routine microbiology data at each sentinel site. Informants expressed that one of the barriers to conducting AMR surveillance is the poor financing of microbiology services in the public health sector. Seven out of the eight sentinel sites participating in the national AMR surveillance system are part of the public healthcare system where healthcare is funded by three main sources (1). Government general revenues (2). External aid (3). Individual out of pocket payments (OOP) for receiving services. The informants indicated concerns with the current model as revenues made from OOP, the predominant source of finance for healthcare, is not able to cover the cost of materials needed to perform tests. This resulted in several KI who advocated for increasing the price of microbiology tests being done at public hospitals. However, they believed that there is an administrative barrier as approval at the level of provincial health departments is required.


“Another main source is from user fees, however, the amount of money we received back from the hospital is not enough to cover the cost of operation especially not to buy supplies for running tests for AMR. In addition to this, I am planning to raise the price for microbiology tests” – HM.
 

Many informants indicated the importance of partnerships with international organisations and external donors to alleviate the cost of supplies. However, this creates a dependency on external funding which may affect the quality of the surveillance system in the long term. Informants particularly highlighted concerns about the discontinuation of the Diagnostic Microbiology Development Program (DMDP). Since 2008, DMDP has played a pivotal role in building the microbiology capacity of Cambodian public healthcare facilities by helping set up diagnostic microbiology in public hospitals, donating laboratory supplies, and providing technical guidance and mentorships to five sentinel sites; in some cases, DMDP also provided direct financial assistance. Informants reported that the quality of data produced by the surveillance is expected to decline due to the termination of DMDP’s support, as these sentinel sites have relied on the resources provided by DMDP.


“Ever since DMDP stopped supporting us, we experienced a big issue with finding funds to operate our microbiology lab” – HM.

“I think that some sentinel sites will start to be more frugal about their use of supply, for example, if this one kit is used for one sample, they might split for 2. Another is the reduction of QC (quality control). So, I think quality will go down. Now, it is still new, the absence of DMDP. The quality might not go down much. However, in the long term, I believe that the quality will go down a lot because of the absence of DMDP” – HM.
 



AMR surveillance data representativeness and bias

There was broad consensus among participants in the HM group that the data produced from the current AMR surveillance system is unable to represent the burden of AMR of each sentinel site’s catchment population. Participants indicated three different factors which bias the data captured by the surveillance system. First, participants believe that current passive laboratory-based surveillance would result in too many undetected cases and that a syndromic or case-based surveillance is more appropriate for AMR cases. In addition, the surveillance system only captures AMR cases in the inpatient departments. Last, participants were concerned about physicians’ behaviours on requesting microbiology tests. It was noted that many physicians would request for a microbiology test only when their patients did not recover at initial antibiotic therapy despite meeting the designated criteria for doing a microbiology test. Although this is the recommended practice in some international clinical guidelines, initial antibiotic therapy can drastically reduce the sensitivity of microbiology tests when detecting pathogens. As a result, some senior officials expressed their hesitancy in utilising the data for decision-making at the national and regional level. Furthermore, one KI also stated that a hospital-based surveillance system would not be able to collect nationally-representative AMR data as community AMR cases are not captured by these sentinel sites.


“If we use the data to represent, I think it is still biased. In order for them to request culture, then patient must be very ill or sick. Doctors will treat them first and if they do not get better, then they will request for culture. Therefore, organisms with low resistance will be treated and is not captured. So only the high resistant pathogens get picked up” – HM.
 

However, one senior staff acknowledged that, while the current surveillance data may not accurately represent the burden of AMR in the hospital’s population, the sentinel site would also lack the resources to process an increase in samples if the surveillance system were to expand the design to encompass a larger population for testing or to implement diagnostic stewardship programs to increase data representation.


“I think that there is already a lot of obstacles in terms of financial resources with testing the amount of IPD samples we received. If we were to culture OPD samples as well, then the lab would need to double the resources in order to implement this change” – HM.
 



Communications and engagement

This theme emerged from the respondent’s views on how the surveillance system could be improved. Due to the multi-disciplinary nature of AMR surveillance, a strong relationship is required between clinicians and laboratory staff. Participants advocated for a strong and consistent engagement between these two groups to increase utilisation of microbiology service for patient management of AMR cases. A knowledge gap exists for clinicians and laboratory staff since Cambodian physicians, during their pre-service education, are not typically trained in clinical microbiology and its significance. Conversely, laboratory staff would also need to be aware of the clinical practice guidelines that clinicians utilise. Eliminating the knowledge gap were stated to be very important both by laboratory staff and physicians in the study. Sharing of preliminary results such as Gram stain results to the responsible clinicians through instant messaging and establishing an immediate notification system for critical results were also reported as essential for promoting a stronger relationship between the teams. Overall, it was suggested that consistent and timely communications across these two teams can create trust and increase the perceived values of microbiology, resulting in better cooperation and higher sample volumes. This ultimately leads to more data being sampled by the surveillance system, thus increasing its accuracy in monitoring AMR.


“I think clinical engagement, patient-focus engagement is really important. How can we help clinicians? Regular feedback and discussions. […]. The lab is culpable too; they often do not fully engage with the needs of the clinician” – HM.
 

The importance of laboratory staff-to-clinician interface is demonstrated by participants’ perspectives on “Lab round” activities. These are activities that are implemented in 5 sentinel sites specifically to promote the interactions between clinicians and microbiology teams. Physicians are invited to visit the microbiology laboratory and facilitate knowledge exchange with the goal of improving patient outcome. Although many participants acknowledged the benefits of lab rounds, it was reported that COVID-19 had halted this activity and has not yet been resumed.


“But back when there was a group that was made for this activity, this lab round would happen every day. Even when there is not a positive sample, they would come, and we can discuss what the doctors might want to know about lab process or pathogen that the doctors might question. Because in the lab, we have data about disease history connected to a lab case, so if the patient has been here a year ago, we will know what lab case they had. So, this is useful for the doctors” – SP.
 



Microbiology workforce and performance

One of the biggest challenges for many AMR surveillance systems in LMICs is the limited capacity in diagnostic microbiology. In Cambodia, participants perceived the identification of non-fermenting Gram-negative bacilli and serotyping of Salmonella spp. to be the biggest challenge. On top of this, microbiology staff reported that more training opportunities on bacterial identification techniques which are cost-effective or inexpensive are essential for the sustainability of AMR surveillance.


“There should be training on new techniques, ones that we are not doing. I think the kind of new techniques that we can use with our current amount resources would be great” – SP.
 

Informants broadly agreed that the AMR surveillance system lacks a body of experts to provide technical guidance for microbiology testing at laboratories. This is a critical issue for the surveillance system since clinical microbiology is a constantly evolving field with frequent updates to guidelines and methodologies. Currently, the NRL provides reference function such as quality control and assurance. The role of providing training and guidance on bacterial identification and antimicrobial susceptibility testing (AST), originally fulfilled by DMDP, is now a gap in the surveillance system due to the DMDP’s exit. Laboratory staff who participated in our study were concerned about the absence of guidance for these techniques as sentinel sites do not have the capacity to independently find training resources and update their protocols according to international standards. One participant indicated that the current AMR surveillance system is also missing a microbiology expert for governance. It was reported that the system needed a senior microbiologist to manage the system alongside epidemiologists due to the complex nature of microbiology data. In summary, it was perceived that the AMR surveillance system needs more technical guidance for microbiology and data analysis.


“First, I want the AMR surveillance system to have a real expert on AMR and microbiology. We have a lot of laboratory technicians, but we do not have anyone who actually has a lot of experience and is an expert in microbiology. Additionally, we can analyse the data but whether the analysis or result is correct, we do not know” – HM.
 



Laboratory capacity assessment of sentinel sites

A laboratory-based AMR surveillance system’s performance is highly dependent on the capacity of laboratories to accurately diagnose pathogens and characterise their resistance to antibiotics. Therefore, microbiology laboratories at participating sentinel sites were assessed on their capacity to provide quality microbiology service and conduct AMR surveillance. Six out of the eight sentinel sites were assessed for this study. Five sentinel sites were microbiology laboratories at provincial hospitals under the public healthcare system while one laboratory was a microbiology laboratory at a non-governmental paediatric hospital.

The weakest performing area was the availability of budget and funding with an average score of 27% (Figure 2). Only one sentinel site had a separate budget allocated for AMR surveillance. Four laboratories did not have adequate budget for equipment maintenance; only a few or none of their equipment are regularly serviced. One of the core functions of the surveillance system is to refer isolates to the NRL for quality control and storage in a biobank. However, this function has been halted since 2020 due to lack of funds reflecting the poor financing of microbiology services in Cambodia. Another indicator that was also affected by the poor financing was the EQA indicator as only three laboratories could afford to enrol in EQA programs.

[image: Figure 2]

FIGURE 2
 Microbiology laboratory capacity assessment at six sentinel sites represented by five areas of laboratory operations (Quality Management, Financial and Human Resources, Data Management, Microbiology Testing Performance and Surveillance Capacity).


Two indicators that scored particularly low was the surveillance network and outbreak response indicator. Five laboratories did not have guidelines for responding to cases of AMR outbreaks. Instead, each outbreak is managed on a case-by-case basis, often without standardised response. Furthermore, a public health laboratory network had not been set up and, therefore, there was no framework for systematically referring isolates from critical pathogens for public health purposes. Data analysis was another indicator which scored less than 60% in five sentinel sites. While all five laboratories were able to produce antibiograms and describe AMR trends, they did not frequently produce this report to communicate with clinicians or infection prevention control (IPC) teams. Furthermore, the ability to conduct descriptive statistics were limited to a small number of laboratory staff who received additional training or education. Last, the use of AMR surveillance data to inform facility level empirical antimicrobial therapy was non-existent in five out of the six sentinel sites.

The assessment showed that microbiology performance was particularly well-developed in five laboratories with a score of 75% or more in all indicators except for Minimal Inhibitory Concentrations (MIC), EQA and quality control. All six laboratories had appropriate SOPs and equipment to identify the seven priority organisms to the genus level and conduct AST using antibiotic disks. We found that the microbiology staff possess good competencies with the basics of microbiology tests such as bacterial identifications through morphological and biochemical tests, and AST using disk diffusion techniques. Difficulties around identification was only encountered when isolates could not by identified with the standard biochemical test. The main reasons provided for the low scores for MIC tests were inadequate or expired reagents to perform these procedures, rather than the lack of staff competency. However, it was observed that sentinel sites only had the capacity to use E-strips to measure MICs while the ability to perform microdilutions was lacking in five out of the six sentinel sites. Inadequate supplies also resulted in 5 sentinel sites foregoing quality control procedures such as using control strains to test the viability of media and testing reagents. This resulted in low scores for the quality control indicator. In addition, five laboratories did not have a stock management system monitoring supply levels of reagents and other consumables and forecasting the volume and time to procure them. The absence of such system could play a role in weakening the microbiology supply chain as suppliers could use this information to maintain adequate inventory.





Discussion

Previous studies have suggested that a major obstacle to AMR surveillance in low-resource settings is the limited access to equipment, consumables and reagents adapted to tropical conditions (14, 17). In our study, adaptation of microbiology supplies was not identified as a significant barrier to supply access or availability. This may be attributable to the fact that microbiology laboratories are situated exclusively in urban areas with sufficient cold chain storage network. Our study found that access to microbiology supplies is more limited by a weak supply chain and high cost of procurements. Low demands of microbiology supplies drive costs, reducing access by poorly funded laboratories. Although Cambodia’s essential medicines list, which contains both priority medicines and laboratory supplies, also includes diagnostic microbiology supplies, lack of perceived importance of microbiology further limits support by government benefit packages and programs. This overall lack of access to microbiology supplies can lead to laboratories resorting to unstandardised utilisation practices which compromises the quality of surveillance outputs (18). While accessing imported microbiology supplies is still a barrier to AMR surveillance in Cambodia, the in-country production of culture media at the CMML has played an essential role in facilitating the AMR surveillance system by expanding access to essential microbiology supplies in Cambodia (16). More initiatives focusing on local access to microbiology supplies like the CMML should be implemented to further strengthen Cambodia’s AMR surveillance system.

The study revealed that clinical microbiology at public healthcare facilities is not a sustainable service due to a combination of weak financing, dependence on external funding and low microbiology service utilisations. Therefore, the quality and consistency of data being captured by the system is severely reduced when external funding is absent, or supply costs increase. These are both scenarios which our study have revealed to occur frequently. A study analysing Southeast Asian hospitals showed that the cost of conducting identification and AST on a single specimen ranged between $22 and $31 (19). This is costly relative to the cost of antibiotic treatments in LMICs further discouraging microbiology utilisation both from the patient’s and hospital’s perspectives (20). Along with a limited access to microbiology supplies, this results in a constant cycle of low supply and low demand which is detrimental to the quality of poorly financed clinical microbiology services. In the short term, incorporating diagnostic stewardship to increase demand and implementing a more robust inventory and stock management system will help alleviate some of the financial burden faced by microbiology. In the long term, developing a sustainable business model of clinical microbiology at public healthcare facilities will ensure a more effective laboratory-based AMR surveillance system that adequately captures AMR data over long periods of time. Future studies looking to address this issue should aim to investigate the financing and cost–benefit analysis of microbiology services in public healthcare facilities in order to evaluate the most cost-effective strategies for conducting microbiology in limited resourced settings but without causing financial hardship on people who need the service. Additionally, the microbiology diagnostic market in Cambodia should be studied to ensure a healthy market with predictable supplies and demands. Lastly, implementing strategies to take advantage of economies of scale may contribute to solving these sustainability and financing issues encountered by clinical microbiology in the public sector.

Our study found that stakeholders were not keen on using data captured by the surveillance system for AMR-related programs and policies due to its perceived inability to accurately represent the national burden of AMR. Diagnostic stewardships will also help alleviate this problem as it increases the number of samples captured by each sentinel sites. The number and representativeness of the sentinel sites (e.g., adding rural sites) could also be addressed. Countries such as Thailand and Australia deploy multiple types of surveillance system to target specific population groups on top of their laboratory-based surveillance with the goal of creating a nationally representative database (21, 22). These are strategies which the national AMR surveillance system in Cambodia could model after. However, sufficient resources will be needed to implement such robust surveillance system.

Results obtained from the laboratory assessment showed the negative effects of the barriers identified in the qualitative component of this study. Specifically, quality control and assurance measures were reduced to save supplies for clinical diagnostics. Data analysis of aggregated AMR data was also found to be a gap and will need to be improved at both national and sub-national level across Cambodia. Capacity building for data analysis may also motivate sentinel sites to collect higher quality data collection since it would allow for the sentinel site to extract more value from AMR data beyond storage and fulfilling a duty for the surveillance system. In contrast to other LMICs, Cambodia’s national AMR surveillance system is not limited by a lack of competency to conduct microbiology tests (14, 23). We noted that the microbiology staff are well-qualified and have extensive experience with the basics of microbiology tests. Limitations are more on the number of staff and qualified microbiologists, access to appropriate reagents and supplies when it comes to bacterial identification and AST.



TABLE 4 Summary of barriers, facilitators and recommendations identified by framework analysis.
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Our study aligns with previous studies on the importance of promoting consistent and practical engagement between clinicians and laboratory staff (24, 25). A strong laboratory staff-clinician relationship enables a more effective AMR surveillance by increasing proper utilisation of clinical microbiology services. When microbiology teams are more focused on the analytical stage rather than as members of the team concerned with clinical management of a patient, a negative relationship may form between the two teams. This may result in clinicians perceiving microbiology as expensive and an obstacle for patient treatment. In contrast, training on clinical microbiology and the appropriate use of microbiology testing for clinicians and other healthcare workers could also facilitate stronger cooperations between the laboratory staff and clinicians, promote the importance of microbiology testing, and increase the number of samples being captured by a laboratory-based surveillance system. However, while strategies for increasing sampling rate is important for the surveillance system, Cambodia’s AMR surveillance system also suffers from a small workforce since the number of laboratory staff trained in microbiology is limited. As such, interventions that increase sampling and microbiology utilisation will need to be accompanied by strategies that address the workforce issue such as employing automated equipment or increasing opportunities for education on microbiology.

The barriers and facilitators identified in this study further reinforced many of the core building blocks of an AMR surveillance system which have been identified during Georgia’s experience in setting up their AMR surveillance system (Table 4) (25). By demonstrating the cost-savings associated with appropriate utilisation of diagnostic microbiology, Georgia was able to increase the budget allocated for microbiology at public hospitals; this is a strategy which can also be effective for tackling the financing issues faced by Cambodia’s microbiology laboratories. Additionally, Georgia has had success in developing a sustainable and stable supply chain for their microbiology services by centralising their procurement process. The success observed in Georgia suggests that similar recommendations identified in this study could yield positive results for Cambodia as well. One of the limiting factors identified in this study is the lack of informants’ experience in analysing and utilising of AMR surveillance data. AMR surveillance data have not been used by any health institutions in Cambodia to influence policies and interventions before the time of this study. As such, it is unlikely that the present participants have enough experience to give a comprehensive perspective on using data produced by the AMR surveillance system. Consequently, this also limits the identification of gaps in the data being produced by the surveillance system. Additionally, majority of KI participating in the study were staff involved with clinical microbiology or public health surveillance. Clinician- or physician-informants also had additional roles within IPC or AMR committees. These participants are therefore well-aware of hospital AMR surveillance and its importance. Their perspectives may not be representative of many other clinicians at the sentinel site such as nurses or physicians who are not directly involved in IPC or AMR.



Conclusion

AMR surveillance is one of the five strategic objectives in the WHO’s Global Action Plan on AMR as it plays a critical role in generating data for evidence-based decision-making to combat AMR. It is therefore important for countries to address barriers that prevent an effective implementation of a national AMR surveillance system. This study adds new evidence for health officials in Cambodia to utilise when developing an improvement strategy for the surveillance system. Access to supplies imported from abroad needs to be facilitated by reducing its cost to enable quality-assured microbiological testing. This may be addressed by applying economies of scale, for instance, centralising the procurement process of microbiology essentials through a third-party institution or the national reference laboratory as have been demonstrated by other LMIC’s surveillance systems (26). The cost of operating a quality microbiology service is too high for public healthcare facilities in Cambodia suggesting a need to develop a more financially sustainable model for microbiology services in limited resourced settings, but ideally without passing the burden to its people. Data generated by the surveillance system are not representative of the national population hindering its use to develop antimicrobial treatment guidelines and monitoring the effectiveness of ongoing antimicrobial stewardship programs. Diagnostic stewardship and expanding surveillance to capture cases beyond inpatient departments at referral hospitals are both viable strategies to increase representativeness but must be accompanied with adequate resources to support such development. These findings can serve as a source of inspiration for other countries with limited resources and facing challenges with AMR surveillance, helping them to identify relevant and actionable barriers and facilitators for their own contexts.


Scope statement

This is the first study to provide a comprehensive understanding of the key factors influencing the national AMR surveillance system in Cambodia. To implement a successful AMR surveillance system in low resourced settings, a thorough analysis of each factor is necessary. These findings will benefit all stakeholders in shaping AMR detection and surveillance in Cambodia. Furthermore, this study is directly related to strengthening a country’s process to generate evidence-based public health policies and programs as outlined in the scope of the Infectious Disease section of the journal. The assessment tools and its methodologies used in this study can be used by other countries interested in evaluating its microbiology laboratories or their laboratory-based surveillance system.




Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by National Ethics Committee for Health Research. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

SM: Conceptualization, Data curation, Formal analysis, Methodology, Project administration, Resources, Visualization, Writing – original draft, Writing – review & editing. CS: Data curation, Formal analysis, Validation, Writing – review & editing. SL: Data curation, Formal analysis, Validation, Writing – review & editing. JJ: Writing – review & editing. GK: Conceptualization, Writing – review & editing. DC: Conceptualization, Methodology, Resources, Supervision, Writing – review & editing. CC: Conceptualization, Funding acquisition, Investigation, Methodology, Project administration, Resources, Supervision, Writing – review & editing. PI: Conceptualization, Funding acquisition, Investigation, Methodology, Project administration, Resources, Supervision, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was made possible through a joint cooperation between Institute Tropical of Medicine, the Directorate-General for Development of Belgium and the National Institute of Public Health under the Framework Agreement 5 project.



Acknowledgments

We would like to express profound gratitude to all the laboratory participating in the laboratory assessment, and all hospital staffs and government officials who participated in the key informant interviews. We also specially thank Mr. Vuth Ann, Mr. Virak Mot, Mrs. Mom Veng, Ms. Nimul Tam, Ms. Saosakada Man, Mr. Lek Rithireach and Ms. Socheat Theap at the National Reference Laboratory for providing support in adapting the laboratory assessment tool and conducting the laboratory assessments.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpubh.2023.1332423/full#supplementary-material



References

 1. Murray, CJL, Ikuta, KS, Sharara, F, Swetschinski, L, Robles Aguilar, G, Gray, A , et al. Global burden of bacterial antimicrobial resistance in 2019: a systematic analysis. Lancet. (2022) 399:629–55. doi: 10.1016/S0140-6736(21)02724-0 

 2. Ayukekbong, JA, Ntemgwa, M, and Atabe, AN. The threat of antimicrobial resistance in developing countries: causes and control strategies. Antimicrob Resist Infect Control. (2017) 6:47. doi: 10.1186/s13756-017-0208-x 

 3. Klein, EY, Van Boeckel, TP, Martinez, EM, Pant, S, Gandra, S, Levin, SA , et al. Global increase and geographic convergence in antibiotic consumption between 2000 and 2015. Proc Natl Acad Sci. (2018) 115:E3463–70. doi: 10.1073/pnas.1717295115


 4. Zellweger, RM, Carrique-Mas, J, Limmathurotsakul, D, Day, NPJ, Thwaites, GE, and Baker, S. A current perspective on antimicrobial resistance in Southeast Asia. J Antimicrob Chemother. (2017) 72:2963–72. doi: 10.1093/jac/dkx260 

 5. Fox-Lewis, A, Takata, J, Miliya, T, Lubell, Y, Soeng, S, Sar, P , et al. Antimicrobial resistance in invasive bacterial infections in hospitalized children, Cambodia, 2007–2016. Emerg Infect Dis. (2018) 24:841–51. doi: 10.3201/eid2405.171830 

 6. Trongjit, S, Angkititrakul, S, Tuttle, RE, Poungseree, J, Padungtod, P, and Chuanchuen, R. Prevalence and antimicrobial resistance in Salmonella enterica isolated from broiler chickens, pigs and meat products in Thailand-Cambodia border provinces. Microbiol Immunol. (2017) 61:23–33. doi: 10.1111/1348-0421.12462


 7. Reed, TAN, Krang, S, Miliya, T, Townell, N, Letchford, J, Bun, S , et al. Antimicrobial resistance in Cambodia: a review. Int J Infect Dis. (2019) 85:98–107. doi: 10.1016/j.ijid.2019.05.036 

 8. Ministry of Health, Ministry of Agriculture, Ministry of Environment. Multi-Sectoral action plan on antimicrobial resistance in Cambodia 2019–2023. (2019). Available at: https://www.fao.org/faolex/results/details/en/c/LEX-FAOC199420/#:~:text=This%20Multi%E2%80%90Sectoral%20Action%20Plan,a%20country%20with%20a%20healthy


 9. Ministry of Health In: Health Mo, editor. Standard operating procedure for Cambodia laboratory-based surveillance system. Department of Communicable Disease Control, Ministry of Health of Cambodia (2017).


 10. Vlieghe, E, Sary, S, Lim, K, Sivuthy, C, Phe, T, Parry, C , et al. First National Workshop on antibiotic resistance in Cambodia: Phnom Penh, Cambodia, 16–18 November 2011. J Glob Antimicrob Resist. (2013) 1:31–4. doi: 10.1016/j.jgar.2013.01.007 

 11. Masterton, R
. The importance and future of antimicrobial surveillance studies. Clin Infect Dis. (2008) 47:S21–31. doi: 10.1086/590063


 12. Altorf-van der Kuil, W, Schoffelen, AF, de Greeff, SC, Thijsen, SF, Alblas, HJ, Notermans, DW , et al. National laboratory-based surveillance system for antimicrobial resistance: a successful tool to support the control of antimicrobial resistance in the Netherlands. Eur Secur. (2017) 22:17–00062. doi: 10.2807/1560-7917.ES.2017.22.46.17-00062


 13. Gandra, S, Alvarez-Uria, G, Turner, P, Joshi, J, Limmathurotsakul, D, and van Doorn, HR. Antimicrobial resistance surveillance in low-and middle-income countries: progress and challenges in eight south Asian and southeast Asian countries. Clin Microbiol Rev. (2020) 33:e00048-19. doi: 10.1128/CMR.00048-19


 14. Iskandar, K, Molinier, L, Hallit, S, Sartelli, M, Hardcastle, TC, Haque, M , et al. Surveillance of antimicrobial resistance in low- and middle-income countries: a scattered picture. Antimicrob Resist Infect Control. (2021) 10:63. doi: 10.1186/s13756-021-00931-w 

 15. WHO. WHO Lyon Office for National Epidemic Preparedness and Response Laboratory Assessment Tool WHO Lyon Office for National Epidemic Preparedness and Response. (2012). Available at: https://fctc.who.int/publications/i/item/laboratory-assessment-tool. (Accessed July 2, 2023).


 16. Orekan, J, Barbé, B, Oeng, S, Ronat, JB, Letchford, J, Jacobs, J , et al. Culture media for clinical bacteriology in low- and middle-income countries: challenges, best practices for preparation and recommendations for improved access. Clin Microbiol Infect. (2021) 27:1400–8. doi: 10.1016/j.cmi.2021.05.016 

 17. Ombelet, S, Ronat, J-B, Walsh, T, Yansouni, CP, Cox, J, Vlieghe, E , et al. Clinical bacteriology in low-resource settings: today's solutions. Lancet Infect Dis. (2018) 18:e248–58. doi: 10.1016/S1473-3099(18)30093-8 

 18. Baron, EJ
. Clinical microbiology in underresourced settings. Clin Lab Med. (2019) 39:359–69. doi: 10.1016/j.cll.2019.05.001


 19. Roberts, T, Luangasanatip, N, Ling, CL, Hopkins, J, Jaksuwan, R, Lubell, Y , et al. Antimicrobial resistance detection in southeast Asian hospitals is critically important from both patient and societal perspectives, but what is its cost? PLOS Glob Public Health. (2021) 1:e0000018. doi: 10.1371/journal.pgph.0000018 

 20. Vo, T, Luu, N, Nguyen, P, and Truong, T. Cost analysis of antibiotic use in a Vietnamese hospital. Value Health. (2018) 21:S66. doi: 10.1016/j.jval.2018.07.496


 21. National Steering Commitee on Antimicrobial Resistance of Thailand. Thailand’s one health report on antimicrobial consumption and antimicrobial resistance in 2018. Thailand: International health policy program, Ministry of Public Health (2020).


 22. Australian Commission on Safety and Quality in Health Care AURA 2021. Fourth Australian report on antimicrobial use and resistance in human health. Sydney: Australian Commission on Safety and Quality in Health Care (ACSQHC) (2021).


 23. Malla, S, Dumre, SP, Shakya, G, Kansakar, P, Rai, B, Hossain, A , et al. The challenges and successes of implementing a sustainable antimicrobial resistance surveillance programme in Nepal. BMC Public Health. (2014) 14:269. doi: 10.1186/1471-2458-14-269 

 24. Fox-Lewis, S, Pol, S, Miliya, T, Day, NPJ, Turner, P, and Turner, C. Utilization of a clinical microbiology service at a Cambodian paediatric hospital and its impact on appropriate antimicrobial prescribing. J Antimicrob Chemother. (2017) 73:509–16. doi: 10.1093/jac/dkx414


 25. Malania, L, Wagenaar, I, Karatuna, O, Tambic Andrasevic, A, Tsereteli, D, Baidauri, M , et al. Setting up laboratory-based antimicrobial resistance surveillance in low- and middle-income countries: lessons learned from Georgia. Clin Microbiol Infect. (2021) 27:1409–13. doi: 10.1016/j.cmi.2021.05.027 

 26. Malania, L, Tsereteli, D, Leenstra, T, Wagenaar, I, Kurtsikashvili, G, Wright, ML , et al. Proof-of-Principle antimicrobial resistance surveillance study: Georgia. Copenhagen: WHO Regional Office for Europe (2017).




Glossary

[image: Table5]





ORIGINAL RESEARCH

published: 19 January 2024

doi: 10.3389/fcimb.2023.1330826

[image: image2]


Clinical, epidemiological, and drug resistance insights into HIV-positive patients in Meizhou, China


Xianhui Liu 1,2†, Sandip Patil 3,4†, Xuemin Guo 1,2†, Feiqiu Wen 3, Xianyan Zhang 1,2, Zhixiong Zhong 1,2* and Xinlu Wang 5,6*


1 Department of Laboratory Medicine, Meizhou People’s Hospital, Meizhou, Guangdong, China, 2 Guangdong Provincial Key Laboratory of Precision Medicine and Clinical Translation Research of Hakka Population, Meizhou, Guangdong, China, 3 Division of Hematology and Oncology, Shenzhen Children’s Hospital, Shenzhen, China, 4 Pediatric Research Institute, Shenzhen Children’s Hospital, Shenzhen, China, 5 Chinese Academy of Sciences (CAS) Key Laboratory of Infection and Immunity, Institute of Biophysics, Chinese Academy of Sciences, Beijing, China, 6 University of Chinese Academy of Sciences, Beijing, China




Edited by: 

Nayeem Ahmad, Arabian Gulf University, Bahrain

Reviewed by: 

Vikram Kumar, Amity University Rajasthan, India

Mangesh Vasant Suryavanshi, Cleveland Clinic, United States

*Correspondence: 

Xinlu Wang
 wang_xl1978@aliyun.com 

Zhixiong Zhong
 zhongzhixiong@mzrmyy.com










†These authors share first authorship



Received: 31 October 2023

Accepted: 31 December 2023

Published: 19 January 2024

Citation:
Liu X, Patil S, Guo X, Wen F, Zhang X, Zhong Z and Wang X (2024) Clinical, epidemiological, and drug resistance insights into HIV-positive patients in Meizhou, China. Front. Cell. Infect. Microbiol. 13:1330826. doi: 10.3389/fcimb.2023.1330826



The acquired immunodeficiency syndrome (AIDS) epidemic, resulting from human immunodeficiency virus (HIV) infection, exhibits distinct regional characteristics. This study undertakes a retrospective analysis of the epidemiological and clinical features of 195 HIV-positive cases in Meizhou, China, from May 1, 2018 to December 31, 2019. Western blotting (WB) confirmed and assessed these cases. Notably, the majority of cases emanated from socio-economic groups with comparatively lower levels of education, with 80% being male. Strikingly, 90% of the cases were found to be in the middle to late stages of infection based on CD4+ T cell counts. Among the 30 different serum antibody profiles examined, reactivity with seven bands (p24, p31, gp41, p51, p66, gp120, and gp160) emerged as the most commonly observed WB pattern. The absence of specific bands, specifically p55 (17.44%), p39 (32.31%), and p17 (25.64%) were most frequent, with the detection frequency of p17 bands significantly reduced among cases in the AIDS and middle stages. An analysis of drug resistance genotypes indicated that, despite viral mutations conferring resistance to certain reverse transcriptase inhibitors, the first-line treatment regimen remained effective for patients in Meizhou. Notably, mutations resistant to protease inhibitors were infrequent (2.7%), suggesting that incorporating protease inhibitors into the treatment regimen may enhance therapeutic outcomes for local patients. These findings provide essential insights into the specific epidemiological patterns, serum antibody profiles, and drug resistance genotypes of HIV-infected patients in Meizhou. Significantly, this research contributes to the formulation of future treatment strategies tailored to the local context.
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1 Introduction

Human immunodeficiency virus (HIV) is the etiological agent responsible for acquired immune deficiency syndrome (AIDS). Since its discovery in 1983, HIV/AIDS has emerged as a global public health menace (Barre-Sinoussi et al., 1983). To date, an alarming 40.1 million individuals have succumbed to AIDS-related ailments since the onset of this epidemic (UNAIDS, 2022). As of 2021, approximately 38.4 million people across the globe were living with HIV, with approximately 1.5 million new infections documented (UNAIDS, 2022). In China, the incidence of HIV infection and the subsequent progression to AIDS has exhibited a consistent upward trajectory each year. Furthermore, the number of AIDS-related fatalities has eclipsed those attributable to any other infectious diseases (Wang et al., 2011; Ma et al., 2017; Qiao et al., 2019). HIV can be categorized into two distinct subtypes: HIV-1 and HIV-2 (Kapoor and Padival, 2022), with the former being responsible for > 95% of global infections (Duri et al., 2011). The progression of HIV infection can be stratified into three stages: acute HIV infection, clinical latency, and AIDS. The latter is characterized by a blood CD4 cell count of < 200 cells/mm3 (Kabir et al., 2020). Several diagnostic strategies for HIV have been developed, including antigen-antibody- and nucleic acid amplification-based assays (Kabir et al., 2020). Among these, western blotting (WB) stands as the gold standard for test validation due to its superior specificity (Gürtler, 1996; Dax and Arnott, 2004). The WB assay detects antibodies in the serum that interact with fixed HIV antigens. HIV structural proteins are encoded by the env, gag, and pol genes. The env gene encodes the envelope protein (gp160), which is subsequently cleaved into the mature surface protein (gp120) and the transmembrane protein (gp41) (Checkley et al., 2011). The Gag gene encodes polyprotein Gag (p55) and the cleaved Gag protein products consist of matrix protein (p17), capsid protein (p24), nucleocapsid protein (p7), and p6 (Sundquist and Kräusslich, 2012). A p39 fragment from Gag can also be detected by WB. Pol accounts for three enzymes: protease (PR, p10), reverse transcriptase (RT, p66/p51 heterodimer), and integrase (p31) (Sundquist and Kräusslich, 2012), which are the principal targets for antiviral drugs. WB profile analysis generates specific information on the HIV-specific serum antibody (Abs) in patients. Notable differences in the timing and intensity of antibody bands have been observed at different stages of HIV infection. While antibodies targeting the env antigen have been reported to appear in all clinical stages (Lange et al., 1986; Lange et al., 1987; Duri et al., 2011), antibodies to p17, p24, and its precursor p55 emerge post-infection and tend to diminish with the onset of clinical symptoms (Lange et al., 1987).

Presently, highly active antiretroviral therapy (HAART) represents the conventional clinical approach for managing AIDS. Since viral reverse transcriptase (RT) lacks proofreading capabilities, mutations occur in viral genes over time. HIV-1 reverse transcriptase (RT) is a major enzyme involved in HIV-1 replication. It has the synthesis function of DNA polymerase, but it does not have the correction function of DNA polymerase. Therefore, the viral nucleic acid shows a high error tendency during the replication of HIV-1. HIV-1 genetic variation is the result of errors in the replication of HIV-1 reverse transcriptase (RT) at a high rate. Recombinant virus occurs when more than one virus variant infects the same cell at the same time, and previral changes accumulate in the process of virus infection. Mutations in the RT and/or protease (PR) regions of progeny viruses may confer drug resistance, significantly reducing the efficacy of HAART and complicating current antiviral treatment strategies (Villar et al., 1995). Drug-resistant strains may vary among different regions and populations; hence, drug resistance genotype analysis is imperative for devising tailored treatment strategies.

Meizhou holds a significant status as a settlement for the Hakka population, an ethnic group in South China. Distinct AIDS prevalence characteristics in Meizhou compared to other regions are anticipated. In this study, we investigate and provide specific epidemiological patterns, serum antibody profiles, and drug resistance genotypes in HIV-infected individuals in Meizhou, China. This study systematically analyzed and reported the regional characteristics of HIV epidemiology and drug resistance in Meizhou city, based on the laboratory diagnostic and monitoring indicators of HIV infected population and the relevant situation of drug resistance. In order to explore the reasons for the failure of anti-HIV/AIDS in this region, it is very necessary to monitor the drug resistance of HIV-infected people, which is conducive to understanding the drug resistance of HIV-infected people in different regions, helping to update the treatment strategy, and providing a scientific basis for the prevention and control of AIDS in this region. However, the current drug resistance detection method still has some limitations, the absence of drug-resistant virus strains in plasma cannot be completely sure that there are no drug-resistant virus strains in HIV-infected people, which is a direction for our researchers to study in the future.




2 Materials and methods



2.1 Study population and screening

A total of 186257 serum samples from suspected patients, collected between May 2008 and December 2019, were obtained from Meizhou People’s Hospital. These samples underwent preliminary screening for HIV positivity, followed by confirmation through WB. This study was performed in accordance with the ethical standards of the Declaration of Helsinki and approved by the Human Ethics Committees of Meizhou People’s Hospital and communicated through letter no. 2020-C-129.



2.1.1 Primary screening for HIV-positive samples

All samples were screened by using an HIV antibody/antigen enzyme-linked immunosorbent assay (ELISA) kit (Wantai Bio-Pharm) and HIV Ag/Ab Combo Reagent Kit (Abbott Germany Limited Partnership, USA). The protocol was performed according to the manufacturer’s instructions. In the ELISA test, 20μL of biotin-conjugate reagent and 100μL of the sample were added to a microwell strip pre-coated with recombinant HIV antigen and anti-p24 monoclonal antibody. The ELISA plate was incubated for 60 minutes at 37°C, followed by five washes. Next, 100 μL enzyme-labeled Ab/Ag was added for further incubation at 37°C for 30 minutes. After five washes, the substrate was added to the well for 30 minutes to allow for colour development, and the reaction was terminated by adding a stop solution. The optical density value of each well was measured using a microplate reader at a single wavelength of 450 nm or a dual wavelength of 450/630 nm. Chemiluminescence particle immunoassay was used to qualitatively detect the HIV p24 antigen and HIV-1/2 antibody (Abbott i2000SR, Abbott Laboratories, USA).




2.1.2 Confirmation of HIV-positive samples with western blot test

The WB test was performed to detect antibodies in serum using an HIV Blot 2.2 kit (11039-036, MP Biomedical Asia Pacific Pte Ltd, Singapore), following the manufacturer’s instructions. Working solutions were prepared and placed at the corresponding pipette positions in a TECAN automated immunoblotting instrument. Nitrocellulose membrane strips carrying antigens to HIV-1/2 were soaked in washing buffer at a temperature between 22–28°C for 5 minutes, and then the liquid was removed. Two millilitres of immunoblotting buffer and 20μL of the sample were added to each strip, which was then placed in the TECAN automated immunoblotting instrument for detection. The WB results were interpreted according to the National AIDS Testing Technical Specification (Revised Edition 2015) of the China National Center for Disease Control and Prevention. The absence of a specific band or the presence of only the p17 band was considered a negative test result for the sample, while the presence of two env bands and one gag (or pol) band was considered a positive test result. Samples with insufficient bands on the membrane strip for a conclusive positive verdict were classified as uncertain specimens.





2.2 Flow cytometry analysis of CD4+ and CD8+ T cells

Blood cells were stained with the leukocyte differentiation antigen CD3/CD8/CD45/CD4 detection kit (340499, BD Bioscience, USA). Briefly, 10μL of fluorescein-labeled monoclonal antibodies were mixed and incubated with 25μL of EDTA-K2 anti-coagulated blood for 15 minutes. Erythrocyte lysis buffer (450μL) was added for another 15 minutes before the samples were analyzed by flow cytometry.




2.3 Analysis of drug-resistant genotypes in HIV-positive samples

HIV-infected blood samples were sent to the Guangdong AIDS Prevention Center for genotypic resistance testing. In brief, cDNA containing the protease-reverse transcriptase (PR-RT) sequence of HIV-1 was amplified and subjected to high-throughput sequencing. Sequences were submitted to the Stanford University HIV resistance database (http://hivdb.stanford.EDU) for subtype identification, resistance loci, and drug sensitivity analysis.




2.4 Statistical analysis

Data were analyzed using Statistical Package for the Social Sciences (SPSS) software, version 21.0. The student’s t-test was used to calculate p values, with statistical significance set at p < 0.05.





3 Results



3.1 HIV screening of serum samples in the Meizhou region

Of the 186,257 samples screened, 210 (0.11%) were positive using ELISA, and 291 (1.94%) were positive using chemiluminescence immunoassay (CLIA). To eliminate false-positive results in preliminary screening, 281 preliminary positive samples underwent further validation through western blotting, with 195 samples confirmed as positive (positive ratio = 69.40%). Among the 195 HIV-infected individuals, 157 (80.51%) were male, and 38 (19.49%) were female (Table 1). Regarding age distribution, 1 (0.51%) was diagnosed between 0 and 18 years, 32 (16.41%) between 19 and 30 years, 55 (28.21%) between 31 and 45 years, 54 (27.69%) between 46-60 years, 48 (24.62%) between 61 and 80 years, and 5 (2.56%) were over 80 years of age (Table 1). The youngest patient was 18 years old, and the oldest was 85. Of the HIV-infected cases, 151 cases (77.44%) were permanent residents of Meizhou, and 44 cases (19.49%) came from other areas (Table 1). Students and government personnel accounted for 5.13% (10 cases), farmers and workers for 76.92% (150 cases), and others for 17.95% (35 cases) (Table 1). The distribution of the 195 confirmed samples is presented monthly based on the sampling period (Figure 1). A comparison of cases from May to December (5–12) in 2018 and 2019 showed a higher number of HIV-infected individuals in 2019. An analysis of monthly cases revealed the highest incidence of HIV diagnoses in July of each year. The CD4+ T cell numbers were further determined for 155 HIV- positive samples, following which the cases were classified into different clinical stages (Liu et al., 2020): the primary infection stage (15 cases, 9.7%), the middle stage of infection (63 cases, 40.6%), and AIDS stage (77 cases, 49.7%) (Supplementary Table S1). There was a significant difference in the CD4+ T lymphocyte values at different clinical stages (p < 0.01). The statistical results show that the majority of HIV-infected patients in Meizhou were in the middle of the AIDS stages of infection.


Table 1 | Basic characteristics of 195 HIV-infected patients [No. of cases (%)].






Figure 1 | Distribution of 195 confirmed HIV-positive cases by month.






3.2 Characteristics of Western blot profiles in HIV infection

WB results of the 195 HIV-1 positive samples were analyzed and classified into 30 types of patterns (Table 2). Reactivity with seven bands (p24, p31, gp41, p51, p66, gp120, and gp160) was the most commonly observed WB pattern, with a proportion of 28.21% (55/195), while the complete 10-band pattern occurred in only 9.74% (19/195) of the samples. Of the 195 samples, 133 were full band or sub-full band (over 7 bands) patterns, accounting for 67.99%. The percentage distribution of the specific bands in the investigated samples is presented in Figure 2. The three envelope protein bands (gp160, gp120, and gp41) were the most prevalent, with ratios of 100%, 100%, and 96.92%, respectively, followed by p66 (92.82%) and p24 (91.79%). In contrast, p55 (17.44%), p39 (32.31%), and p17 (25.64%) were the most frequently missing bands (Figure 2). The detection rates of p55 and p39 were low in each clinical stage, while the p17 bands that were significantly lower in cases at the middle stages and AIDS stages of the infection (Table 3).


Table 2 | Western blot patterns of 195 HIV positive samples.






Figure 2 | Distribution of western blot bands of serum antibodies against HIV proteins from 195 HIV positive samples.




Table 3 | Association of clinical stage to different western blot bands in 155 patients of Meizhou who tested positive for HIV-1 antibodies between 2018 and 2019.






3.3 Drug resistance and genomics

HIV-1 genetic mutation and drug resistance are major barriers to successful antiretroviral therapy. To elucidate the HIV-1 genotype drug resistance characteristics in HIV-infected people of Meizhou, serum samples from 37 untreated patients [29 men (78%); 8 women (22%)] obtained from Meizhou People’s Hospital were included. The average age of the patients was 44 years (ranging from 7 to 80 years). The patients were infected through various routes: heterosexual transmission (75.68%, 28/37), homosexual transmission (8.11%, 3/37), mother-to-child transmission (2.70%, 1/37), and unclear transmission (13.51%, 5/37). The most prevalent HIV-1 subtype was circulating recombinant form CRF01_AE (64.86%, 24/37), followed by CRF07-BC (10.81%, 4/37), B+CRF01-AE (5.40%, 2/37), CRF55-01B (5.40%, 2/37), B+C (5.4%, 2/37), A (2.70%, 1/37), B (2.70%, 1/37), and C (2.70%, 1/37). The initial antiviral treatment regimen consisted of two nucleoside reverse transcriptase inhibitors (NRTIs) plus efavirenz (EFV)/nevirapine (NVP) in 31 cases (83.79%) or zidovudine (AZT)/lamivudine (3TC) plus EFV in 6 cases (16.21%). Pro-RT gene sequences from the samples were obtained and analyzed for drug resistance-related mutations. Among the 37 PCR-positive cases, 23 carried one or more drug-resistance mutations. The drug resistance mutations included 10 mutations for NRTIs, with M184V/I (15 cases) as the main mutation site, 11 mutations for non-nucleoside reverse transcriptase inhibitors (NNRTIs), with K103KN (12 cases) as the main mutation site, and four resistant mutations for protease inhibitors (PIs) (Table 4). The RT inhibitor resistance rate was 62.16% (23/37) compared to 2.7% (1/37) for PIs, indicating that RT inhibitor resistance is the prevalent mutation in Meizhou. Moreover, cross-resistance between NRTIs and NNRTIs co-occurred in patients, accounting for 40.54% of drug-resistant mutations. Based on the mutations carried by each HIV-infected individual, their sensitivity to anti-HIV drugs used in clinical practice was further assessed (Supplementary Table S2).


Table 4 | HIV-1 resistant mutations in samples from 37 HIV-1 infected patients from Meizhou.







4 Discussion

In this study, serum samples collected from the HIV Confirmatory Laboratory of Meizhou People’s Hospital Medical Laboratory Center (From May 2008 to December 2019) were analyzed. Primary HIV screening by ELISA or CLIA revealed HIV-positive rates of 0.11% and 1.94%, respectively. ELISA and CLIA are simple and high-throughput; however, they are associated with relatively high false-positive outcomes (Liu and Jiang, 2004; Chen, 2012; Wu et al., 2018). More rigorous strategies, such as western blotting, are needed for verification. Herein, 195 samples were confirmed as HIV-1 positive by western blotting, with no HIV-2 positive samples being observed. Most HIV-1 infected patients were determined to be in the middle and AIDS stages of the infection (Supplementary Table S1), and there were more men than women patients (Table 1). The HIV-1 infected patients are mainly farmers and migrant workers (Table 1), whose education level is generally low, and who may have less knowledge about AIDS prevention. It is particularly important to further enhance the coverage of AIDS prevention knowledge in the rural population. The highest detection rate of HIV-infected was in July (Figure 1); nonetheless, the reason behind this observation remains to be further investigated. A contemporaneous comparison of HIV-diagnosed cases in 2018 and 2019 suggested an increasing trend in Meizhou (Figure 1). Therefore, HIV prevention and control in the Meizhou community cannot be relaxed. It is necessary to further improve the coverage of HIV screening to achieve early detection and treatment. WB is the gold standard for confirming HIV infection and provides information on virus and host responses. The full WB pattern contains 10 bands that are specific to HIV-1. However, the band patterns of WB vary according to stages of the infection, prevalent viral strains, and cohorts, thus displaying significant regional characteristics. In this study, we observed 30 types of WB patterns from the 195 HIV-positive samples (Table 2). Reactivity with seven bands (p24, p31, gp41, p51, p66, gp120, and gp160) was the most commonly observed pattern with a proportion of 28.21%, while the complete 10-band pattern occurred in only 9.74% of the samples, which was different from other studies that reported the full pattern as the main outcome (Sudha et al., 2006). Envelope protein bands (gp160, gp120, and gp41), pol protein (p66), and gag protein (p24) were the most prevalent, which was consistent with the previous studies (Zhong et al., 2012; Xie and Chen, 2018). p55, p39, and p17 were the most frequently missing bands (Figure 2). The frequencies of p55 and p39 bands were low in samples from every infection stage (Table 3), but the p17 bands were only significantly lower in cases at the AIDS and middle stages of the infection (Table 3). These results indicated that lack of antibody reactivity to p17 was associated with disease progression. HAART is the most effective clinical treatment for AIDS (Sattwika et al., 2023). In Meizhou, TDF/AZT +3TC+EFV/NVP is the most commonly adopted initial treatment regimen, with the EFV+AZT/3TC regimen being less prescribed. Based on the drug-resistant genotype assay results, the main resistant HIV-1 strains in Meizhou were the CRF01-AE subtype, followed by the CRF07-BC subtype, which is consistent with the current situation in China (Huo et al., 2019).

In Meizhou, the resistance mutation of NNRTIs is the most prevalent, followed by that of NRTIs. Moreover, the cross-resistance of NRTIs and NNRTIs co-occurred in patients and accounted for 40.54% of drug-resistant mutations, indicating that multidrug resistance is widespread in the region. This may be related to the long-term use of first-line therapeutic drugs, resulting in the continuous accumulation of cross-drug-resistant mutant HIV-1 strains (Ma et al., 2010). Studies have shown that the accumulation of thymidine analogue-resistant mutations causes almost all NRTI resistance (Zha and Zha, 2006). In the resistance mutations of NRTIs, the M184V mutation was most prevalent, followed by K65R (Table 4). It has been reported that the M184V mutation causes significant resistance to 3TC but increases the sensitivity to TDF and AZT (Zuo, 2020). The K65R mutation was reported to produce moderate or high resistance to TDF and ABC (Guo, 2014). In this study, we observed that some patients simultaneously harboured mutations at the K65R and M184V sites; however, treatment with AZT was still appropriate, indicating that the first-line treatment regimen was efficacious for patients in Meizhou with this drug-resistant form of the disease. These results may explain why the HIV antiviral treatment failure ratio due to resistant mutations in Meizhou (8.95%) was much lower than the global data (40.30%–84.00%) (Shen and Su, 2019). Compared with the high incidence of drug-resistant mutations in NRTIs and NNRTIs, resistant mutations in PIs were only found in one out of the 37 cases (Table 4). These results suggest that patients in Meizhou with drug-resistant HIV/AIDS may still be sensitive to PIs since resistance mutations rarely occur in response to this group of drugs. Therefore, when patients develop cross-resistance to NRTIs and NNRTIs simultaneously and the first-line treatment regimen ceases to be efficacious, second-line treatment may be adopted. The study of clinical and epidemiological characteristics of HIV patients is conducive to the establishment of regional HIV transmission and epidemic identification standards and early warning systems. At the same time, the correlation between serological characteristics and clinical drug resistance was analyzed to provide useful information for clinical timely acquisition of HIV biological information and prediction of drug resistance (Shchemelev et al., 2023). The analysis model of the correlation between serotype and drug resistance may provide new ideas for HIV epidemic prevention and identification analysis. By studying the laboratory diagnosis and monitoring indicators and drug resistance of HIV infected people in Meizhou city, we provide scientific clinical basis for AIDS prevention and treatment. Although the detection methods of HIV infection are becoming more and more mature and diversified, there are still some problems that need to be studied and solved. One of the prominent problems is the long incubation period of HIV-infected people and the different window periods of HIV detection methods. We combine the characteristics of the regional HIV epidemic in the detection population and adopt appropriate detection methods to reduce the missed detection rate of HIV-infected people. In the process of antiretroviral drug treatment, clinical laboratory detection of drug resistance genes appears in various problems, we need to further explore, such as how long the interval of drug resistance monitoring detection is appropriate, can timely understand the characteristics of HIV antiviral resistance, is conducive to HIV infected people to develop effective treatment plans.




5 Conclusion

In summary, we explored the characteristics of clinical HIV infection in Meizhou, China, by retrospectively analyzing samples from HIV-infected people obtained from May 2008 to December 2019. Most of the 195 positive cases were found to be male and, in the middle, and AIDS stages. They were mainly from groups with relatively lower education levels. We found that the most prevalent pattern was reactivity with seven bands (p24, p31, gp41, p51, p66, gp120, and gp160), instead of the full-band pattern reported in other regions. The WB bands including p55, p39, and p17 were the most frequently missing bands. We further observed decreased detection of the p17 antibody in patients in the middle to the AIDS stage of the infection/disease. Most resistant mutations were related to NRTIs and NNRTIs; only one case carried a mutation resistant to PIs, suggesting the presence of protease inhibitors in the treatment regimen will work better in local patients. Our data described the specific epidemiological patterns, serum antibody profiles and drug resistance genotypes of HIV-infected patients in Meizhou, and are of great significance for guiding local treatment strategies in the future.
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Introduction

Streptococcus suis is a major pathogen for swine and human. Here we aimed to know the rates of antimicrobial resistance (AMR) in invasive S. suis isolates recovered along Spain between 2016 – 2021 and elucidate their genetic origin.





Methods

Antibiotic susceptibility testing was performed for 116 isolates of different genetic backgrounds and geographic origins against 18 antibiotics of 9 families. The association between AMR and genotypes and the origin of the isolates were statistically analyzed using Pearson´s chi-square test and the likelihood ratio. The antimicrobial resistant genes were identified by whole genome sequencing analysis and PCR screenings.





Results

High AMR rates (>80%) were detected for tetracyclines, spectinomycin, lincosamides, and marbofloxacin, medium (20-40%) for sulphonamides/trimethoprim, tiamulin, penicillin G, and enrofloxacin, and low (< 20%) for florfenicol, and four additional β-lactams. The occurrence of multidrug resistance was observed in 90% of isolates. For certain antibiotics (penicillin G, enrofloxacin, marbofloxacin, tilmicosin, and erythromycin), AMR was significantly associated with particular sequence types (STs), geographic regions, age of pigs, and time course. Whole genome sequencing comparisons and PCR screenings identified 23 AMR genes, of which 19 were previously reported in S. suis (aph(3’)-IIIa, sat4, aadE, spw, aac(6’)-Ie-aph(2’’)-Ia, fexA, optrA, erm(B), mef(A/E), mrs(D), mph(C), lnu(B), lsa(E), vga(F), tet(M), tet(O), tet(O/W/32/O), tet(W)), and 4 were novel (aph(2’’)-IIIa, apmA, erm(47), tet(T)). These AMR genes explained the AMR to spectinomycin, macrolides, lincosamides, tiamulin, and tetracyclines. Several genes were located on mobile genetic elements which showed a variable organization and composition. As AMR gene homologs were identified in many human and animal pathogens, the resistome of S. suis has a different phylogenetic origin. Moreover, AMR to penicillin G, fluoroquinolones, and trimethoprim related to mutations in genes coding for target enzymes (pbp1a, pbp2b, pbp2x, mraY, gyrA, parC, and dhfr). Bioinformatic analysis estimated traits of recombination on target genes, also indicative of gene transfer events.





Conclusions

Our work evidences that S. suis is a major contributor to AMR dissemination across veterinary and human pathogens. Therefore, control of AMR in S. suis should be considered from a One Health approach in regions with high pig production to properly tackle the issue of antimicrobial drug resistance.





Keywords: Streptococcus suis, antimicrobial resistance (AMR), antimicrobial resistant genes, mobile genetic elements, ICEs, IMEs, Streptococcus sp.




1 Introduction

The Gram-positive coccus Streptococcus suis is a common inhabitant of the upper respiratory tract of pigs, but it is also the aetiological agent of streptococcal swine disease, a life-threatening infection characterized by the fast development of endocarditis, septicaemia, arthritis, and meningitis (Vötsch et al., 2018). It is a major cause of morbidity and mortality in sucking and transition pigs (Neila-Ibáñez et al., 2023), but can also cause infections in older pigs and sows. S. suis can be transmitted from pigs to humans by direct contact with animals, manipulation of pig meat, and consumption of raw meat. S. suis is also a zoonotic pathogen able to cause infections in humans as described in pigs (Goyette-Desjardins et al., 2014). Indeed, S. suis is one of the main meningitis-causing agents in several Asian countries.

Capsule is a major virulence factor for S. suis. The bacteria can express either one of the 29 different capsular polysaccharides (serotypes), but capsules 2, 3, 7, 8, 4, 1 1/2, and 9 are the most prevalent in clinical isolates from pigs (Goyette-Desjardins et al., 2014). Based on the antigenicity of the capsule, a serotyping scheme is used for routine diagnosis of strain virulence. Serotype distribution varies geographically, but serotype 2 predominates worldwide within clinical isolates (Goyette-Desjardins et al., 2014). In Spain, a recent study reported the most prevalent serotypes isolated from diseased pigs were 2 (21%), 1 (21%), 9 (19%), 3 (6%), and 7 (3%) (Petrocchi-Rilo et al., 2021). However, isolates of the same serotype show genetic heterogeneity, and thus genetic typing systems can better characterize this pathogen. Indeed, a Multi Locus Sequence Typing (MLST) scheme is available for S. suis and is globally used for epidemiological studies. Some sequence types (STs) are restricted to particular geographic regions (Goyette-Desjardins et al., 2014), for example, ST25 and ST28 in North America, while others are amply distributed, as ST1. Also, ST1 isolates were amply recovered from diseased people (Goyette-Desjardins et al., 2014).

Currently, the main immunization methods against S. suis in pig farming involve the use of commercial whole cells or bacterins prepared from clones recovered from diseased animals (Segura, 2015). However, the efficacy of bacterins is controversial (Corsaut et al., 2020), and there is a lack of tools to control safety, immunogenicity, or protective efficacy, leading to reliance on antibiotics as the primary defense against S. suis infections. This widespread antibiotic use contributes to high rates of antimicrobial resistance (AMR), particularly to tetracyclines, macrolides, β-lactams, aminoglycosides, sulfamethoxazole/trimethoprim (TMP), chloramphenicol, and fluoroquinolones, reported in clinical isolates recovered from diseased pigs and humans worldwide (Uruén et al., 2022). Many AMR genes were identified in S. suis (Dechêne-Tempier et al., 2021; Uruén et al., 2022). Some of them are placed on mobile genetic elements (MGE) such as integrative conjugative elements (ICEs), integrative mobile elements (IMEs), plasmids, transposons, genomic islands, or prophages. Thus AMR genes can easily migrate within strains (Dechêne-Tempier et al., 2021; Uruén et al., 2022). Notably, MGEs can be transferred from S. suis to different human streptococci pathogens such as Streptococcus agalactiae or Streptococcus pyogenes (Marini et al., 2015) or to pathogenic enterococci such as Enterococcus faecalis (Huang et al., 2016). This highlights S. suis as a relevant reservoir of AMR genes with potential implications for public health (Marini et al., 2015).

Spain is the highest pig producer in Europe, and it is hardly affected by S. suis infections. A recent study revealed that the percentage of units of sucking and nursery piglets clinically affected by S. suis is around 81% (Neila-Ibáñez et al., 2023). Antibiotics are highly used to treat and prevent S. suis infections in Spain (Neila-Ibáñez et al., 2023). Despite this microorganism is a zoonotic pathogen that can contribute to AMR dissemination, the rate of AMR for different antibiotics and their resistance mechanisms have been poorly studied. This knowledge is the basis for the design-built strategies to control S. suis disease in pigs and to minimize AMR spread. Therefore, we aimed here to know the rates of AMR for 18 different antibiotics in invasive isolates of S. suis recovered around Spain and to elucidate their genetic origin.




2 Material and methods



2.1 Bacterial isolates and growth conditions

A panel of 116 S. suis clinical isolates was selected in this study (Supplementary Table S1) from our S. suis collection described in our previous work (Uruén et al., 2024). The selective sampling criteria were i) only one isolate from the same farm, to avoid over-representation of endemic clones; ii) isolates should represent the most productive Autonomous Communities, iii) only isolates from internal organs or blood in which only one clone (serotype) was detected (to rule out the selection of opportunistic clones), iv) isolates recovered from the period 2014-2021 to have an indication of the current circulating Ss. 156 out of 843 isolates that matched the selective criteria were analyzed. All isolates were previously characterized in terms of serotyping, ST, and the presence of virulence-associated factors (Uruén et al., 2024).

Isolates were cultured onto BD™ Columbia Agar with 5% Sheep Blood (Columbia, Heidelberg, Germany) or Todd-Hewitt Agar (Oxoid Ltd., Hampshire, England) at 37°C in a candle jar for 18-24 hours. Todd-Hewitt liquid cultures were started from colonies grown on solid agar adjusted to an Optical Density of 600 nm (OD600) of 0.05. For antibiotic sensibility testing, bacteria were grown in Muëller-Hinton Broth (MHB) as described below.




2.2 Antibiotic susceptibility testing

Minimum Inhibitory Concentration (MIC) was determined in 18 antibiotics from 9 families using the broth microdilution method. Bacteria were thawed, propagated on blood agar, and incubated at 37°C in candle jars for 18-24 h. Three to five colonies were picked up and emulsified in Cation Adjusted MHB to obtain turbidity of 0.5 McFarland standard (Sensititre™ nephelometer V3011). Bacterial suspensions were further diluted in Cation Adjusted MHB with 2.5-5% Lysed Horse Blood to reach a final inoculum concentration of 5 x 105 colony-forming units in 1 ml. A panel of 11 antibiotics (penicillin G, ampicillin, amoxicillin, ceftiofur, cefquinome, sulfamethoxazole/Timetropim (TMP), tiamulin, florfenicol, enrofloxacin, marbofloxacin, and doxycycline) was tested in customized 96-well microtiter plates (Sensititre, Trek Diagnostic Systems Inc., East Grinstead, UK). Plates were reconstituted by adding 100 μl/well of the inoculum. Besides, a panel of 7 antibiotics (spectinomycin, erythromycin, tilmicosin, tylosin, clindamycin, lincomycin, and tetracycline) were tested in 96-well microtiter U bottom plates (Deltalab, Barcelona, Spain). Antibiotic dilutions were prepared following the recommendations of ISO 20776-1:2019, and 100 μl of each antibiotic was added to each well together with the bacterial inoculum as depicted above. The MIC value was established as the lowest drug concentration inhibiting visible growth. Streptococcus pneumoniae (ATCC 49619™) was included as internal quality control following CLSI recommendations (2019). The resistance/susceptibility to each antibiotic was determined based on breakpoints established in EUCAST (EUCAST, 2023) and CLSI (CLSI, 2019), and when not available, ECOFF 95% or literature was used.




2.3 Statistical analysis

Associations between AMR, the genotype of isolates, geographical distribution, age of animals, and year of isolation were analyzed using Pearson’s chi-square test, however, when comparing two categories and more than 20% of the cells had a frequency lower than 5 units, the likelihood ratio test was used. Associations were considered statistically significant when the p-value was lower than 0.05. In addition, adjusted standardized residues (ASR) were calculated and analyzed. When the ASR value is higher than 1.96, the frequency is significantly higher than expected and the relationship is considered positively significant; if the ASR value is lower than -1.96, the frequency is significantly lower than expected, and the association is considered negatively significant. When the ASR value is between -1.96 and 1.96 the association between variables is not statistically significant. All statistical analyses were performed with SPSS software version 26 (IBM Corporation, Armonk, NY, USA). In some analyses the risk ratio (RR) was calculated as in (Viera, 2008). Shortly, RR was estimated with the formula   where a is the number of resistant isolates with the mutations, c is the number of resistant isolates with no mutations, b is the number of susceptible isolates with the mutations, and d is the number of susceptible isolates with no mutations.




2.4 Chromosomal DNA extraction

The chromosomal DNA was obtained using the Chromosomal DNA extraction kit Wizard® Genomic DNA Purification Kit (Promega, USA), according to manufacturer instructions, and used as template DNA for PCRs and whole genome sequencing. The DNA integrity was evaluated in a 0.7% agarose gel, and the quality and quantity of DNA were measured with a Nanodrop spectrophotometer (Implen, Madrid, Spain) and a Qubit 4 fluorimeter (Thermo Fisher Scientific, DE, USA).




2.6 Whole genome sequencing and bioinformatics analyses

Whole genome sequencing was performed in 11 S. suis isolates (Ss_02, Ss_69, Ss_70, Ss_80_ Ss_92, Ss_93, Ss_100, Ss_121, Ss_156, Ss_166, and Ss_167). The selective criteria were i) isolates that showed resistance to most antibiotics tested in this study, particularly isolates with different AMR patterns, and ii) represent all major genetic clusters and some genetically unrelated singletons. This was also considering 19 previously sequenced genomes (Ss_08, Ss_20, Ss_21, Ss_22, Ss_24, Ss_45, Ss_46, Ss_48, Ss_51, Ss_52, Ss_53, Ss_72, Ss_84, Ss_106, Ss_107, Ss_109, Ss_115, Ss_124, and Ss_134) (Uruén et al., 2024). For whole genome sequencing, the Illumina HiSeq 2500 system was used. The preparation of the DNA-Seq libraries was performed at STAB Vida Lda (Caparica, Portugal), followed by sequencing by HiSeq 2500. Quality control of the raw reads was conducted using FastQC v.0.11.7 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Trimmomatic v.0.38 was employed for trimming, aiming to eliminate low-quality reads and adaptors (Bolger et al., 2014). The bowtie2 tool was used to remove any potential contamination by human DNA (Homo sapiens (b38):hg38). Lastly, the SPAdes tool was used to assemble the sequences, matching the trimmed short-read Illumina sequences. The quality of the assembly was assessed using Quast 5.0.2 (Gurevich et al., 2013). For pangenome relatedness, firstly, sequences of the 30 genomes of our collection and 8 genomes of reference strains were analyzed with Prokka tool (Seemann, 2014). The obtained data were used to construct a maximum-likelihood phylogenetic tree using the Roary tool to obtain accessory binary genes in Newick format (Page et al., 2015).

To identify the AMR genes from the 30 genomes of the isolates, the ABRicate tool against ResFinder and NCBI bacterial AMR gene database was used. ICEs and IMEs were identified with ICEberg 2.0 database. When required, DNA sequences were aligned with MAFFT (https://www.ebi.ac.uk/Tools/msa/mafft/). To search for traits of recombination, a full exploratory recombination scan using all methods of the program was carried out on DNA fragments with the RDP4 program (Martin et al., 2015). Recombination points were considered when 3 or more algorithm tests were positive. The non-synonymous/synonymous substitution rate ratio (dN/dS) was estimated for each gene individually. To do that, the gene nucleotide sequence was aligned with MAFFT, and a maximum-likelihood phylogeny tree was elaborated with MEGA11 (Tamura et al., 2021). The tree and coding sequences of each gene were introduced in HyPhy program (Kosakovsky Pond et al., 2020), and the single-likelihood ancestor counting method (SLAC) was carried out with a 95% confidence interval.




2.5 Detection of AMR genes by PCR

To identify AMR genes in the entire population, PCR screenings were performed targeting those AMR genes detected in our genomes (described above) and those reported in the literature as highly prevalent in different studies. Together, a panel of 38 AMR genes (including antibiotic targeted genes) were examined, comprising aph(3’)-IIIa, ant1, aacA, aadE, ant(9’)-Ia, aac(6’)-Ie-aph(2’’), sat4, spw, apmA, aph(2’’)-IIIa, pbp2x, pbp2b, pbp1a, mraY, fexA, optrA, gyrA, parC, erm(B), mef(A/E), mrs(D), erm(47), mph(B), mph(C), cfr, lnu(B), lsa(E), vga(F), dhfr, tet(O), tet(M), tet(T), tet(L), tet(K), tet(W), tet(40), tet(44), tet(O/W/32/O). For PCR assays, 1 µl of chromosomic DNA, 0.25 µM of different primer combinations (Supplementary Table S2), and 400 µM dNTPs, were mixed with 0.5 U Taq DNA polymerase and PCR buffer (Biotools, Madrid, Spain). The mix was first incubated for 10 min at 94°C, followed by 30 cycles of 45 sec at 94°C, 30 sec at the annealing temperature described in Supplementary Table S2, 1 min per 1 kb of expected PCR product size at 72°C (Supplementary Table S2), and a final extension of 7 min at 72°C. The reactions were performed in a thermocycler (Biometra TRIO, Madrid, Spain). Amplicons were visualized in 1% agarose gels stained with Green®Nucleic Acid Stain (Sigma-Aldrich, Darmstadt, Germany) in an iBright Imaging System (Thermo Fisher Scientific, DE, USA). All PCR products obtained in this work were purified for sequencing using PCR Product Pre-Sequencing Kit (Thermo Fisher Scientific, DE, USA), and, when required, sequenced at STAB Vida Lda (Caparica, Portugal). The sequence of pbp2x, pbp2b, pbp1a, mraY, dhfr, gyrA, and gyrB was extracted from the whole genome sequencing analysis and analyzed independently. Partial sequencing was performed in pbps and mraY genes in isolate Ss_104, in dhfr gene in isolates Ss_82, Ss_85, Ss_104, and Ss_138, in gyrA and parC genes in isolates Ss_09, Ss_168, and Ss_170. When required, DNA sequences were translated with MEGA and used for sequence comparisons.





3 Results



3.1 Origin of the isolates

A total of 116 invasive isolates of S. suis from diseased pigs with symptoms of streptococcal swine disease were studied here (Supplementary Table S1). Isolates were recovered from pigs located in farms of 13 Spanish Autonomous Communities, comprising high swine producers (8-3x106 pigs/year): Aragón (n=43), Cataluña (n=24), Castilla y Leon (n=16); moderate swine producers (1–3x106 pigs/year): Andalucía (n=5), Castilla La Mancha (n=8), Murcia (n=8), Galicia (n=2), Valencia (n=4); and, low swine producers (< 1x106 pigs/year): Cantabria (n=1), Extremadura (n=1), Madrid (n=1), Navarra (n=2), País Vasco (n=1). The sampling period was from 2016 to 2021. Isolates were from suckling piglets (n=11), transition pigs (n=74), and fattening pigs (n=3), but the age of the host was non-defined for 28 isolates. All isolates were previously characterized by ST, serotype, and virulence factor profile (Supplementary Table S1) as published in our previous work (Uruén et al., 2024). The four most frequent STs were ST1 (n=28), ST123 (n=22), ST29 (n=10), and ST3 (n=6). Also, few isolates were of ST1552 (n=3), ST24 (n=2), ST1642 (n=2), and ST94 (n= 3), and 40 belonged each one to a single ST, including ST13, ST16, ST17, ST198, ST141, ST198, ST949, ST1621, ST1622, ST1623, ST1624, ST1625, ST1626, ST1627, ST1628, ST1629, ST1630, ST1631, ST1632, ST1633, ST1634, ST1635, ST1636, ST1637, ST1638, ST1639, ST1640, ST1641, ST1644, ST1645, ST1649, ST1650, ST1651, ST1652, ST1653, ST1654, ST1822, ST1824, ST1825, ST2275. These STs were grouped in six phylogenetic eBurst Groups (eBGs): eBG1 (n=42), eBG2 (n=3), eBG3 (n=4), eBG4 (n=12), eBG5 (n=33), otherwise singletons (n=22) [characterized in Uruén et al. (2024)]. eBG2, eBG3, and eBG6 isolates belong to clonal complex (CC) CC16, CC24, and CC1628/1633, respectively. All isolates of eBG1 belong to CC1, but one isolate is unrelated. All isolates of eBG4 belong to CC29 but one is of CC28. eBG5 contain isolates of CC94 (n=4), CC123 (n=28), and one unrelated. Moreover, isolates were distributed in 11 serotypes, where serotype 9 prevailed (n=33), followed by serotype 1 (n=21) and serotype 2 (n=13). 14 isolates were non-tippable. The core genome of the 30 isolates used in this study and 8 public genomes was analyzed phylogenetically (Supplementary Figure S1). Two main clusters were generated. A cluster was constituted by all isolates of eBG1 and public genomes A7, O1/7, S10 and 2016UMN29656, all of them of CC11 but of different STs (ST1, ST3 and ST1642) and serotypes (1, 2, 1/2, 9 and 14). The other cluster was sub-grouped into two clusters. One cluster was constituted of two isolates and the public genome of 861160. They were of eBG2 (CC16) and singletons (CC20) that belonged to different serotypes (2, 4, 9) and STs (ST29, ST16, ST949). The remaining cluster contained singletons, and isolates of eBG5, eBG4, and eBG5. Isolates of eBG5 were of CC123 and CC94 and of serotypes 9 and 4 and eBG4 (CC29, ST29, non-tippable) and clustered together with genome SH1510. These genomes were phylogenetically related to isolates of eBG3 (CC24, ST1637, and ST24) than singletons. Hence, the collection of isolates studied here is very diverse regarding isolation origin (geographic location, host, and isolation year) and genetic background.




3.2 AMR profiles

The susceptibility of S. suis isolates against 18 antibiotics of 9 families was measured by the MIC. Included were one aminoglycoside (spectinomycin), five β-lactams (amoxicillin, ampicillin, cefquinome, ceftiofur, and penicillin G), one amphenicol (florfenicol), two fluoroquinolones (enrofloxacin, marbofloxacin), two lincosamides (clindamycin and lincomycin), one pleuromutilin (tiamulin), three macrolides (tilmicosin, tylosin, and erythromycin), sulfamethoxazole/TMP, and two tetracyclines (doxycycline and tetracycline). Amoxicillin, cefquinome, ceftiofur, and penicillin G are widely used to treat S. suis infections, the remaining antibiotics are of extensive use in the pig production industry to treat a variety of bacterial infectious diseases. The MIC value and the resulting phenotype for each isolate are listed in Supplementary Table S1, and the distribution of the MICs within the population is summarized in Figure 1. Results evidence variations in the distribution of the population for the different antibiotics. Hence, the distribution of MIC values for macrolides, tetracyclines, florfenicol, sulfamethoxazole/TMP, and clindamycin was bimodal, suggesting clear differences between susceptible and resistant populations. In contrast, the MIC distribution for fluoroquinolones and spectinomycin was normal, and for β-lactams, tiamulin, and lincosamides was right-skewed. Considering established and/or calculated breakpoints, high AMR rates were detected for tetracyclines (93%), macrolides (84%, 85%, 86% for erythromycin, tilmicosin, and tylosin, respectively), lincosamides (88% and 97% for clindamycin and lincomycin, respectively), and the fluoroquinolone marbofloxacin (81%). Medium AMR rates were detected for sulfamethoxazole/TMP (29%), tiamulin (19%), β-lactam penicillin G (32%), and enrofloxacin (30%). For florfenicol (5%), and the remaining β-lactams (2%) (amoxicillin, ampicillin, cefquinome, and ceftiofur), AMR rates were low. The occurrence of multidrug resistance, i.e., simultaneous AMR to antibiotics of at least three different families, was identified in 90% of the population. Up to 32 multi-resistance patterns were detected (Supplementary Figure S2). The most prevalent pattern (27% of isolates) was multi-resistance to fluoroquinolones, lincosamides, macrolides, and tetracyclines, although some isolates of this group were susceptible to certain antibiotics of the cited families. Conversely, isolate Ss_166, which belonged to this group, exhibited resistance to 14 antibiotics. The remaining patterns contained around or less than 10% of the isolates.




Figure 1 | Distribution of MIC values for 18 antibiotics tested in 116 invasive S. suis isolates. Antibiotics of the same class are similarly coloured; the aminoglycosides (yellow), the β-lactams (dark green), the amphenicols (dark blue), the fluoroquinolones (grey), the lincosamides (light yellow), the macrolides (brown), the pleuromutilins (light green), the sulphonamides/TMP (ochre), and the tetracyclines (light blue). Breakpoints of resistance are indicated with vertical lines as determined by EUCAST, CLSI, literature reports, and ECOFF 95%.






3.3 Distribution of AMR

The association between AMR, MLST-based genotypes, and the origin of the isolates was statistically analyzed. The high AMR rates for tetracyclines, macrolides, and lincosamides prevented significant associations with these antibiotics. But statistically significant associations were found with other antibiotics; for instance, the AMR rate for penicillin G was significantly high within isolates of ST123 (91%; p<0.001, ASR=6.7), all of them recovered from very distant geographic locations (Supplementary Table S1). ST123 belongs to the phylogenetic group eBG5 and is constituted of several other STs (i.e., ST94, ST1621, ST1622, ST1632, ST1640, ST1641, ST1650 and ST1652), 60% of which were susceptible to penicillin G. Thus, apparently, AMR for penicillin G is higher in ST123 isolates than the rest isolates. In contrast, AMR for penicillin G was significantly low in ST1 and ST29 isolates, both of them of eBG1. Also, AMR rates for enrofloxacin (48.1%; p=0.001, ASR=3.3), and marbofloxacin (100%; p=0.001, ASR=3.4) were significantly high in ST1 isolates. Finally, the AMR rates for clindamycin and tiamulin were also high in isolates of eBG5 (97%; p=0.035, ASR=1.9), eBG6 (100%; p<0.001, ASR=2.9), and singletons (65%; p<0.001, ASR=5.8). Notably, the AMR rates for tilmicosin and erythromycin varied within geographic regions; it was significantly high in isolates recovered from Aragón (93%; ASR=1.8), Cataluña (91%; ASR=1), Castilla La Mancha (87%; ASR=0.2), and Murcia (87%; ASR=0.3). Also, high AMR rates for erythromycin occurred in isolates recovered from Aragón (93%; ASR=1.9) and Cataluña (91%; ASR=1.1). Yet, certain Autonomous Communities exhibited high AMR rates for some antibiotics, but these associations had low statistical power, including AMR rates for spectinomycin in the Valencian Community (50%; p>0.05, ASR=2.8) or for penicillin G in Aragón (44.2%; p>0.05; ASR=2). Interestingly, the AMR rate for tiamulin was significantly high in fattening (66.7%; p=0.032; ASR=2.1) and suckling pigs (45.5%; p=0.032; ASR=2.4) as compared to transition pigs. When the AMR rates were compared within isolation years, the resistance to most β-lactams (amoxicillin, ampicillin, ceftiofur, and cefquinome) increased significantly over time (p=0.015 - 0.027; ASR=3.7). Together, our statistical analysis shows that the AMR rates for certain antibiotics varied according to genetic background (penicillin, enrofloxacin, marbofloxacin, clindamycin, and tiamulin), place of isolation (tilmicosin, erythromycin), growth stage of the host (tiamulin), and isolation year (penicillin G) of the isolates.




3.4 Identification of AMR determinants

To identify AMR genes in our population, we analyzed the genome of a subset of 30 S. suis isolates using bioinformatics tools. We make use of the genome of 19 isolates that were recently sequenced by us. Additionally, we sequenced 11 novel isolates (see details in material and methods). Isolates were resistant to multiple antibiotics, including aminoglycosides (n=4), β-lactams (n=10), fluoroquinolones (n=16), lincosamides (n=28), macrolides (n=25), pleuromutilins (n=9), sulphonamides/TMP (n=8), tetracyclines (n=29) (Supplementary Figure S1). A total of 19 AMR genes were identified, comprising aph(3’)-IIIa, sat4, aadE, spw, aph(2’’)-IIIa, apmA, fexA, optrA, erm(B), erm(47), mef(A/E), lnu(B), lsa(E), tet(M), tet(O), tet(W), tet(O/W/32/O), tet(T), and vga(F). All those genes were previously reported in drug-resistant S. suis (Dechêne-Tempier et al., 2021; Uruén et al., 2022), except for apmA, aph(2’’)-IIIa, erm(47), tet(T)) that were detected in other species (Table 1). Then, specific multi-PCR assays targeting the aforementioned genes were performed in the entire population. In addition, we analyzed 12 genes reported as prevalent in AMR S. suis, comprising ant1, aacA, ant(9’)-Ia, aac(6’)-Ie-aph(2’’), mrs(D), mph(C), cfr, tet(L), tet(K), tet(40), tet(44).


Table 1 | AMR genes detected in 116 invasive isolates of S. suis recovered in Spain and their association with antibiotic resistance.





3.4.1 Aminoglycosides

Aminoglycoside resistance in S. suis is produced by enzymatic modification of aminoglycosides, target site modification, and efflux pumps. Aminoglycoside modifying enzymes include Streptothricin N-acetyltransferase (sat4), diverse aminoglycoside O-nucleotidyltransferases (ant, spw), aminoglycoside O-phosphotransferases (aph) or aminoglycoside N-acetyltransferase–O-phosphotransferases (ant-aph). aph(3’)-IIIa, sat4, spw, aph(2’’)-IIIa, apmA, and aadE genes were detected in our population, and their distribution is indicated in Table 1. Interestingly, the spw gene was present in 9 out of 10 (90%) streptomycin-resistant isolates as compared to 3 out of 106 (3%) streptomycin-susceptible isolates. Sequencing of the spw gene in three spectinomycin-susceptible and three spectinomycin-resistant isolates showed 100% amino acid identity among isolates. Also, the promoter region had no mutations, except for a spectinomycin-susceptible isolate (Ss_125) that had few nucleotide alterations (Supplementary Figure S3A). These mutations may cause a lack or reduced gene expression for this isolate but did not clarify the lack of phenotype for the remaining two susceptible isolates. The aph(3´)-IIIa gene was present in 36% of the spectinomycin-resistant isolates and 9% of spectinomycin-susceptible isolates. In contrast, aadE gene was present in 90% of spectinomycin-resistant isolates and 28% of spectinomycin-susceptible isolates. The sat4 gene was present in 9% and 7% of susceptible and resistant isolates, respectively. apmA and aph(2´)-IIIa were uniquely detected in one and two spectinomycin-resistant isolates, respectively. Statistical analysis revealed that aph(3´)-IIIa, aadE, spw, aph(2”)-IIIa and apmA were significantly associated with spectinomycin-resistant isolates (p<0.05, Table 1). Notably, spw showed the strongest association (p<0.001). Together, these data indicate that spectinomycin resistance is mainly caused by spw, aadE, and aph(3´)-IIIa. Interestingly, high MIC values were correlated with the co-existence of more than two AMR genes (p<0.001), indicative that their accumulation increases spectinomycin resistance.

The aph(2”)-IIIa and apmA genes were not reported in S. suis yet. To explore their origin, both genes, and their genetic context, were examined in isolates Ss_48 and Ss_107 that carry aph(2´)-IIIa and apmA, respectively, and compared with public genomes (Figure 2). The plasmid pEW1611 of Enterococcus casseliflavus strain EW1611 contains aph(2”)-IIIa, but their flanking regions have very little homology with those in S. suis isolate Ss_48. In contrast, the genome of S. suis strain Ssu_584 which lacked aph(2”)-IIIa, contained 22,324 bp with 97% of homology with several flanking regions of aph(2´)-IIIa in Ss_48 (Figure 2). This region corresponded to an ICE that carried multiple AMR genes including tet(O), aadE, spw, lnu(B), lsa(E), erm(B). Besides that, the gene apmA is located in the plasmid pKKKS49 of Staphylococcus aureus strain ST398, but their flanking regions lack any homology to the genome sequences of isolate Ss_107. Interestingly, the genome of S. suis YS165 contains an ICE (ICESsuYS165) that lacks apmA but harbors a sequence of 13,091 bp with 97% of nucleotide homology with several flanking regions of apmA of isolate Ss_107 (Figure 2). Together, these analyses suggest that aph(2´)-IIIa and apmA were transferred from another bacteria to S. suis through MGEs.




Figure 2 | Genetic organization of aph(2’’)-IIIa, ampA, and erm(47) genes in S. suis isolates and other public genomes as indicated. AMR genes are red coloured and gene names are indicated.






3.4.2 β-lactams

In Gram-positive bacteria, the resistance to β-lactams is mostly caused by mutations in the sequences that code for transpeptidase domains of Penicillin Binding Proteins (PBPs), which are targets for β-lactams, and mraY that code for an enzyme involved in the synthesis of a peptidoglycan precursor. There are up to six pbp genes (pbp1a, pbp1b, pbp2a, pbp2b, pbp2x, pbp3) in S. suis, but mutations in pbp1a, pbp2b, pbp2x and mraY were mainly related to β-lactams resistance (Bamphensin et al., 2021; Hadjirin et al., 2021). Hence, to investigate the origin of penicillin G resistance in our isolates, the sequence of pbps and mraY were analyzed in 31 S. suis isolates, including 20 penicillin G-susceptible and 11 penicillin G-resistant isolates. Compared with the S. suis genome of P1/7, which is susceptible to β-lactams, a total of 399 mutation sites were identified in the 31 isolates analyzed, comprising 37, 128, 185, and 49 sites in PBP1A, PBP2B, PBP2X, and MraY, respectively. Importantly, a significant abundance of amino acid substitutions occurred in PBP1A, PBP2B, PBP2X, and MraY (1.3%, 5.3%, 7.4% and 2.8%, respectively) of penicillin G-resistant isolates compared to penicillin G-susceptible isolates (0.4%, 0.7%, 0.6% y 0.1%, respectively) (p<0.05) (Figure 3A); many of these mutations occurred in the transpeptidase domain (Figure 3A). Notably, 301 substitutions were exclusively present in penicillin G-resistant isolates (9 in PBP1A, 90 in PBP2B, 157 in PBP2X, and 45 in MraY), and the most prevalent were G727D (36.4%) in PBP1A; A562D/P (63.6%) and Q668E/L, Q678T/P/N, Q685N/H, and H688Y (54.5%) in PBP2B; N631K/T/S, Q655E/N/Y, I680A/P/L/S, and I701L/V (90.9%) in PBP2X; A630T/G and Q636K/T/R (81.8%), N616S and A666S (72.7%), and T70A/V, F72L, L74M, and V91L (45.5%) in MraY. A total of 30 and 4 mutations in PBPs and MraY, respectively, were present in at least 70% and 40% of penicillin G-resistant isolates, respectively. Indeed, these mutations were statistically associated with penicillin G resistance (p<0.05). Then, the RR was calculated. An RR value higher than 1 is interpreted as an increased probability of the association between the genotypic event and the phenotype, and an RR lower than 1 as a negative association. A high RR was detected in 1, 4 and 5 mutations in PBP1A, PBP2B, and PBP2X, respectively (Figure 3B). Notably, no RR could be calculated for 6 mutations in PBP2B and 3 in PBP2X due to their high prevalence in resistant isolates and low in susceptible isolates (indicated as ND in Figure 3B). Most of these substitutions are located in the sequences that encode for the transpeptidase domain of the cited enzymes (Figure 3B).




Figure 3 | Genetic differences of Penicillin G resistant and susceptible isolates. (A) Amino acidic variability of penicillin-binding proteins (PBPs) and MraY proteins in resistant and susceptible S. suis isolates. The variability is shown for the full-length proteins (left graft) and transpeptidase domain (right graft). (B) Risk ratio (RR) for amino acid alterations in the sequences of MraY, PBP1A, PBP2B, and PBP2X. A total of 32 alterations were significantly associated and were present in 70% of penicillin G-resistant isolates (p< 0.05). Values non-defined (ND) correspond to alterations present in all resistant isolates, and therefore RR could not be calculated. The colour scale is proportional to the RR value. Mutations located in transpeptidase domain are indicated with an asterisk.



Because of the large abundance of mutations found in PBPs, the level of genetic conservation of pbps and mraY genes was analyzed by calculating the dN/dS substitutions. dN/dS is a metric parameter commonly interpreted in terms of the amount of amino acid diversity generated by codon substitutions (Del Amparo et al., 2021). It is widely used to evaluate selection in protein coding sequences in a large variety of microorganisms, including viruses (Meyer et al., 2015) and bacteria (Rocha, 2006; Arenas et al., 2008). Positive selection was considered when the dN/dS is higher than 1, and negative selection when dN/dS is lower than 1. Positively or negatively coding sites were considered when the significance level was less than 0.05. The dN/dS of pbp1a, pbp2x, pbp2b, and mraY ranged from 0.13 to 0.05 (Table 2) evidencing negative selection for amino acid replacement. Actually, several negative selection sites were identified in all genes. Yet, pbp2x contained a positive selection site (Q636K/T/R) with a high prevalence in resistant isolates (Figure 3B). Then, to understand the origin of the mutations, the presence of putative recombination events was analyzed. Many putative recombination breakpoints (Supplementary Table S3) were estimated and located within the pbp1a, pbp2b, and pbp2x-mraY and their flanking regions (Supplementary Figure S4). Together, our analysis supports that penicillin G resistance in our isolates could be caused by polymutations in pbp and mraY genes, some of which could be likely acquired by horizontal genetic transfer.


Table 2 | Estimated dN/dS for AMR determinants for β-lactams, fluoroquinolones, and TMP in 30 S. suis isolates.






3.4.3 Amphenicols

Amphenicol resistance can be caused by rRNA 23S modification (cfr, optrA), enzymatic inactivation of amphenicols (catA), and active efflux (fexA). The cfr gene was not detected in our population. The optrA gene was detected in the florfenicol-resistant isolate and in a florfenicol-susceptible isolate out of 115. The fexA gene was detected in one florfenicol-susceptible isolate (Ss_49), which also carried the optrA gene. PCR analysis in Ss_49 evidenced that both genes were located in tandem on the chromosome, and sequencing analysis revealed an intact optrA gene. Thus, apparently, the resistance to florfenicol could be determined by optrA (p=0.003), but for unknown reasons, its function is lacking in isolate Ss_49.




3.4.4 Fluoroquinolones

Fluoroquinolone resistance is determined by mutations in genes involved in DNA replication, including gyrA, gyrB, parC, and parE (Dechêne-Tempier et al., 2021; Uruén et al., 2022). Particularly in S. suis, fluoroquinolone resistance is caused by specific mutations in GyrA (S81 and E85) and ParC (S79) (Hadjirin et al., 2021). Hence, we searched for these mutations in 33 S. suis isolates with a different AMR profile to fluoroquinolones. Pre-established resistance mutations were detected in isolates Ss_09, Ss_166, Ss_168, and Ss_170 which were resistant to enrofloxacin and marbofloxacin (Supplementary Figures S3B, C) but lacked fluoroquinolone-susceptible isolates. Yet, isolate Ss_80, which manifested resistance to marbofloxacin and enrofloxacin, and isolates Ss_02, Ss_21, Ss_22, Ss_24, Ss_45, Ss_48, Ss_70, Ss_72, Ss_84, Ss_92, Ss_100, Ss_106, Ss_115, and Ss_121, which were only resistant to marbofloxacin, lacked the cited mutations. In addition, the amino acid sequences of GyrB and ParE were analyzed in 10 isolates (3 susceptible to both antibiotics, 5 resistant to marbofloxacin, and 2 resistant to both antibiotics). A total of 4 amino acid substitutions were identified in GyrB in all isolates (E219D, V221I, L409F, and A427T), but two of them (E219D and V221I) were only in isolate Ss_166 that manifested resistance to both antibiotics. Besides, a total of 13 amino acid substitutions were detected in ParE, but no one was associated with fluoroquinolone resistance. The dN/dS values for gyrA and parC were 0.03 and 0.04 (Table 2), respectively, indicating they are highly conserved genes. Surprisingly, estimates of recombination revealed multiple recombination events (Supplementary Table S3) along their flanking regions (Supplementary Figure S4), also suggesting that the acquisition of such specific mutations can be also through horizontal gene transfer. To summarize, resistance to enrofloxacin is mostly attributed to pre-established mutations in GyrA and ParC, but resistance to marbofloxacin was not fully elucidated.




3.4.5 Macrolides, lincosamides and pleuromutilins

Resistance to macrolides and lincosamides is caused by ribosome methylation by sRNA methyltransferases (encoded by erm and cfr genes), antibiotic modifying enzymes such as phosphotransferases and esterases (encoded by mph and lin genes), and specific flux pumps (encoded by mef or mrs(D) genes) (Dechêne-Tempier et al., 2021; Uruén et al., 2022). Only erm(B) and mef(A/E) were detected in our population. Most of the macrolide-resistant isolates (99%) harbored erm(B), and this gene was not present in susceptible isolates. Isolate Ss_80, which manifested tilmicosin-resistance, but was susceptible to tylosin and erythromycin, did not carry erm(B) nor mef(A/E). Notably, isolates that carried both genes had enhanced MIC values for erythromycin (>2 mg/L), tilmicosin (>64 mg/L), and tylosin (32 mg/L) (p<0.001). Interestingly, the genome of the isolate Ss_80 contained an erm(47) gene that is linked to erythromycin resistance in other bacteria (Table 1), but not reported in S. suis. Inspection of the upstream flanking region of the erm(47) gene exhibited a large sequence of 67,715 nucleotides that was not present in the public genomes of S. suis (Figure 2). Blast searchers using this sequence as a query revealed that 55.9% of the nucleotide sequence had >90% of homology with sequences of the genome of Helcococcus kunzii strain UCN99 that contains an erm(47)-containing element and other AMR genes such as tet(T), sat4, and aph(3’)-IIIa (Figure 2). In addition, these regions contain sequences of different sizes that share homology (> 95%) with different bacteria, such as the plasmid pAPRE01 of Anaerococcus prevotii DSM 20548, and the genome of Peptoniphilus sp. CBA3646, Amylolactobacillus amylophilus DSM 20533, Streptococcus parasuis SUT-286, and E. faecalis isolate 27688. Notably, the upstream and downstream flanking regions of the erm(47)-containing element in isolate Ss_80 corresponded to a type I restriction-modification system gene of P1/7 (Figure 2). Moreover, the GC content of erm(47) and tet(T) was 25.9% and 32%, respectively, which deviates from the rest of the genome (42.5%) (Zhang et al., 2011). Together, these data suggest that erm(47) and tet(T) genes have traveled from another bacterial species to S. suis through MGEs.

AMR determinants of lincosamide resistance in S. suis are lnu(B), lsa(E), oprtA, vga(F) (Dechêne-Tempier et al., 2021; Uruén et al., 2022). erm(B) (95.1%), vga(F) (20.6%), lsa(E) (4.9%), and lnu(B) (4.9%) were only present in clindamycin- and lincomycin-resistant isolates in our population (Table 1), except for isolate Ss_31 that was susceptible to clindamycin and lincomycin but carried erm(B) gene. Sequencing of the full-length erm(B) gene in Ss_31 and the adjacent promoter region showed no differences with the homologs in three lincosamide-resistant isolates (data not shown). Statistical analysis revealed that erm(B) (p<0.001) and vga(F) (p=0.014) were significantly associated with lincosamide and clindamycin-resistant isolates, but the low prevalence of lsa(E) and lnu(B) prevented statistical power. Interestingly, lincosamide-resistant isolates with more than 2 AMR genes manifested a higher MIC than 16 mg/L to lincomycin and clindamycin (p<0.001). Apparently, accumulation of the cited AMR genes enhances resistance to lincomycin and clindamycin.

Pleuromutilin resistance has been associated with ribosome protection proteins (encoded by lsa(E) and vga(F)) in S. suis. vga(F) and lsa(E) were present in 21 and 5 out of 25 tiamulin-resistant isolates, respectively, and they were missing in tiamulin-susceptible isolates, except for isolate Ss_52 which contained vga(F). Ss_52 manifested a MIC value of 8 mg/L, just below the established breakpoint (Figure 1). Statistical analysis showed that both genes, vga(F) and lsa(E), were significantly related to tiamulin resistance (p<0.001). Notably, 2 isolates (Ss_48 and Ss_147) that manifest the highest MIC value (>64 mg/L) carried both genes.




3.4.6 Sulfonamides/TMP

It has been reported that TMP resistance is caused by enzymatic modification (encoded by dfrF, dfrK) of the dihydropteroate synthase (encoded by dhfr), and a particular mutation in dhfr gene (I102L) or its promoter (A5G) (Hadjirin et al., 2021). dfrF and dfrK genes were not detected in our isolates. Then, the sequence of dhfr was analyzed in 35 isolates, including 12 sulfamethoxazole/TMP-resistant (Ss_45, Ss_52, Ss_53, Ss_70, Ss_82, Ss_85, Ss_104, Ss_106, Ss_107, Ss_109, Ss_134, and Ss_138) and 23 sulfamethoxazole/TMP-susceptible isolates (Ss_02, Ss_08, Ss_20, Ss_21, Ss_22, Ss_24, Ss_46, Ss_48, Ss_51, Ss_69, Ss_72, Ss_80, Ss_84, Ss_92, Ss_93, Ss_100, Ss_115, Ss_121, Ss_124, Ss_156, Ss_166, Ss_167, and Ss_168). Amino acidic alteration I102L in dhfr gene was identified in all sulfamethoxazole/TMP-resistant isolates and three susceptible isolates (Ss_08, Ss_100, and Ss_166) (Supplementary Figure S3D). Several additional mutations were found in sulfamethoxazole/TMP-susceptible and resistant isolates, but none were attributed to resistant isolates. Curiously, isolates Ss_08, Ss_100, and Ss_166 manifested MIC values of 2 mg/L (Ss_08 and Ss_100) or 1 mg/L (Ss_166), just below the pre-established breakpoint (Figure 1). The dN/dS value for dhfr gene was 0.18 indicating that the gene is indeed conserved (Table 2), but several points of recombination (Supplementary Table S3) were estimated in the intergenic region located upstream of dhfr gene and in a few downstream genes (Supplementary Figure S4).




3.4.7 Tetracyclines

Tetracycline resistance in S. suis has been related to the presence of efflux pumps (encoded by tet(B, K, L, 40)) and ribosome protection proteins (encoded by tet(M, O, S, W, 44)). We only detected tet(O), tet(M), tet(W), and tet(O/W/32/O) in our population. All genes were detected only in tetracycline- and doxycycline-resistant isolates. tet(O) prevailed (89% of resistant isolates), followed by tet(M) (6.4%), tet(W) (2.7%), and tet(O/W/32/O) (2.7%) (Table 1). Statistical analysis revealed that tet(O) was significantly associated with tetracycline and doxycycline resistance (p<0.001), but the low prevalence of the remaining genes and the reduced number of susceptible isolates prevented statistical associations for the remaining AMR genes. However, the presence of 2 AMR genes was significantly related to higher MIC values for doxycycline and tetracycline (p<0.001). Isolate Ss_80 was resistant to tetracycline but did not carry any of the cited AMR genes. Whole genome sequence analysis of Ss_80 evidenced the presence of tet(T) gene located on the chromosome close to erm(47) (Figure 2). tet(T) gene was not previously reported in S. suis but was associated with tetracycline resistance in S. pyogenes (Clermont et al., 1997).





3.5 Location of AMR genes in MGEs

The 30 genomes of our isolate collection were used for detecting MGEs, analyzing their structure, and if they transfer AMR genes. A total of 35 ICEs, 20 IMEs, and 2 conjugative elements were identified in the 30 genomes of the invasive isolates analyzed here (Supplementary Table S4). 18 out of 60 of these MGEs carried at least one or more AMR genes, including aph(3´)-IIIa, sat4, aadE, erm(B), tet(O), and tet(M). Notably, all of them carried at least erm(B) and/or tet(O), except Ss_51, which only carried tet(M). Ss_08 carried an ICE harboring 5 AMR genes (aph(3’)-IIIa, sat4, aadE, erm(B), and tet(O)). MGEs had different gene content and length, but shared regions of different size (Figure 4), mainly the upstream region that harbors genes coding for Type IV Secretion System. However, downstream regions were shared between MGEs. This evidence the occurrence of many recombination events between MGEs resulting in the gain or loss of genes, and thus explains the large repertoire of MGEs and the variable combinations of AMR genes (Figure 2). Moreover, identical IMEs were identified in isolates of the same genetic background. Examples included isolates Ss_100, Ss_106, and Ss_156 of ST123 that contained the same IME of 5,994 bp. These isolates were recovered in neighbor Autonomous Communities (i.e., Aragón and Cataluña). But, curiously, isolates Ss_20 and Ss_92 of ST29 contained a similar 5,987 bp IME but were recovered from geographically distant Autonomous Communities (i.e., Aragón and Extremadura). Anyhow, these data demonstrate that some AMR genes are located in MGEs which may serve for their transference between S. suis isolates. The presence of multiple AMR genes in MGEs may explain the rapid occurrence of multi-drug resistance.




Figure 4 | Comparison of the genetic organization of eight MGEs detected in S. suis isolates. Nucleotide sequences of 1 conjugative region and 7 ICEs carrying AMR genes are compared. Light blue arrows indicate genes coding for Type IV Secretion System, dark blue arrows indicate gene coding for relaxases, orange arrows indicate genes coding for integrases, and red arrows indicate AMR genes. Integration sites are shown.






3.6 Dissemination of AMR genes of S. suis among pathogenic bacteria

The GC content of several AMR genes present in our S. suis genomes, including erm(47) (25.9%), lnu(B) (31.1%), tet(T) (32%), lsa(E) (32.4%), aadE (32.9%) and erm(B) (33.1%), apmA (44.6%), and aph(3’)-IIIa (44.9%), deviates from the rest of genome (41.2%) (Zhang et al., 2011). This suggests that many of them were acquired from another bacterium. We performed nucleotide BLAST searches to investigate their dispersion in public genomes. A summary of major hits is listed in Table 1. For example, when using spw gene of the isolate Ss_48 as a query in BLAST, we identified homologs in many genomes of different pathogenic and non-pathogenic bacteria, including 33 Enterococcus faecium, 24 E. faecalis, 9 S. aureus, 7 Erysipelothrix rhusiopathiae, 4 Clostridioides difficile, diverse streptococci species (3 Streptococcus agalactiae, 1 Stretptococcus dysgalactiae, 2 Streptococcus mutans, and 1 Streptococcus parasuis), and 1 Listeria monocytogenes. In the genome of L. monocytogeneses UA159, the spw homolog is located in a genomic island together with other AMR genes (aph(3’)-IIIa, aadE, spw, lnu(B), and lsa(E)) flanked by genes coding for two transposases (Figure 5A). Notably, aadE, spw, lnu(B) and lsA(E) of L. monocytogenesis UA159 are homologs (100% identity) to those of S. suis isolate Ss_48 although the genetic organization varied. But, also homologs (100% identify) of the S. suis aadE gene were identified in 25 genomes of E. faecium, 21 of E. faecalis, 3 of E. rhusiopathiae, 20 of S. aureus, 4 of C. difficile, 1 of L. monocytogenes, and various streptococci species (3 S. agalactiae, 1 S. dysgalactiae, and 2 S. parasuis) (Table 1). However, their genomic organization varied among genomes. For example, in the genome of S. aureus strain N08CSA36, the aadE gene is located together with 9 additional AMR genes (blaI, blaR1, blaZ, aph(2’’)-Ia, erm(C), tet(L), spw, lsa(E), and lnu(B)), and genes coding for diverse transposases, relaxases and a mobV recombinase, the latter is also in S. suis Ss_48 (Figure 5A). Also, a homolog (100% identity) of the lsa(E) gene of isolate Ss_48 was detected in S. mutans strain NH1-T1-2, which was located together with aadE, spw, and lnu(B) genes and a recombinase (Figure 5A). The presence of shared regions between genomes, genes coding for recombinases and transposases and several insertion sequences may contribute to the allelic exchange and the gain or loss of AMR genes.




Figure 5 | Comparison of the genetic organization of S. suis isolates with genomes of diverse pathogenic bacteria. (A) Comparison of genomic islands carrying AMR genes. (B) Comparison of ICEs carrying AMR genes. Light blue arrows indicate genes coding for Type IV Secretion System, dark blue arrows indicate gene coding for relaxases, orange arrows indicate genes coding for integrases, and red arrows indicate AMR genes. Integration site for ICEs is indicated.



Homologs of the erm(B) gene of isolate Ss_08 were also identified in 67 of E. faecium, 8 of E. faecalis, 1 of Campylobacter coli, 1 of S. agalactiae, and 1 of Streptococcus mitis. Also, homologs of tet(O) of S. suis isolate Ss_08 were detected in 25 genomes of S. agalactiae, 2 of S. pneumoniae, 1 of S. dysgalactiae, and 1 of E. faecalis with 100% identity, and tet(O) variants (>99% identity) in 3 genomes of Campylobacter jejuni, 2 of S. agalactiae, 2 of S. mutants, 1 of Staphylococcus coagulans, 1 of S. dysgalactiae, 1 of Salmonella enterica and 1 of Clostridium sp. (Table 1). In S. suis Ss_08 tet(O) is placed together with erm(B) in an ICE. A sequence of 17,306 bp shares a 50-98% coverage with more than 94% of identity with genomes of 42 bacterial species, such as S. agalactiae S5 (86% coverage, 94.45% identity), S. pyogenes strain TSPY453 (59% coverage, 94.6% identity), S. dysgalactiae strain DY107 (91% coverage, 95.5% identity), E. faecalis isolate 28157_4#173 (72% coverage, 99.9% identity), and several species of Clostridium including C. scindens strain BL389WT3D (75% coverage, 94.6% identity). Also, in S. suis isolate Ss_20, tet(O) and erm(B) genes are located in an ICE, which shares 37,584 bp and 37,979 bp (>90% identity) with ICEs placed in E. faecalis isolate 28157 and S. agalactiae isolate PHEGNS0195 (Figure 5B). Also, S. suis isolate Ss_72 contains an ICE with tet(O) and erm(B) genes in a different genomic organization but that share 41,726 bp (> 96% homology) with an ICE of S. agalactiae isolate PHEGBS0071 (Figure 5B) and 6807 bp (44-100% coverage, 84-100% identity) with the plasmid pELF_mdr in strain NUITM-VRE1 of E. faecium (52% of coverage, 99.6% identity), the plasmid pRE25 in E. faecalis strain RE25 (54% of coverage, 99.9% identity), genomes of 25 species, including S. agalactiae strain FDAARGOS_670 (100% coverage, 99.9% identity), S. mutans strain NH1-T1-1 (52% coverage, 99.8% identity), S. aureus strain AOUC-0915 (54% coverage, 96.4% identity), S. coagulans strain 1031373 (68% coverage, 95.8% identity), C. difficile strain CD161 (48% coverage, 95.6% identity), among others. In contrast to the cited AMR genes, homologs of vga(F), which GC content was similar to S. suis genome, were only identified in streptococci species (Table 1). In conclusion, several AMR genes identified in Spanish S. suis have a different phylogenetic origin and seem to be mobilized through different genetic mechanisms.





4 Discussion

High AMR rates for lincosamides, macrolides, and tetracyclines in S. suis have been reported globally (Uruén et al., 2020). A recent study testing 103 S. suis isolates from Spain revealed AMR rates for clindamycin and tylosin up to 87% (Petrocchi-Rilo et al., 2021), which confirms our results. Both antibiotics were used in pig production to treat a diversity of bacterial infectious diseases in Spain. Because S. suis is a commensal, the high AMR rates found here could be caused by its exposition to the cited antibiotics. Lincosamides and macrolides often show cross-resistance caused by mutual resistant mechanisms. The AMR for erythromycin and lincosamides found in this work were attributed to erm(B) which exhibited a high prevalence (>98%) in resistant isolates. erm(B) encodes for a methylase that modifies ribosomal 23S rRNA, often located in MGEs (Huang et al., 2016; Chen et al., 2021). Notably, we identified erm(B) located together with tet(O). This genetic linkage between both genes was early reported (Huang et al., 2016). The co-localization of both genes in MGEs could contribute to the high co-occurrence of erythromycin and tetracycline resistance.

The AMR rate for enrofloxacin (30%) was similar to that reported recently in Spain (Petrocchi-Rilo et al., 2021), but much higher than an earlier work (2005) (Vela et al., 2005), suggestive of an enhancement of AMR in the last decade. This rate is considerably higher than other European countries such as France (18%) (Vachee et al., 2008), Belgium (0.3%) (Callens et al., 2013), The Netherlands (0.6%) (van Hout et al., 2016), or Sweden (5.3%) (Werinder et al., 2020). Enrofloxacin-resistance was mainly caused by particular mutations in pre-established quinolone-resistance determining region of gyrA and parC genes as reported (Escudero et al., 2007), however, they do not fully explain marbofloxacin-resistance. Five marbofloxacin-resistant but enrofloxacin-susceptible isolates lacked pre-established genotypes. Also, mutations in gyrB and parE can contribute to enrofloxacin resistance in streptococci (González et al., 1998; Jorgensen et al., 1999). Sequencing of gyrB and parE in our isolates did not show differences between susceptible and resistant isolates. Alternatively, efflux pumps such as PmrA in S. pneumoniae (Gill et al., 1999) cause fluoroquinolone resistance, but no homologous were found in our genomes.

Tiamulin is broadly used to treat S. suis infections. The AMR rate for tiamulin (19%) matches that recently reported (12%) in Spain (Petrocchi-Rilo et al., 2021) and in some European countries such as Denmark (2020) (20%) (DANMAP, 2021) or England (2014) (23%) (Hernandez-Garcia et al., 2017). Notably, Thailand reported rates up to 80% (2019) (Yongkiettrakul et al., 2019). Tiamulin resistance was caused by vga(F) and lsa(E) genes, which code for ABC-F proteins with a function as ribosome-protection proteins. Hence, they can confer resistance to different ribosome-targeting antibiotics such as lincosamides and pleuromutilins (Uruén et al., 2020), as we find here.

The AMR rate for florfenicol (5%) was considerably lower than that recently reported (Petrocchi-Rilo et al., 2021) (14%), but in line with many European countries such as Denmark (2020) (0%) (Arndt et al., 2019) or The Netherlands (van Hout et al., 2016) (0.1%). Also, low resistance rates were reported in American countries such as Canada (2019) (0.5%) (Arndt et al., 2019) or USA (2016) (1%) (Hayer et al., 2020). The only florfenicol-resistant isolate contained an oprtA gene that encodes an ABC-F family protein producing ribosome protection. oprtA gen is often reported inside of MGEs (Huang et al., 2017; Shang et al., 2019; Zhang et al., 2020), sometimes together with other AMR genes. Actually, it was reported in S. suis isolates in China with a prevalence ranging from 11%-38% (Huang et al., 2019; Shang et al., 2019; Zhang et al., 2020). Also, we detected the fexA gene that codes for an efflux pump that exports amphenicols, but it could not be related to florfenicol resistance. Surprisingly, previous studies demonstrated a high prevalence of fexA (26%) in Spanish S. suis isolates by PCR screening (Petrocchi-Rilo et al., 2021), but its presence could not be related to chloramphenicol resistance. When we used primers described by the authors to detect fexA, an amplicon was produced in several isolates but sequencing revealed sequences of a putative transketolase-subunit. New primers were designed here, and all resulting amplicons were sequenced. We hypothesized that the prevalence of fexA previously reported in Spain is overestimated.

β-lactams are the gold-standard treatments against S. suis disease. AMR rates for β-lactams varied considerably among antibiotics being high for penicillin (32%). Low resistance rates of β-lactams (<10%) were reported in other European countries such as The Netherlands (van Hout et al., 2016) or The Czech Republic (Matiašovic et al., 2021). This huge difference could be caused by their extensive use in Spain, sometimes as metaphylactic therapies. Importantly, our statistical analysis revealed an enhancement of penicillin G-resistance in a 6-year period. Earlier work in Spain (2005) reported low AMR rates for penicillin (4%) and amoxicillin (0.7%) in 151 clinical isolates (Vela et al., 2005). Recent work (Petrocchi-Rilo et al., 2021) reported a low resistance to ampicillin (3%), and higher to ceftiofur (17%) and penicillin (26%). Altogether, it seems penicillin resistance is rapidly increasing in Spain. Notably, the low AMR rates in ST1 isolates and high AMR rates in ST123 isolates are in agreement with studies in other countries (Cucco et al., 2022).

We detected a high amino acid diversity in PBPs in penicillin-resistant compared to susceptible isolates in order PBP2X > PBP2B > PBP1A. Previous reports showed that mutations in PBP2B and PBP2X confer moderate AMR, while in combination with mutations in PBP1A confer high AMR (Hadjirin et al., 2021). It has been postulated in other streptococci species that such mutations are acquired by interspecies gene transfer (Hakenbeck et al., 2012). Our bioinformatics analysis is in line with this hypothesis, as we found significant shreds of evidence of recombination within pbp genes. Furthermore, we detected particular mutations, only present or, highly associated with penicillin-resistant isolates; some were previously detected by other authors, for example, K479T, D512E in PBP2B or T551S in PBP2X (Hadjirin et al., 2021), but many others were not reported before (Bamphensin et al., 2021; Hadjirin et al., 2021; Lunha et al., 2023). Hence, penicillin resistance can be acquired by one or a combination of mutations that probably affect the binding of the enzyme to penicillin. However, the estimates of dN/dS for these genes indicated a strong negative selection for amino acid replacement. This matches their relevant role in bacterial growth. Therefore, genetic transference enables penicillin resistance, but the accumulation of mutations probably alters the properties and function of the enzymes compromising bacterial survival. Thus, only mutations that balance bacteria survival and antibiotic resistance are selected. Moreover, mutations in MraY have been related to β-lactam resistance in S. suis (Hadjirin et al., 2021). MraY transfers N-acetylmuramyl-pentapeptide-1phosphate to undecaprenyl phosphate to generate the peptidoglycan precursor. MraY is not a target for β-lactams, probably these mutations are compensatory for those in PBPs, and thus they improve bacterial fitness. Also, during the recombination process, adjacent genes to pbps may be affected, including ddlA, that form part of the biosynthesis of the peptidoglycan precursor, or omsC that encodes for a putative osmotically inducible protein, among others (Supplementary Figure S4). Their contribution to AMR or bacterial fitness should be elucidated in future studies.

To the best of our knowledge, we identified four novel AMR genes in S. suis. tet(T) gene encodes for a ribosomal-protection protein. They were identified in other streptococci (Clermont et al., 1997; Stefańska et al., 2022), or enterococci (Nishimoto et al., 2005). ampA gene encodes for an N-acetyltransferase to N2´of apramycin (Bordeleau et al., 2021). Apramycin is an antibiotic broadly used in veterinary medicine for decades. ampA gene was identified in diverse pathogens including S. aureus (Feßler et al., 2011) and Campylobacter (Fabre et al., 2018). It is often located on plasmids together with other AMR genes (Feßler et al., 2018) that favor its dissemination. Finally, erm(47) encodes for a protein sharing 44%-48% amino acid identified with Erythromycin methylases in Helcococcus kunzii (Guérin et al., 2016). H. kunzii is part of the skin microbiota of pigs and can become an opportunistic pathogen (Grattarola et al., 2010). Besides, aph(2’’)-IIIa is present in a variety of bacterial species including Enterococcus, Staphylococcus, or Campylobacter, among others. Also, blast searchers with several AMR genes identified homologs in genomes of many other bacteria, including human and animal pathogens. Some genes are located in MGEs which can facilitate horizontal gene transfer through conjugation. Our analysis evidenced that MGEs can contain a large repertoire of AMR genes that favor the rapid acquisition of multi-drug resistance and explain the different multi-drug resistance profiles. Together, our data support that Spanish S. suis has acquired AMR genes from other species through multiple and independent events. Considering experimental evidence that S. suis can transfer AMR genes to different pathogenic bacteria (Marini et al., 2015; Huang et al., 2016), these data point out that S. suis is a relevant contributor to the spread of AMR genes across human and animal pathogens.




5 Concluding remarks

To summarize, here we reported the AMR rates for different antibiotics in circulating clinical isolates of S. suis in Spain. High rates of resistance were found to lincosamides, tetracyclines, and erythromycin following a global trend. However, our study also reflects the emergence of resistance to enrofloxacin, sulphonamides, and penicillin G in Spain showing higher AMR rates than in studies reported in other European countries. Importantly, multidrug resistance was observed in 90% of the isolates. Indeed, particular actions must be taken to control AMR of S. suis in Spain. Additionally, our work also revealed the genetic mechanisms contributing to AMR for most antibiotics, involving genes coding for target-protecting proteins (optrA, erm(B), lsa(E), vga(F), tet(M), tet(O), tet(O/W/32/O), tet(W), tet(T), aph(2’’)-IIIa) antibiotic-modifying enzymes (aph(3’)-IIIa, sat4, aadE, spw, aac(6’)-Ie-aph(2’’)-Ia, mrs(D), mph(C), lnu(B), erm(47)), active efflux pumps (fexA, mef(A/E)), and mutations in chromosomal genes (pbp1a, pbp2b, pbp2x, mraY, gyrA, parC, and dhfr). Our genetic analysis and comparisons showed evidence for the genetic transference of AMR genes between S. suis isolates and strains of other species, which explains the broad AMR dissemination and multidrug resistance of S. suis.
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Supplementary Table 1 | S. suis isolates used in this study and the MIC values for 18 antibiotics. The geographic origin, ST, serotype, and host is indicated.


Supplementary Table 2 | Primers used in this study.


Supplementary Table 3 | Events of genomic recombination detected in 19 genomes of S. suis.


Supplementary Table 4 | Mobile genetic elements found in isolates of S. suis by whole genome sequencing.

Supplementary Figure 1 | Maximum-likelihood phylogenetic tree constructed with the nucleotide sequences of the 30 genomes of our S. suis collection (colored in black) and 8 reference genomes (colored in red). The genetic characteristics of serotype, ST, eBG and CC are given in the first 4 columns (color code as indicated in the figure legend). From column 5 onwards, the resistance profile to the 17 antimicrobials tested is shown in green when the isolate is susceptible, red when is resistant, and yellow when it has intermedia resistance. ST, Sequence Type; eBG, eBurst Group; CC, Clonal Complex; ser, Serotype; SPE, Spectinomycin; AMOX, Amoxicillin; AMP, Ampicillin; CEFQ, Cefquinome; CEFT, Ceftiofur; PG, Penicillin G; FLO, Florfenicol; ENR, Enrofloxacin; MAR, Marbofloxacin; CLI, Clindamycin; LIN, Lincomycin; ERY, Erythromycin; TIL, Tilmicosin; TYL, Tylosin; TIA, Tiamulin; S/TMP, Sulfamethoxazole/Trimethoprim; DOX, Doxycycline; TET, Tetracycline.

Supplementary Figure 2 | Distribution of multi-resistance patterns identified in 116 invasive S. suis isolates. The number of antibiotic families and the percentage of isolates in each pattern is indicated.

Supplementary Figure 3 | Alignment of sequences of AMR determinants in susceptible and resistant isolates. Alignments comprise (A) spw gene and the upstream sequence of one spectinomycin resistant and three spectinomycin-susceptible isolates, (B) GyrA sequences of fluoroquinolone resistant and susceptible isolates, (C) ParC of fluoroquinolone resistant and susceptible isolates, and (D) DHFR of sulfamethoxazole/TMP resistant and susceptible isolates. In panels b-d, the site position previously associated with antibiotic resistance are indicated, including positions 81 and 85 for GyrA, position 79 and 83 for ParC, and 102 position for DHFR. The sequence of the reference genome P1/7, which is susceptible to all antibiotics, is included. Susceptible isolates are green coloured, resistant are red coloured, and, in the case of fluoroquinolones, marbofloxacin resistant isolates are orange coloured otherwise indicated.

Supplementary Figure 4 | Genetic organization of different genes involved in AMR. The shadow indicates sequences where recombination breakpoints were estimated. HP, Hypothetical protein; ABC-t, ABC transporter ATP-binding protein.
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The advent of nanotechnology has been instrumental in the development of new drugs with novel targets. Recently, metallic nanoparticles have emerged as potential candidates to combat the threat of drug-resistant infections. Diabetic foot ulcers (DFUs) are one of the dreadful complications of diabetes mellitus due to the colonization of numerous drug-resistant pathogenic microbes leading to biofilm formation. Biofilms are difficult to treat due to limited penetration and non-specificity of drugs. Therefore, in the current investigation, SnO2 nanoparticles were biosynthesized using Artemisia vulgaris (AvTO-NPs) as a stabilizing agent and were characterized using ultraviolet–visible (UV–vis) spectroscopy, Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDX). Furthermore, the efficacy of AvTO-NPs against biofilms and virulence factors of drug-resistant Candida albicans strains isolated from DFUs was assessed. AvTO-NPs displayed minimum inhibitory concentrations (MICs) ranging from 1 mg/mL to 2 mg/mL against four strains of C. albicans. AvTO-NPs significantly inhibited biofilm formation by 54.8%–87%, germ tube formation by 72%–90%, cell surface hydrophobicity by 68.2%–82.8%, and exopolysaccharide (EPS) production by 69%–86.3% in the test strains at respective 1/2xMIC. Biosynthesized NPs were effective in disrupting established mature biofilms of test strains significantly. Elevated levels of reactive oxygen species (ROS) generation in the AvTO-NPs-treated C. albicans could be the possible cause of cell death leading to biofilm inhibition. The useful insights of the present study could be exploited in the current line of treatment to mitigate the threat of biofilm-related persistent DFUs and expedite wound healing.
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1 Introduction

Diabetes mellitus is associated with a variety of complications, among which diabetic foot ulcers (DFUs) are the most prevalent. DFUs manifest as open sores or wounds in the foot, resulting from the secondary effects of diabetes mellitus (DM) (Zubair and Ahmad, 2019). A DFU is a lesion that typically arises in the plantar region or digits of the foot as a result of repeated microtrauma and mechanical stress. DFUs may arise due to insufficient glycemic regulation, peripheral vascular affliction, or suboptimal foot hygiene. DFUs can happen at any age; however, they are most common in those with diabetes mellitus who are over 45. Type 2 diabetes currently affects over 405.6 million adults worldwide, and by 2030, that number is expected to rise to more than 510.8 million (Oguntibeju, 2019). In 2015 , the International Diabetes Federation estimated that DFU affected 9.1–26.1 million people having diabetes. Increased DFU prevalence has been attributed to the increased longevity of the patients with diabetes and enhanced prevalence of diabetes (Wada et al., 2023). Furthermore, DFU is a prevalent etiology of osteomyelitis and amputations affecting the lower extremities. The causes of DFUs are multifaceted. Potential contributing variables include low blood sugar levels, calluses, foot deformities, excessively tight footwear, underlying peripheral neuropathy, poor circulation, and dry skin. Neuropathy affects approximately 60% of diabetics and eventually leads to foot ulcers (Everett and Mathioudakis, 2018). Various risk factors, including but not limited to advanced age, infections, inadequate glycemic control, diabetic neuropathy, smoking, peripheral vascular disorders, ischemia, previous foot ulceration, amputation, and poor personal hygiene, are known to contribute to the development and progression of diabetic foot ulcers (Ezhilarasu et al., 2020). Furthermore, the threat of antimicrobial resistance (AMR) is a major public health concern that has been implicated in various reports conducted on DFUs (Wada et al., 2023). The incidence of multi-drug resistant organisms in DFUs is reported to be high (Rastogi et al., 2017). These ulcers, which can arise in any part of the body but are particularly common in the distal area of the lower leg, may result from microbial invasion, leading to infection and decay, and ultimately culminating in lower limb amputation. Although the rates of healing failure and mortality are influenced by both genetic and environmental factors, wound infection is also a significant contributor. Nonetheless, the challenge of distinguishing between commensal, opportunistic, and pathogenic microorganisms complicate the administration of effective treatments for such infections. Therefore, comprehending the identity of the “usual suspects” expected to be part of the skin microflora can serve as a valuable aid in unraveling this puzzle.

Fungal infections, despite their insidious nature, are often undervalued. A staggering 300 million individuals worldwide are deemed to be at exceptionally high risk for such infections, with 25 million facing a correspondingly high risk of mortality (Bongomin et al., 2017). From asymptomatic to mild skin infections to major invasive infections, fungal infections can range in clinical severity. Numerous investigations have reported that patients afflicted with diabetes manifest a proliferation of multiple microbial pathogens. Diverse scholarly works have indicated that fungal prevalence in diabetic patients varies from 7.0% to 17.38%, with Candida species, Aspergillus species, Fusarium species, Rhodotorula species, and Trichosporon species being the most recurring fungal species (Arun et al., 2019). In 2010, a preliminary investigation was conducted with the primary objective of detecting fungal infections in wounds of patients suffering from diabetes. The results of this study indicated that, in almost 30% of the cases, fungal infections were present; Candida spp. was found to be the most widespread type of infection, followed by members belonging to the Aspergillus and Trichosporon genera (Chellan et al., 2010).

The formation of biofilm is a significant stage in the pathophysiology of diabetic foot ulcers (DFUs). It plays a crucial function in both the progression and chronicity of the lesion and in the emergence of antibiotic resistance, rendering wound treatment a challenging prospect (Das et al., 2023). Infections often initiate with a disruption in the cutaneous barrier, frequently in an area of mechanical or thermal injury or ulceration. The definition of infection entails the intrusion of microorganisms and their proliferation within host tissues, leading to an activation of inflammatory responses. Subsequently, this is succeeded by the deterioration of tissues (Pitocco et al., 2019). Candida albicans is one of the most common opportunistic human pathogens that causes candidiasis. Candidiasis is responsible for mortality in various nosocomial and opportunistically abysmal persistent infections (Su et al., 2018). One reason for the fatality associated with C. albicans-related infections is the ability of the pathogen to form calcitrant biofilms. Approximately 100,000 deaths have been reported with infections initiated by biofilms (Atriwal et al., 2021). Many studies have reported the prevalence of Candida spp. in diabetic foot ulcers (Rasoulpoor et al., 2021). Although enough epidemiological data are available on the biofilms in DFU, there is a big gap in the understanding of intervention of these biofilms. The present antimicrobial intervention has become ineffective in the management of foot infections and the mitigation of amputations. Consequently, an imperative exists to identify alternative measures to avert and regulate biofilm-producing multidrug-resistant pathogens.

In recent times, nanotechnology has expeditiously surfaced as a domain of considerable interest for researchers engaged in drug development. There is a persistent endeavor to fabricate newfangled metallic and metal oxide particles at nanoscale dimensions, which bear paramount significance in the realm of medicine (Husain et al., 2022). Bio-fabrication of nanoparticles (NPs) is a cost-effective, expeditious, and more efficient approach as compared to the conventional chemical pathway. The scalability of this method to larger scales is facile, and the methodology is less arduous. Since this process employs a green approach, the use of hazardous chemicals is avoided, thereby enhancing the biocompatibility of the NPs. As a result, these NPs can be utilized in diverse biomedical and pharmaceutical applications (Chastain et al., 2019).

Among the metallic nanoparticles, tin oxide nanoparticle (SnO2 NPs) have attracted interest of the scientific community, as they possess many novel properties such as high chemical stability, high transparency, and low electrical sheet resistance (Bhawna et al., 2020). Green synthesized SnO2 NPs have been reported for antibacterial [16,17], antifungal [16], antibiofilm [17], anticancer [16], antitumor [16], and antioxidant activities (Al-Shabib et al., 2018; Khan et al., 2018). Moreover, nanoparticles of tin have been used as sensors in curtailing air pollution and in the detection of gases domestically and in the industries (Vaezi and Sadrnezhaad, 2007). Thus, it is envisaged that phyto-synthesized SnO2 NPs can mitigate the threat of drug-resistant biofilms formed by pathogenic C. albicans associated with DFUs. This is probably the first study investigating the effect of biosynthesized SnO2 NPs on biofilm forming drug-resistant C. albicans isolated from diabetic foot ulcers.

Artemisia vulgaris L. (family; Asteraceae) is a medicinal plant that has been exploited in the treatment of diabetes, depression, anxiety, stress, uterine cancer, malarial fever, stomach, and ophthalmic diseases in various parts of the world (Rehman et al., 2023). Owing to the pharmaceutical importance of A. vulgaris, we have performed synthesis of SnO2 NPs using the extract of A. vulgaris as a stabilizing agent to assess its potential in reducing the biofilm formed by azole-resistant C. albicans isolated from DFUs.




2 Materials and methods



2.1 Preparation of the extract

Freshly collected leaves of A. vulgaris were washed thoroughly with double distilled (DD) water, cut in small pieces, and dried under shade. Later, the dried leaves were ground to powder, and approximately 20 g of this powder was boiled (80°CC) in 100 mL of water for 1 h. Post heating, the extract was purified thorough Whatman filter paper and stored at 4°CC for further use as stabilizing agent in biosynthesis of SnO2 NPs.




2.2 Phyto-mediated synthesis of SnO2 NPs

Stored A. vulgaris extract was used as the stabilizing agent in biosynthesis of SnO2 NPs. Briefly, 30 mL of the Av extract was added drop wise in 50 mL aqueous solution of 0.05M tin chloride di-hydrate (SnCl2. 2H2O) with continuous stirring at 80°CC for 3 h. The light-yellow colored solution turned to brown color after 30 min of heating. Then, the mixture was cooled and centrifuged at 6,000 rpm for 30 min duration. Subsequently, the residue was collected and washed with absolute ethanol, followed by DD water and finally dried on hot plate. Furthermore, dried powder was calcinated inside a muffle furnace at 160–260°CC for 3 days, and the sample was labeled as AvTO-NPs.




2.3 Characterization of biosynthesized AvTO-NPs

Biosynthesized AvTO-NPs were characterized by UV-visible spectroscopy, FT-IR, XRD, SEM, and EDX. UV-vis spectra of AvTO-NPs was recorded using a Shimadzu UV-1800 spectrophotometer. KBr pellet method was used to obtain FT-IR spectra of the biosynthesized NPs using a Thermo Nicolet 380 spectrometer. The formation of crystal phase and unit cell of the synthesized AvTO-NPs was determined using an X-ray diffractometer (Ultima IV Rigaku Corporation, Japan). The morphology of the SnO2 NPs was characterized by a JEOL JSM 6510 LV (Tokyo, Japan) scanning electron microscope, and elemental analysis was performed using Oxford INCAx-sight EDAX coupled with SEM.




2.4 Patients and definitions

A total of 28 C. albicans isolates were collected from microbiology laboratories, which were isolated from diabetic foot patients between August 2021 and January 2023 from different hospitals in Tabuk, KSA. An infection of candidemia was defined when there is at least one Candida spp. from the sample collected from a diabetic foot ulcer patient. There must be 30 days gap for double sampling from the same patient; otherwise, multiple Candida spp. were excluded. This study was approved by the Local Research Ethics Committee (LREC) of the University of Tabuk, Tabuk, KSA, with approval no. UT-191-59-2022 under the aegis of National Committee of Bioethics (NCBE) of Kingdom of Saudi Arabia, and informed consent was obtained.




2.5 Identification of Candida species

Fungal isolates were macro- and microscopically identified based on colony morphology on media. Gram’s staining and germ tube test were performed on mucoid yeast-like growth and followed by urease test (WHO, 2009). In a suspected C.andida sp. with budding yeast-like positive Gram reaction, we performed the germ tube test (Limper, 2010). CHROM agar Candida (HiMedia, Mumbai, India) were used to differentiate C. albicans and non-albicans species morphologically by the appearance of growth type and color and sugar fermentation and sugar assimilation test. Manufacturer instruction guidelines were used to identify Candida species: C. albicans (Green). Then, C. dubliniensis and C. albicans both are germ tube positive, and C. albicans was further confirmed based on their ability to grow at 45°C (WHO, 2009; Daef et al., 2014).




2.6 Antifungal susceptibility test

A standard method of Clinical and Laboratory Standards Institute (CLSI) M44 for antifungal susceptibility testing was used (Limbago, 2001). Briefly, the inoculum suspension was prepared in 5 mL of sterile saline with a turbidity equivalent to 0.5 McFarland Standard. A sterile swab was dipped in inoculum and evenly spread onto 2% glucose and 5 μg/mL methylene blue supplemented Mueller–Hinton agar. We have used the following antifungal drugs in this study: fluconazole (10 μg), ketoconazole (10 μg), clotrimazole (10 μg), and amphotericin-B (10 μg). After inoculation of the test sample, plates were incubated using the manufacturer’s interpretation criteria. C. albicans ATCC 90028 was used as control for identification and antifungal susceptibility test.




2.7 Minimum inhibitory concentration

MIC was determined according to the recommendations proposed by the Clinical and Laboratory Standards Institute (CLSI) M27-A3 and M27-S4 documents (Ramage et al., 2001). AMB (0.002–32 µg/mL), FLZ (0.002–32 µg/mL), ITZ (0.002–32 µg/mL), KTZ (0.002–32 µg/mL), and AMB (0.002–32 µg/mL) were obtained as a ring disk, and tests were performed as per CLSI recommendations and manufacturer’s instruction.




2.8 Biofilm formation by microtiter plate method

The biofilm assay was done in 96-well microtiter plates using crystal violet as the staining dye as described elsewhere (Marak and Dhanashree, 2018).




2.9 EPS inhibition method

The EPS production by Candida strains was assessed using the method developed by Pavlova et al. (2009), with minor changes. Candida strains were grown in 50 mL of SDB at sub-MICs of test agents and centrifuged at 6,000 rpm for 30 min. Following that, 30 mL of ethanol was added to the supernatant, which was allowed to precipitate EPS at 4°C for 24 h. The precipitate was rinsed in ethanol before being centrifuged again under the same conditions. The precipitate was separated on filter paper and dried for 2 h at 50°C. After drying, the filter paper was weighed again. The increase in filter paper dry weight correlates to the amount of EPS produced. There was also an untreated control group. The experiment was carried out in triplicate. The mean weight of precipitated EPS was measured, and the % reduction in EPS generation over the untreated control was determined.




2.10 Germ tube method

The effect of biosynthesized AvTO-NPs on germ tube development was investigated using a modified Mackenzie approach (Mackenzie, 1962). In brief, 10 mL of culture was injected with 2 mL of sterile pooled sheep serum containing sub-MICs of AvTO-NPs. Smears of each culture were prepared after 3 h of incubation. As a control, sheep serum without NPs was used. A total of 50 cells were chosen at random from each smear, and the number of cells with germ tubes was counted. If the germ tube was at least twice the length of the cell, the cell was deemed germ tube positive.




2.11 Cell surface hydrophobicity

Hydrophobicity was assessed utilizing the hexadecane method, as reported previously (Rosenberg et al., 1980). Specifically, glass tubes were loaded with 1 mL of bacteria (OD530 = 1.0) and supplemented with 100 μL of hexadecane (Sigma, St. Louis, MO). The mixtures underwent vigorous vortexing for 2 min, followed by an incubation period of 10 min at ambient temperature to allow for phase separation. The OD530 of the lower, aqueous phase was subsequently measured. In select cases, bovine testicular hyaluronidase (Sigma, St. Louis, MO) was used to treat the bacteria at a concentration of 2 Mg/mL at 37°C for 15 min prior to testing for adhesion to hexadecane. The percentage of hydrophobicity was determined by the following formula: % hydrophobicity = [1 − (OD530 after vortexing/OD530 before vortexing)/×100.




2.12 Inhibition of preformed biofilms

The biofilm of the test strains was allowed to grow for 24 h in microtiter plates. Post-incubation, non-adherent cells were removed by washing; new growth medium with or without sub-MICs of AvTO-NPs was added to each well and incubated statically at 37°CC for 24 h. Unattached cells were washed away, and adhering cells were subjected to crystal violet staining. Readings were taken at 585 nm as described earlier (Hasan et al., 2019).




2.13 ROS generation

ROS produced under effect of AvTO-NPs in test strains was detected using 2,7-dichlorofluorescein diacetate (DCFH-DA) dye. Test cultures were incubated with the probe dye (5 µM) at 37°CC for 4 h, and the supernatant was collected. ROS generation in the supernatant was measured at an excitation wavelength of 485 nm and emission wavelength of 525 nm (Perveen et al., 2021).

A short in vivo study was conducted to check the suitability of usage of the nanoparticles in rat animal model.




2.14 Animal husbandry

A total of 18 Swiss albino male rats (110 ± 20 g, 6–8 weeks old) were procured from the Animal House of the Department of Zoology (KSU, Riyadh, Saudi Arabia). They were kept in specially assigned cages in the treatment room in the Departmental Animal House (Department of Zoology, KSU, Riyadh). All the animals were kept for 10 days for acclimatization before starting the treatment with regular rat feed and fresh tap water ad libitum. Finally, the rats were separated into three treatment groups (n = 6) as follows:

Group I: Control treated with saline only;

Group II: A single dose of carbon tetrachloride (CCl4) at 1 mL/kg body weight [31] (Al-Tamimi et al., 2021);

Group III: Tin oxide nanoparticles at a dose of 5 mg/kg body weight daily for a week.




2.15 Administration of nanoparticles

Freshly prepared NPs were prepared in saline and vortexed before their administration into every animal intraperitoneally by a 1-mL insulin syringe (BD Science, USA). Animals were under strict monitoring to assess any distress and activity.




2.16 Preparation of samples

The animals were killed on the same day after the completion of the treatment for sample collection. The Departmental Ethical Committee approved the study (Department of Zoology, KSU). The blood samples were collected in vacuum tubes (BD Science, San Jose, CA, USA) and further centrifuged (Eppendorf, Germany) to retrieve the serum samples at 1,200×g and stored at −25°C until further analysis.




2.17 Assessment of renal function markers

In the present study, urea and creatinine were chosen for the assessment of the functionality of the target organ. Commercial kits were used to measure all the parameters, either by linear diagnostic kits (Amposta, Spain) and kits (Quimica Clinica Aplicada S. A., Amposta, Spain), following the manufacturer’s instructions.




2.18 Assessment liver function markers

Aspartate transaminase (AST), alanine transaminase (ALT), and gamma-glutamyl transferase (GGT) were selected to assess liver function. Both the parameters were measured by commercial kits ((Quimica Clinica Aplicada S.A., Amposta, Spain) following the manufacturer’s instructions.




2.19 Statistical analysis

GraphPad Prism 5 software analyzed the data, including one-way ANOVA analysis with Tukey’s post-hoc multiple comparison test. A p-value< 0.05 was chosen as statistically significant in the present study. The asterisk marks *** were used to show significance difference from the negative control (CN−, group I) at<0.001, while the asterisk marks ### were used to show significance difference from the positive control (CN+, group II) at<0.001.





3 Results



3.1 Characterization of green synthesized SnO2 nanoparticles

Figure 1 represents the FT-IR spectra for the green synthesized SnO2 NPs in which the peak at 3,290 and 1,633 cm−1 belongs to the stretching and bending vibrations of attached –OH groups from plan extract. The peaks at 2,851 and 2,826 cm–1 belongs to stretching vibrations of aliphatic C–H groups (Gomathi et al., 2021). The peak at 725 cm–1 belongs to surface oxygen of Sn–O, while the intense peak at 532 cm–1 asymmetric vibrations of O–Sn–O bond (Li and Kamali, 2022). The FT-IR results suggests the formation of SnO2 NPs through green synthesis using plant extract and simultaneous stabilization through –OH groups of the plant extract (Shanmugasundaram et al., 2013).




Figure 1 | FTIR spectra of green synthesized AvTO-NPs using A. vulgaris extract.



Furthermore, to evaluate the formation of crystal phase and unit cell, X-ray diffraction technique was taken into consideration, and the results obtained are given in Figure 2. The obtained XRD spectra represented the characteristic peaks of SnO2 NPs at 2θ values of 25.15°C, 31.85°C, 35.61°C, 37.09°C, 46.85°C, 51.39°C, 54.26°C, 56.62°C, 62.98°C, and 66.74°C belonging to Miller hkl plane as (110), (101), (200), (111), (210), (211), (220), (002), (310), and (301) in simulation with JCPDS No. 71-0652, suggesting a tetragonal rutile SnO2 structure (Vázquez-López et al., 2020). The other peaks that appeared in the XRD spectra belong to the plant extract, suggesting the formation of a plant extract functionalized or stabilized SnO2 nanoparticles. Furthermore, the average crystallite size was calculated by Debye–Scherer formula given as Equation (1) (Wang et al., 2020);




Figure 2 | XRD spectra of green synthesized AvTO-NPs.



 

where D is the average crystallite size, β is the FWHM, λ is the X-ray wavelength (Cu Kα = 0.1546 nm), θ is the Bragg diffraction angle, and k is a shape factor that is in use at 0.9. Using Equation (1), the average crystallite size was found to be 48.76 nm. In the literature, the average particle size for SnO2 NPs was found to be in the range of 6–30 nm (Chakraborty et al., 2020; Fatimah et al., 2022). Thus, the increase in particle size clearly suggests the immobilization of a layer of plant extract metabolites around the surface of the SnO2 NPs. The crystallite size represents the dimension of a coherent diffracting domain within a material. The variance between the particle size and crystallites size originates from the existence of polycrystalline aggregates. The lattice mismatch resulting from the addition of plant extract primarily contributes to deviations in lattice strain (ε), which is given by Equation (2):

 

where θ is the diffraction angle, and β is the full width half maxima (FWHM) in radians. Using Equation (2), the value of lattice strain for the synthesized AvTO-NPs was found to be 0.046, which is quite high, suggesting that the increase in the number of nucleation sites of SnO2 resulted in higher grain size as observed by Debye–Scherer formula and TEM analysis.

The optical properties and simultaneous growth in nucleation of SnO2 NPs in the vicinity of plant extract was observed through ultraviolet visible spectroscopy. The UV spectra was taken during the synthesis of SnO2 NPs in a way to observe the growth in nanoparticle concentration, and the results obtained are given in Figure 3. As the time increases from 1 h to 15 h, there is a gradual increase in absorbance value of the reaction mixture, which suggests the gradual increase in population of SnO2 NPs in the vicinity of plant extract. The UV spectra exhibited a very small peak approximately 299 nm, which is due to surface plasmon resonance (SPR) effect of SnO2 NPs, and since the peaks are not too much sharp, it suggests that the synthesized SnO2 NPs are bigger in size as supported by XRD analysis and morphological analysis (Inderan et al., 2015;  Fatimah et al, 2020). Moreover, from the literature, the characteristic peak for pristine SnO2 NPs is found approximately 345–365 nm. Thus, a blue shift of approximately 44–65 nm is due to surface functionalization of SnO2 NPs by plant extract polyphenolic groups (Osuntokun et al., 2017).




Figure 3 | Time-dependent UV-vis spectra of AvTO-NPs.



The morphological studies of the green synthesized AvTO NPs was done using a scanning electron microscope (SEM) in association with energy-dispersive X-ray (EDX) to assess the chemical composition. The obtained results are given in Figure 4 in which Figures 4A, B are the SEM image of green synthesized SnO2 NPs at 15 and 30K magnification range. Figure 4A represents a porous surface, which, on further magnification, was observed as an array of spherical-shaped particles (Figure 4B). Figure 4C represents the EDX spectra of green synthesized SnO2 NPs, which confirms the presence of C, O, and Sn in the material as C (30.59%), O (62.27%), and Sn (7.14%). Statistical Gaussian distribution analysis was utilized to calculate the average particle size of the nanoparticles using ImageJ software, and the obtained results are given in Figure 4D, which shows an average particle size of green synthesized SnO2 NPs as 58 nm, which is also found in close agreement with the Scherer crystallite size. The high value of particle size is due to immobilization and stabilization of SnO2 NPs through polyphenolic groups of plant extract.




Figure 4 | SEM image of AvTO-NPs at (A) 15 K, (B) 30 K magnification range, (C) EDX spectra, and (D) Gaussian distribution profile for average particle size distribution.



In order to further confirm the formation of AvTO-NPs, X-ray photoelectron spectroscopy (XPS) was taken into consideration, which tells about the chemical state and oxidation number of individual elements present in the material. Figure 5A shows the survey spectra of AvTO-NPs, which confirms the presence of C, O, and Sn in the material. Figure 5B represents the core-level high-resolution spectra of C1s with fitting and deconvolution with Gaussian distribution. The spectra exhibited three peaks at binding energy values of 283.12 eV, 284.22 eV, and 288.29 eV belonging to the sp3 (C−C), sp2 (C=C), and C−OH bonds from the plant extract (Eltaweil et al., 2022). Figure 5C represents the deconvoluted spectra for Sn3d exhibiting two peaks at 489.43 eV and 497.67 eV associated with Sn3d5/2 and Sn3d3/2 state of Sn (IV) ions, which confirms that Sn (II) ions have been oxidized to Sn (IV) ions to form SnO2 NPs (Kwoka et al., 2005; Flak et al., 2013). There is no detection of Sn (0) or Sn (II). Figure 5D shows the deconvoluted spectra of O1s, which is distribute in two peaks at 529.93 eV due to Sn (IV)−O bonds and 531.77 eV due to presence of C–OH bonds from plant extract (Siva Kumar et al., 2019; Liu et al., 2021). Consequently, these peaks appear due to interaction between functional groups of plant extract and SnO2, which confirms the formation of AvTO-NPs. The XPS study is consistent with the literature reports on SnO2 (Bonu et al., 2015; Lu et al., 2019; Peiris et al., 2022).




Figure 5 | (A) XPS survey spectra of AvTO-NPs (B–D) core-level high-resolution spectra of C1s, Sn3d, and O1s with fitting and deconvolution with Gaussian distribution.






3.2 Microbiological studies

Among 122 patients with diabetic foot, 81 showed only bacterial growth, 21 showed bacterial and fungal both, only 7 patients reported solo fungal growth, and no growth was reported in 13 patients’ samples. In total, we have received 28 C. albicans. In our study, 43.9% prevalence was reported, which is in accordance with the study conducted by Kumar et al. (2016). In another study, 27.9% prevalence was also reported by Garg et al. (2008) with 76.6% Candida spp. in deep tissue wounds. It is warranted that the deep tissue sampling might affect this high prevalence of Candida spp. It is also essential to determine the complete spectrum of microbial infections of diabetic foot ulcer. The isolated C. albicans showed high resistance against amphotericin B (42.8%) followed by 21.4% resistance towards itraconazole (Supplementary Table S1).




3.3 Biofilm pattern of Candida albicans from DFU

The formation of biofilm by Candida is the most important virulence factor and also one of the leading causes of fungal persistence in wound causing significant clinical and economic burden to the patient who is suffering from diabetes. Among the 28 C. albicans, 18(64.2%) were biofilm producers (4 strong, 9 intermediate, and 5 weak), whereas 10 (35.7%) C. albicans showed no biofilm formation. Four strong biofilm producers C. albicans were selected for further studies (Supplementary Table S2).




3.4 MIC pattern of biofilm positive Candida sp.

The strong biofilm-producing C. albicans showed the highest MIC value towards fluconazole followed by ketoconazole, itraconazole, and amphotericin B as represented in Table 1. In addition, the average MIC values of strong biofilm is quite high compared with intermediate and week biofilm producers. Furthermore, biofilm producers demonstrated higher resistance towards the tested antifungals as compared to non-biofilm producers.


Table 1 | MIC pattern among biofilm producers.






3.5 MIC determination against AvTO-NPs

Anticandidal potential of the biosynthesized AvTO-NPs against strong biofilm forming C. albicans strains was determined in terms of MIC. AvTO-NPs demonstrated MIC values of 2 mg/mL against isolated strains CA-KF2 and CA-KF4, while MIC of 1 mg/mL was recorded against CA-KF1 and CA-KF3 strains. Slightly higher MIC values of 8 mg/mL against C. albicans have been reported previously with biocompatible SnO2 nanoparticles (Rehman et al., 2019). This variation in the MICs could be the result of internal tolerance levels used strains, shape, and size of the SnO2 nanoparticle, and the method was used to determine the MICs. Furthermore, concentrations below MICs (sub-MICs) were used for biofilm and virulence assays.




3.6 Inhibition of biofilm formation

The existence of microbes in the state of biofilm is an important factor that contributes in delayed healing of wounds (Andrews, 2001). Pathogens are almost thousand times more resistant to antimicrobials in biofilms as compared to their free-living forms (Antić et al., 2012). Biofilm is constituted by a matrix (exopolymeric material) that envelopes the microbial cells and acts as a barrier to the action of drugs and host immune system. In DFUs, soft tissues and bones are most vulnerable to the formation of biofilm and biofilms are considered as one of the major reasons for the delayed healing of the ulcers (Zubair et al., 2021). Thus, it is imperative to assess the effect of AvTO-NPs against biofilm forming C. albicans isolated from DFUs.

The effect of AvTO-NPs at sub-inhibitory concentrations (1/16xMIC-1/2xMIC) was evaluated against four biofilms forming strains of C. albicans isolated from DFUs. The findings of the biofilm inhibition are depicted in Figure 6. AvTO-NPs exerted a dose-dependent effect on biofilm formation in all the four test Candida strains. The maximum inhibition of 87.03% was observed against CA-KF3 followed by 79.3% (CA-KF1), 68.3% (CA-KF4), and 54.8% (CA-KF2) at respective 1/2xMICs of AvTO-NPs. This significant reduction in the formation of C. albicans biofilm by sub-MICs of AvTO-NPs is an important result bearing in mind the role of biofilms in development of drug resistance among pathogens and subsequent delayed healing of DFUs. Our results find support from the report on ZnO nanoparticles inhibiting biofilm formation by C. albicans isolated from urinary catheters. ZnO NPs at 50 μg/mL concentration inhibited biofilm formation in 20 fluconazole resistant C. albicans isolates (Hosseini et al., 2018). In another recent study, a chitosan/gelatin/polyvinyl alcohol xerogel film containing Thymus pubescens essential oil was synthesized to assess its antimicrobial potential in wounds. The formulation demonstrated significant antimicrobial potential against pathogens and reduced biofilm formation in C. albicans by more than 80% (Karami et al., 2023). This is probably the first report demonstrating the inhibition of biofilm formed by C. albicans isolated from DFUs by phyto-synthesized SnO2 NPs.




Figure 6 | Inhibition of biofilm formation of C. albicans by AvTO-NPs. Data are presented as average of three replicates and error bars depicting standard deviation. * denotes significance p ≥ 0.05.






3.7 Biofilm inhibition on glass coverslip

Inhibition of biofilm formation was further analyzed on glass surface employing scanning electron microscopy (SEM) and confocal laser scanning electron microscopy (CLSM). As evident from Figure 7, SEM images of AvTO-NPs treated and untreated C. albicans shows changes in the biofilm architecture. Untreated yeast biofilms cells are observed to be smooth, normal, and clustered with hyphal formation. On the contrary, reduced aggregation and decreased adhesion can be observed in the NPs-treated cells. CLSM images of untreated yeast cells clearly demonstrate a thick mat-like aggregation of biofilm cells, whereas scattered cells with disturbed biofilm architecture could be observed in AvTO-NPs-treated cells (Figure 6).




Figure 7 | Microscopic images of biofilms of C. albicans treated and untreated with AvTO-NPs grown on glass cover slips.






3.8 Effect on germ tube formation

The formation of mycelia is an important step in the virulence and biofilm formation of C. albicans, as the mycelial form is more invasive as compared to the yeast form. Mycelial form can easily breach the mucosal barrier causing infections and represents the main virulence function associated with candidiasis. Furthermore, this filamentation is vital for the formation of strong calcitrant biofilms that cause persistent drug-resistant infections (Romo et al., 2017). However, fluconazole, the most effective antifungal used by clinicians, has demonstrated insignificant effect on germ tube formation. Thus, it is essential to halt this yeast to hyphal transformation in order to prevent the formation of biofilm by C. albicans.

Since germ tube formation is a key virulence function associated with biofilm formation and pathogenesis of C. albicans, the effect of the sub-MICs of AvTO-NPs was assessed on the germ tube formation in isolated strains of C. albicans. As shown in Figure 8, significant reductions in germ tube formation was observed at concentrations ranging from 1/16xMIC to 1/2xMIC of AvTO-NPs against all the test C. albicans strains. At 1/2xMICs of the AvTO-NPs, 84%, 87.5%, 90%, and 72% reduction in the cells with germ tube was recorded in CA-KF1, CA-KF2, CA-KF3, and CA-KF4, respectively. At the lowest tested concentration (1/16xMIC), cells bearing germ tube decreased significantly (p< 0.05) by 25.5%–56% in all the test fungal strains. This is an important finding considering the importance of germ tube formation in the development of Candida biofilms. To the best of our knowledge, this is the first report on the inhibition of germ tube formation by biogenic SnO2 NPs. Our results are in accordance with those reported with nanoparticles of silver and zinc oxide where notable reduction of 95% and 86.4% in germ tube formation was observed (Jalal et al., 2018; Alshaikh et al., 2023).




Figure 8 | Inhibition of germ tube formation in C. albicans by AvTO-NPs. Data are presented as average of three replicates and error bars depicting standard deviation. * denotes significance p ≥ 0.05.






3.9 Effect on cell surface hydrophobicity

Hydrophobicity index of C. albicans is vital in the attachment of cells during biofilm formation. Hydrophobic cells are more virulent, as they adhere more strongly to the surface and are resistant to phagocytosis (Khan et al., 2014). In this regard, it is vital to assess the effect of sub-MICs of AvTO-NPs on the cell surface hydrophobicity (CSH) of isolated C. albicans strains. As evident from Figure 9, CSH was affected in varying capacity upon treatment with respective sub-MICs of AvTO-NPs. Synthesized NPs at 1/16xMIC–1/2xMIC were significantly (p< 0.05) effective in decreasing CSH in almost all the four test Candida strains. A concentration-dependent effect of the AvTO-NPs was observed. Untreated strains CA-KF1, CA-KF2, CA-KF3, and CA-KF4 demonstrated 78%, 62.8%, 89.9%, and 74.4% CSH, respectively, whereas, upon treatment with 1/2xMIC, CSH decreased to 21.9%, 17.1%, 28.3%, and 31.7% in CA-KF1, CA-KF2, CA-KF3, and CA-KF4, respectively. Results of the CSH assay clearly showed that the AvTO-NPs-treated cells had significantly decreased surface hydrophobicity as compared to the untreated cells. Reduced CSH in AvTO-NPs-treated cells is indicative of the reduced fungal colonization and hence impaired biofilm formation. To the best of our knowledge, this is the first report on the inhibition of cell surface hydrophobicity by biogenic SnO2 NPs.




Figure 9 | Inhibition of cell surface hydrophobicity in AvTO-NPs-treated cells. Data are presented as average of three replicates and error bars depicting standard deviation. * denotes significance p ≥ 0.05.






3.10 Effect on EPS

The influence of sub-MICs of AvTO-NPs on EPS production by the test strains of C. albicans was examined considering the crucial role that it plays in the development and maintenance of biofilm. The concentration-dependent effect was observed, meaning that with increase in the concentration of AvTO-NPs, the EPS inhibition also increased as shown in Figure 10. AvTO-NPs at 1/2xMICs reduced EPS production by 75.7%, 86.3%, 71.6%, and 69%, in CA-KF1, CA-KF2, CA-KF3, and CA-KF4, respectively.




Figure 10 | Inhibition of EPS production in AvTO-NPs-treated cells. Data are presented as average of three replicates and error bars depicting standard deviation. * denotes significance p ≥ 0.05.



EPS is crucial in the initial stage of the biofilm formation, as it mediates irreversible attachment of the cells to the surface. Furthermore, it helps in the maintenance of the biofilm by helping it to survive adverse environmental conditions and protect against the action of antimicrobial drugs and host immune responses. EPS prevents the cells from dehydrating, helps in ion exchange, stores and maintains degradation enzymes, and transports nutrients (Velayutham et al., 2012). Reduced production of EPS under the effect of sub-MICs of AvTO-NPs will not only expose the cells to the action of NPs but also render them susceptible to antifungals and human leukocytes.




3.11 Effect on established matured biofilms

Increased resistance of C. albicans towards antifungals in biofilm mode due to the expression of some genes encoding for resistance and certain phenotypic modifications is well documented. Indeed, increased resistance towards fluconazole by C. albicans biofilms have been reported previously (Uppuluri et al., 2011). Therefore, disturbance and disruption of established matured biofilms is an attractive proposition in the development of effective antifungals for the treatment of persistent infections like DFUs.

In the present study, 1/16xMICs–1/2xMICs of AvTO-NPs were used to assess their effect on preformed biofilms of C. albicans strain. Figure 11 shows significant (p< 0.05) reduction in mature biofilms in all test pathogenic strains at concentrations ranging from 1/8xMIC to 1/2xMIC. Since the inhibition observed was concentration dependent, maximum reduction of 59.7%, 46.3%, 71.6%, and 41.6% in CA-KF1, CA-KF2, CA-KF3, and CA-KF4, respectively, was recorded at highest tested concentration (1/2xMIC). Overall, AvTO-NPs were effective in disrupting mature biofilms of test strains significantly at respective sub-MICs. Our findings corroborate well with the effect demonstrated by silver nanoparticles (AgNPs) and selenium nanoparticle (SeNPs) against preformed biofilms of C. albicans. Dose-dependent inhibitory effect of AgNPs and SeNPs on preformed biofilms of C. albicans was recorded, with a calculated IC50 of 0.089 ppm and 21.7 ppm, respectively (Lara et al., 2015, Lara et al., 2018).




Figure 11 | Eradication of pre-formed biofilms by sub-MICs of AvTO-NPs. Data are presented as average of three replicates and error bars depicting standard deviation. * denotes significance p ≥ 0.05.






3.12 ROS-mediated biofilm inhibition

Intracellular ROS generation in NPs-treated cells has been identified as a mechanism for the biofilm inhibition in microbial cells (Dwivedi et al., 2014). The relative amount of intracellular ROS generated in AvTO-NPs-treated C. albicans strains was examined using fluorescent probe DCHF-DA. As evident from Figure 12, significantly elevated ROS levels were recorded in test strains treated with sub-MICs of AvTO-NPs. In the presence of 1/2xMICs of NPs, C. albicans strains CA-KF1, CA-KF2, CA-KF3, and CA-KF4 showed 406.4%, 286.1%, 304.5%, and 340% upsurge in the ROS levels, respectively, as compared to untreated cells. ROS-scavenging system exists in microbial cells to counter-balance the ROS generated under non-stress environments. Under stress, this ROS production increases to such an extent that the ROS-scavenging enzymes are outclassed and rendered ineffective. This failure of the antioxidant defense machinery to scavenge generated ROS leads to oxidative stress damaging DNA, proteins, lipids, and eventually cell death (Zubair et al., 2021). It is envisaged that the AvTO-NPs-induced increased ROS generation could be responsible for the death of C. albicans cells residing in the biofilm mode.




Figure 12 | ROS generation in C. albicans treated with or without AvTO-NPs. Data are presented as average of three replicates and error bars depicting standard deviation. * denotes significance p ≥ 0.05.






3.13 Effect on renal function markers (creatinine and urea)

Groups II and III showed elevated creatinine levels by 65.23% and 4.70% with respect to the control, group I. The level of urea in groups II and III was increased by 72% and 5.35% with respect to the control (Figure 13).




Figure 13 | Showing the effect of the treatment on renal function markers (urea and creatinine). All the data expressed as mean ± SD for each group (n=6). *** indicates statistical significance from control (group I), while ### indicates significant difference from group II.






3.14 Effect on liver function markers (AST and ALT)

The activity of AST was enhanced by 83.61% in group II, while group III showed an increase in its activity by 5.40% compared to the control. However, the activity of ALT was found to be enhanced by 73.33% and 8.05% with respect to the control (Figure 14).




Figure 14 | Showing effect of the treatment on liver function markers (AST and ALT). All the data expressed as mean ± SD for each group (n=6). *** indicates statistical significance from the control (group I), while ### indicates significant difference from group II.



The results of the renal and liver function markers in the serum samples indicate that the reported nanoparticles exert no significant toxic burden on the major target organs—liver and kidneys. Similar results were also reported in the recent studies by Alhazza et al, 2023. Therefore, the in vivo study confirms that the nanoparticles pose no major toxicity towards the animals; hence, the NPs are safe to the animals to conduct further investigations. The current findings are results from a short study on animal model. Further long-term and in-depth in vivo evaluation is warranted before the clinical usage of the nanoparticles.





4 Conclusions

The current investigation reports the synthesis of tin oxide (SnO2) NPs using A. vulgaris extract as a stabilizing agent for the first time. AvTO-NPs were effective in inhibiting biofilm formation and mature established biofilms of pathogenic C. albicans strains significantly. Since C. albicans biofilms show resistance towards fluconazole, disruption of established matured biofilms by AvTO-NPs is an interesting finding. Moreover, AvTO-NPs demonstrated antivirulence activity by significantly reducing the formation of the germ tube, EPS production, and cell surface hydrophobicity of C. albicans. These virulence factors greatly contribute in the pathogenicity of C. albicans and are responsible for the formation of drug-resistant biofilms. We have established enhanced intracellular ROS production in NPs-treated cells as the plausible mechanism of biofilm inhibition. In summary, we have highlighted the potential of biosynthesized NPs in mitigating the threat of drug-resistant pathogens of clinical origin colonizing the wounds such as DFUs. These findings could be a starting point in the development of novel therapeutics targeting C. albicans biofilms. Furthermore, these NPs can be utilized in combinational therapies to target drug-resistant pathogens and develop a paradigm that expedites healing of wounds, limits spread of infections, and eventually reduces the risk of amputations. Furthermore, we need to study the effect on in vivo biofilms in animal model systems, and molecular mechanisms of biofilm inhibition need to be uncovered.
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Introduction

Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp. are microorganisms referred as the ESKAPE group pathogens. These microorganisms have generated great concern in health institutions around the world since most of them have resistance to multiple antibiotics and cause most infections associated with healthcare, as well as community infections. The aim of this study was the analysis of antibiotic resistance in microorganisms of the ESKAPE group, recovered from clinical samples in 11 health institutions from Hermosillo and Ciudad Obregón in the State of Sonora, México, during the period from 2019 to 2020.





Methods

A cross-sectional, descriptive, observational, and temporality epidemiological study was carried out. A comparative and statistical analysis of antibiotic resistance was carried out using the chi-square test, and small values were analyzed using Fisher’s exact test p ≤ 0.05.





Results and discussion

All the ESKAPE group microorganisms showed significant differences in antibiotic resistance percentages between both cities. High resistance percentages for some antibiotics, like cephalosporins and ciprofloxacin were detected for Klebsiella pneumoniae and Acinetobacter baumannii.





Keywords: ESKAPE, antibiotic resistance, clinical isolates, Sonora, México




1 Introduction

Antibiotic resistance has become a public health problem, with high morbidity and mortality rates affecting mainly countries with emerging economies (Zhen et al., 2019). The World Health Organization (WHO) considers that in 2050, infections associated to Antimicrobial Resistance (AMR) will be responsible for 10 million deaths per year (Giono-Cerezo et al., 2020). The Centers for Disease Control and Prevention (CDC) estimate that in the United States of America (USA), infections related to antibiotic-resistant microorganisms are responsible for at least 23,000 deaths per year (Yu-Xuan et al., 2020). Due to the infections caused by AMR bacteria, health personal needs to use high toxicity antibiotics, like colistin, or some of a limited list of the last generation antimicrobials (Benkő et al., 2020).

In February 2017, the WHO published a list of antibiotic-resistant microorganisms for which the development of new antimicrobial treatments is considered urgent. This list includes microorganisms from the ESKAPE group: Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp (De Oliveira et al., 2020). This group of microorganisms is highly relevant due to their intrinsic and extensive antibiotic resistance, as well as being capable of acquiring multiple genes that confer them multidrug resistance (Ayobami et al., 2022). Also, they are considered the cause of most healthcare-associated infections (HAIs), especially for severely ill and immunocompromised patients (Yu-Xuan et al., 2020; Ayobami et al., 2022). Several studies show that patients with AMR infections are more difficult to receive an adequate treatment that allow them to resolve the infection, allowing to spread antimicrobial resistance, but also, this situation entails that those patients, are more likely to be admitted in the ICU, and be taken more antibiotic treatment (Zhen et al., 2019; Santos-Zonta et al., 2020).

Locally there are no studies or reports that evaluate the resistance to antimicrobials of the ESKAPE group. During 2014-2015, a surveillance study of bacterial resistance was carried out in six health institutions in the city of Hermosillo, México, in which antibiotic resistance was evaluated. The results highlight the high percentages of resistance to ampicillin/sulbactam, and resistance to tigecycline, in K. pneumoniae isolates. The study also showed low susceptibility to cefepime, aztreonam, meropenem, ciprofloxacin, amikacin, gentamicin, and tobramycin in P. aeruginosa isolates (Bolado-Martínez et al., 2018).

Due to these previous results, it is important to implement measures that include active epidemiological surveillance to obtain more information regarding the prevalence and resistance of microorganisms of the ESKAPE group in health institutions in Sonora. This will allow timely detection of microorganisms of the ESKAPE group, to identify their antibiotic resistance profiles and to use oportunally the antibiotics that each patient require. The objective of this study was to analyze the antibiotic resistance of ESKAPE group microorganisms, recovered from clinical samples in 11 health institutions in Hermosillo and Ciudad Obregón, Sonora, México during the 2019-2020 period.




2 Materials and methods



2.1 Study description

A cross-sectional, descriptive, observational and temporality epidemiological study was carried out (Hernández, 2017). An intentional non-probabilistic sample was used without a specific age interval (Hernández-Ávila and Carpio, 2019). The data, obtained from automated microbiology systems (Vitek2, BioMerieux, or Phoenix, Becton Dickinson), was obtained using the BacLink free software (https://amrtracker.com/whonet/baclink.html). Tha BacLink databases were converted in a WHONET database (Agarwal et al., 2009), that allowed the observation of the frequency of isolated microorganisms, their susceptibility patterns, as well as the analysis of the results of antibiotic resistance. Data collection was carried out in 11 health institutions in the cities of Hermosillo and Ciudad Obregón, Sonora, México between July 1, 2019, and June 30, 2020. Similarly, between July 1, 2014, and June 30, 2015; data was collected from six health institutions of the city of Hermosillo.




2.2 Statistical analysis

A comparative analysis of antibiotic resistance was carried out between health institutions in Hermosillo and Ciudad Obregón, during the period 2019-2020. Comparative analyzes were carried out between the antibiotic resistance results for health institutions in Hermosillo during the periods 2014-2015 and 2019-2020. Statistical analyzes were carried out using the chi-square test, using a significance value of 0.05 or less in both tails. When values obtained were too small, Fisher’s exact test was used, considering the same significance value. The statistical analysis was carried out in Microsoft Excel.





3 Results



3.1 ESKAPE group microorganisms in clinical samples

During the 2019-2020 period, 4,545 isolates of microorganisms belonging to the ESKAPE group were identified. As shown in Table 1, the highest number of microorganisms were recovered from urine samples.


Table 1 | Microorganisms of the ESKAPE group and clinical samples from which they were recovered at health institutions in Hermosillo and Ciudad Obregón, Sonora.






3.2 ESKAPE group microorganism distribution

Klebsiella pneumoniae was the ESKAPE group microorganism recovered in the highest proportion, with 1,320 (29.0%) isolates, followed by Pseudomonas aeruginosa (1,206, 26.5%), Staphylococcus aureus (1,028, 22.6%), Acinetobacter baumannii (458, 10.0%), Enterobacter spp. (442, 9.6%) and Enterococcus faecium (93 2.0%) clinical isolates. The Enterobacter species identified were E. cloacae (437), E. asburiae (2), E. gergoviae (2) and E. hormaechei (1).

Most of the microorganisms (3,273) were recovered in health institutions from Hermosillo. The study identified K. pneumoniae in 920 (28.1%), P. aeruginosa in 914 (28.0%), S. aureus in 807 (24.6%), Enterobacter sp. in 320 (9.7%), A. baumannii in 241 (7.3%) and E. faecium in 71 (2.0%) clinical isolates. In Ciudad Obregón, 1,272 isolates from the ESKAPE group were obtained, 400 (31.4%) corresponded to K. pneumoniae, 292 (23%) to P. aeruginosa, 221 (17.0%) to S. aureus, 217 (17.0%) to A. baumannii, 120 (9.4%) to Enterobacter spp., and 22 (1.7%) to Enterococcus faecium.

Figure 1 shows that percentages of microorganisms isolated from Hermosillo and Ciudad Obregón did not show significant variability between the two cities, except in the case of A. baumannii, where a greater number of isolates of this microorganism can be observed in three institutions from Ciudad Obregón, compared to the eight institutions from Hermosillo, Sonora that participated in this study. Those results must be considered, since A. baumannii represented the 17% (217 of 1,272 clinical isolates) from the ESKAPE organisms in Ciudad Obregón, while only the 7.4% (241 of 3,273 clinical isolates) from the ESKAPE organisms in Hermosillo.




Figure 1 | Comparison between ESKAPE microorganisms recovered in 8 health institutions in Hermosillo and 3 institutions in Ciudad Obregón, Sonora (2019–2020).






3.3 Antibiotic resistance during the 2019-2020 period



3.3.1 Enterococcus faecium

As shown in Table 2, E. faecium isolates showed less than 40% resistance to fluoroquinolones (ciprofloxacin, levofloxacin). No susceptibility to aminoglycosides was detected and there was no significant difference in vancomycin resistance, between Hermosillo and Ciudad Obregón institutions; however, a greater number of isolates were reported in Hermosillo. There is a high percentage of strains with resistance to tetracyclines, especially in Hermosillo, where difference is significant compared to Ciudad Obregón.


Table 2 | Percentages of antibiotic resistance in ESKAPE group clinical isolates, recovered in the 2019-2020 period at 11 health institutions from Hermosillo and Ciudad Obregón, Sonora.






3.3.2 Staphylococcus aureus

Low levels of resistance to fluoroquinolones are observed in health institutions in Hermosillo, in contrast to Ciudad Obregón, where there are high percentages of resistance, being statistically significant between both cities (Table 2). Susceptibility to commonly used broad-spectrum antibiotics such as clindamycin, ciprofloxacin, and trimethoprim/sulfamethoxazole is also observed.




3.3.3 Klebsiella pneumoniae

Table 2 shows that, except for cefepime, statistically significant differences were observed in the percentages of resistance for all β-lactams between both cities. In Ciudad Obregón institutions, approximately 50% of the K. pneumoniae clinical isolates showed resistance to all β-lactams, excluding fourth generation cephalosporins and carbapenems. Meanwhile, in Hermosillo susceptibility to β-lactams did not exceed 40%. In Ciudad Obregón there are high levels of resistance to ciprofloxacin, trimethoprim/sulfamethoxazole, gentamicin, and nitrofurantoin.




3.3.4 Acinetobacter baumannii

A statistically significant difference was identified in the percentages of resistance to antibiotics obtained for A. baumannii clinical isolates from Hermosillo and Ciudad Obregón (Table 2). Cephalosporins and carbapenems do not seem to be a first-choice treatment option for infections caused by this microorganism, mainly in Ciudad Obregón. In both cities, a marked decrease in resistance to β-lactams is observed when a β-lactamase inhibitor such as sulbactam is used. A high proportion of the isolates showed resistance to ciprofloxacin, trimethoprim/sulfamethoxazole, and gentamicin.




3.3.5 Pseudomonas aeruginosa

Regarding P. aeruginosa isolates, the results of this study showed higher percentages of resistance in Ciudad Obregón and most of the differences are statistically significant (Table 2). As with A. baumannii, there is a widespread problem of P. aeruginosa AMR isolates in Ciudad Obregón institutions.




3.3.6 Enterobacter cloacae

No statistically significant differences were observed in antibiotic resistance for E. cloacae clinical isolates recovered in Hermosillo and Ciudad Obregón (Table 2). However, it should not be ignored that resistance to second and third generation cephalosporins is high. The difference between resistance to nitrofurantoin is significant and is greater in Ciudad Obregón than Hermosillo.





3.4 Antibiotic resistance during the 2014-2015 and 2019-2020 periods



3.4.1 Enterococcus faecium

As shown in Table 3, resistance to fluoroquinolones in E. faecium decreased significantly by 2019-2020 in contrast to 2014-2015. Another result that stands out is the reduction to 0% of high-level resistance to aminoglycosides. During 2014-2015, there was no resistance to linezolid, however by 2019-2020, just four years later, its increase is notable. Similarly, the high increase in resistance to tetracycline is a matter of concern.


Table 3 | Percentages of antibiotic resistance in ESKAPE group clinical isolates, recovered in the 2014-2015 and 2019-2020 periods at 8 health institutions from Hermosillo, Sonora.






3.4.2 Staphylococcus aureus

Table 3 shows that resistance to fluoroquinolones, with S. aureus followed two totally opposite paths. While for ciprofloxacin the percentages of resistance decreased, for moxifloxacin increased. Resistance to clindamycin and trimethoprim/sulfamethoxazole were significantly reduced, the former being the one that decreased the greatest proportion, while the percentages of resistance to linezolid have remained at the same levels.




3.4.3 Klebsiella pneumoniae

Significant differences can be seen in the decrease of resistance percentages to cefepime, cefuroxime, and meropenem (Table 3), as well as a significant increase in ciprofloxacin.




3.4.4 Acinetobacter baumannii

In 2014-2015, all A. baumannii isolates were resistant to cefotaxime, however, in 2019-2020 an abrupt decrease to 47% was observed (Table 3); also, a significant decrease in meropenem resistance is observed. Similar results in the percentages of resistance were detected for other third generation cephalosporins such as ceftazidime. Moreover, almost unchanged resistance percentages are observed specifically for ceftriaxone.




3.4.5 Pseudomonas aeruginosa

From 2014-2015 to 2019-2020, a statistically significant decrease in the percentages of resistance to all the antibiotics evaluated for P. aeruginosa was detected, except for meropenem (Table 3). The marked decrease in the percentages of resistance to cephalosporins and fluoroquinolones stands out.




3.4.6 Enterobacter cloacae

The decrease in the percentages of resistance to cephalosporins in E. cloacae from the period 2014-2015 to the period 2019-2020 is significant (Table 3). Resistance to gentamicin decreased in such a way that few isolates are reported as resistant to said antibiotic. On the other hand, the percentage of resistance to trimethoprim/sulfamethoxazole decreased notably.






4 Discussion

At the “José Eleuterio González” University Hospital in Monterrey, epidemiological surveillance of ESKAPE group microorganisms was carried out (Llaca-Díaz et al., 2013), and the prevalence values obtained by the authors did not coincide with those of the present study, as can be seen in Figure 1. In Hermosillo A. baumannii represented 7.4%, and in Ciudad Obregón 17% of the isolates, while in Monterrey it was 24.5% of the isolates and the first place within the microorganisms belonging to the ESKAPE group. Those differences could be attributable to the fact that the Monterrey study included only one health institution, while in thie present work 11 and three health units from Hermosillo and Ciudad Obregón, respectively, were included. The same was observed for K. pneumoniae, which represented 17.5% of the isolates in Monterrey, while in Hermosillo and Ciudad Obregón 29.0%. On the contrary, for A. baumannii and K. pneumoniae, the values are very similar to those of P. aeruginosa (22.1%), S. aureus (22.0%), E. faecium (3.2%) and Enterobacter spp. (10.5%) in comparison with Hermosillo and Ciudad Obregón, with values of 26.5% for P. aeruginosa, 22.6% for S. aureus, 2.0% for E. faecium, and 9.6% for Enterobacter spp. These results highlight the need to carry out multicenter studies of antibiotic resistance surveillance.

Similar studies have been carried out in some countries such as Brazil, where there are differences in the K. pneumoniae isolates, representing 41.0%, and P. aeruginosa, which represented 14.0%. Instead, S. aureus represented 22.0%, Enterobacter spp. 11.0%, A. baumannii 8.0% and E. faecium 4.0% (Silva et al., 2017). These results are similar to those detected in Hermosillo and Ciudad Obregón, but quite different from a Romanian study, where S. aureus was the microorganism isolated in the highest proportion with 62.4%, followed by K. pneumoniae with 16.6%, P. aeruginosa with 13.1%, Enterobacter spp. with 6.4%, A. baumannii with 1.2% and, E. faecium with 0.12% (Arbune et al., 2021). These discrepancies could be attributable to multiple factors, like population attended in each health institution, the number of wards in each hospital (the Brazilian hospital doesn’t have an Intensive Care Unit), and the different distribution of pathogens and resistance profile of them worldwide.



4.1 Enterococcus faecium



4.1.1 Antibiotic resistance in the 2019-2020 period

The reduction to 0% of high-level resistance to aminoglycosides could indicate the loss of enzymes that inactivate these antibiotics, which could be a direct consequence of the limitation in their use. The results of susceptibility to antibiotics in E. faecium are lower than those reported in other institutions in the country (Garza-González et al., 2019). Enterococci isolates resistant to ciprofloxacin are also resistant to moxifloxacin (Cercenado, 2011), therefore 30% of the isolates are resistant to all commercially available fluoroquinolones. There is a high percentage of resistance to linezolid, even above that observed in other national institutions (2.4%) (Garza-González et al., 2019). No resistance to aminoglycosides was detected, so it is certain that the isolates do not synthesize aminoglycoside modifying enzymes (Cercenado, 2011) and less aggressive antimicrobial therapeutic schemes can be opted. In most mexican health institutions, vancomycin resistant enterococci (VRE) are isolated within a 20 to 25% interval (Garza-González et al., 2019); the results obtained in this study are lower (Table 2). Hermosillo is at higher resistance levels (74%) than those shown in the study by Garza-González and colleagues (2019), where 47% was obtained (Arbune et al., 2021).

In general, E. faecium shows resistance percentages lower than what is observed in other health centers in the country (Figure 2). In 2018 studies carried out in Mexico, percentages of resistance to ampicillin of 73.2% were obtained (Garza-González et al., 2019). None of the resistance percentages obtained exceeds what is mentioned in the literature. A study carried out in Brazil found high percentages of resistance to vancomycin (79.2%), ampicillin (91.7%), ciprofloxacin (91.7%) and linezolid (8.3%) (Silva et al., 2017). Table 2 shows a remarkably high value for resistance to tetracycline, a result opposite to that found by Silva and colleagues (2017) where most of the resistance values are excessively high, except for tetracycline (37.5%) (Llaca-Díaz et al., 2013). This shows a trend in health centers in Hermosillo, contrary to what was reported.




Figure 2 | Comparative analysis of antibiotic resistance in isolates from ESKAPE organisms, in Hermosillo, Ciudad Obregón and other institutions in México. AMK, amikacin; AM, ampicillin; CIP, ciprofloxacin; LNZ, linezolid; TCY, tetracycline; MXF, moxifloxacin; CLI, clindamycin; ERI, erythromycin; OXA, oxacillin; VAN, vancomycin; SAM, ampicillin/sulbactam; CTX, cefotaxime; NIT, nitrofurantoin; GEN, gentamicin; FEP, cefepime; MEM, meropenem.






4.1.2 Antibiotic resistance in the 2014-2015 and 2019-2020 periods

Even though there are reports indicating that vancomycin was the third most prescribed antibiotic in Mexican hospitals, during the 2016-2017 period (Miranda-Novales et al., 2020), the situation does not seem to affect the region since the increase of VRE isolates is minimal. In China, a surveillance study of antibiotic resistance was carried out in the pediatric population during the period of 2014-2017. This study reports an increase in the percentages of resistance to ampicillin between both periods (89.5%-91.7%) and a decrease in resistance to vancomycin (0.9%-0.3%) (Hui and Xiaolin, 2018), although, a slight increase in ampicillin and vancomycin resistance can be observed in Table 3, these results are not statically significative, but must be a situation to prevent the emergence of VRE to levels detected in other countries.





4.2 Staphylococcus aureus



4.2.1 Resistance to antibiotics in the 2019-2020 period

The results in Ciudad Obregón were similar to other studies carried out in Mexico, where resistance levels of around 27% are reported (Garza-González et al., 2019). As shown in Figure 1, resistance to lincosamides and macrolides is lower in Hermosillo compared to Ciudad Obregón; in the latter, values close to other health institutions in Mexico are reported: 32.3% for clindamycin and 32.9% for erythromycin (Garza-González et al., 2019). The levels of resistance to macrolides and lincosamides are identical, observing the effect of resistance to MLS (De Oliveira et al., 2020), which suggests high levels of resistance to streptogramins in Ciudad Obregón.

Even though resistance to daptomycin and linezolid are low, they represent an alarm sign as they are drugs of last choice for the treatment of infections caused by MRSA (Guo et al., 2020). The resistance levels observed in Ciudad Obregón for trimethoprim/sulfamethoxazole are higher than Hermosillo. Given the resistance mechanism, it is possible that there is a plasmid-mediated dissemination (Foster, 2017). In Ciudad Obregón, the incidence of MRSA isolates is significantly higher than in Hermosillo. It is also true in relation to other health institutions in Mexico, where 23.1% is reported, as can be seen from the results from oxacillin resistance (Garza-González et al., 2019).




4.2.2 Resistance to antibiotics in the 2014-2015 and 2019-2020 periods

The decrease in isolates not susceptible to daptomycin should be highlighted, which represents something positive for patients as it is an antibiotic used against MRSA (Guo et al., 2020). MRSA isolation can be verified at both periods. It is true that they are not comparable to the high levels reported in Ciudad Obregón, but it is still of great importance due to its high capacity to transmit its resistance mechanisms through plasmids (Foster, 2017) and the high mortality to invasive infections caused by MRSA (Turner et al., 2019). Arbune et al. (2021) reported that in a Romanian hospital MRSA isolation decreased from 39.6% in 2016 to 30.9% in 2018 and increased to 46.2% in 2020 (Arbune et al., 2021). In a Pakistani hospital it is observed how MRSA isolation was at 60% in mid-2018, decreased to 30% for the same period in 2019, and then followed by an increasing trend for the remainder of the year (Wadi-Al Ramahi and Jamal, 2020). These data are similar to those reported in Table 3, so it seems that there is a trend toward an increase (or fluctuation) in MRSA worldwide, (probably associated to the emergence of new clones as well as changes in the occurrence of some clonal lineages of MRSA) (Zarfel et al., 2023).





4.3 Klebsiella pneumoniae



4.3.1 Resistance to antibiotics in the 2019-2020 period

The high levels of resistance to cephalosporins compared to other groups of antibiotics could have been favored by their high prescription rate in Mexican hospitals (Miranda-Novales et al., 2020). Compared with results from other Mexican regions, both cities considered in the present study are above from those reported for ciprofloxacin (31.1%) and nitrofurantoin (19.9%), but this study showed lower results for trimethoprim/sulfamethoxazole (56.8%) and gentamicin (43.5%) (Garza-González et al., 2019). As can be seen in Figure 2, the resistance detected for most of the antibiotics in K. pneumoniae are lower in Hermosillo than in Ciudad Obregón but are lower in Ciudad Obregón compared to other institutions in the country, except for ciprofloxacin and nitrofurantoin (Garza-González et al., 2019).




4.3.2 Resistance to antibiotics in the 2014-2015 and 2019-2020 periods

The decrease in resistance to meropenem broadens the therapeutic options, avoiding the use of last-line antibiotics, such as colistin (Wyres et al., 2020). The decrease in resistance to gentamicin would allow the use of this antibiotic as a therapeutic alternative, in the management of infections caused by K. pneumoniae resistant to β-lactams. Likewise, having greater availability for its use will prevent the increase in resistance to β-lactams by reducing their use, especially in hospitalized patients. On the other hand, resistance to fluoroquinolones has increased significantly, most likely due to the increase in the consumption of ciprofloxacin and levofloxacin worldwide in recent years (Versporten et al., 2018). In China, the difference in the K. pneumoniae resistance patterns was studied during the 2008 to 2015 period. A decrease in the prevalence of ESBL-producing K. pneumoniae isolates was found, from 39.5% in 2008 to 21.5% in 2018. Contrary to this, there was an increase in the prevalence of carbapenem-resistant K. pneumoniae, from 2.5% in 2008 to 15.8% in 2015 (Hu et al., 2020). In Hermosillo, there were no statistically significant variations in resistance to β-lactams, but contrary to China, resistance to carbapenems decreased. A similarity between both studies is the increase in resistance to ciprofloxacin; in China it increased from 19.6% in 2014 to 24% in 2018 (Hu et al., 2020).





4.4 Acinetobacter baumannii



4.4.1 Resistance to antibiotics in the 2019-2020 period

The results of resistance to cephalosporins and carbapenems are not typical at the health centers of Hermosillo and Ciudad Obregón, although in other hospitals in Mexico, resistance to cefepime stands at 80.3% and to meropenem at 79.6% (Garza-González et al., 2019). As observed for K. pneumoniae, resistance may be favored using β-lactams in Mexican health institutions (Miranda-Novales et al., 2020). Compared to other Mexican cities, where resistance to ampicillin/sulbactam stands at 53.2%, it is slightly lower in Ciudad Obregon and notably lower in Hermosillo with 39% (Garza-González et al., 2019). Resistance to fluoroquinolones is favored by the increase in their consumption worldwide (Versporten et al., 2018). The results of this work and of previous studies suggest that there is a generalized problem of A. baumannii MDR (Figure 2). Although Hermosillo presents the lowest percentages of clinical isolates of A. baumannii resistant to most of the antibiotics evaluated, the possibility of MDR isolates in this city should not be ruled out. The high levels of resistance reaffirm the great capacity of A. baumannii to evade antibacterials and how limited these health centers find themselves when they face infections by this agent. In Monterrey, Llaca-Díaz et al. (2013) found 85% of isolates resistant to ceftriaxone and ceftazidime, 86% to ciprofloxacin, 75% to meropenem, and 87% to trimethoprim/sulfamethoxazole (Llaca-Díaz et al., 2013). These results are agreed those reported in this study for Ciudad Obregón, indicating that there could be a similarity between the resistance profiles for A. baumannii with that study.




4.4.2 Resistance to antibiotics in the 2014-2015 and 2019-2020 periods

Although there is no factor related to the results obtained, ceftriaxone is the most used cephalosporin worldwide in recent years (Versporten et al., 2018) so it would not be surprising if resistance to it had been maintained and even increased. On the other hand, it is possible to identify a decrease in the percentages of resistance to carbapenems, which is positive for patients of these institutions, especially those hospitalized. Wadi-Al Ramahi et al. (2020) found that in the period from 2014 to 2019 the prevalence of carbapenem-resistant A. baumannii isolates increased from 96% to 100% in Pakistan (Wadi-Al Ramahi and Jamal, 2020), contrary to what was detected in the present work, where a significant decrease was observed. These results could be partially attributable to the low number of A. baumannii clinical isolates, recovered in Hermosillo health units (24 in 2014-205 and 79 in 2019-2020) and to differences in antibiotic management between both countries.





4.5 Pseudomonas aeruginosa



4.5.1 Resistance to antibiotics in the 2019-2020 period

Resistance to ceftazidime and cefepime in Ciudad Obregón should be considered important since these drugs have good bactericidal activity against P. aeruginosa (Hilal and Brunton, 2015). Therefore, it is advisable to evaluate whether the high resistance that is occurring is due to the resistance of the bacteria itself, or to bad practices in the use or prescription of antibiotics. Gentamicin seems to be the most effective therapeutic option against P. aeruginosa both in Ciudad Obregón and in Hermosillo, but as previously mentioned, it presents toxicological characteristics that could restrict its administration. In other cities of Mexico, 18% of P. aeruginosa isolates are resistant to ciprofloxacin (Garza-González et al., 2019), therefore, the results found in the present study are greater than those reported in the rest of the country. Various studies show that the resistance profiles of P. aeruginosa vary depending on the clinical sample. In Latin America, 39% of P. aeruginosa isolates obtained from patients with UTIs are resistant to fluoroquinolones (Karlowsky et al., 2017). These values are close to what was obtained for Hermosillo and Ciudad Obregón, so it is possible, and considering that the urine samples were the predominant ones in this study, that this same situation is occurring in Hermosillo. On the other hand, in the study by Garza-González et al. (2019), 36% showed resistance to this family of antibiotics (Figure 2).

Similarly, to what was observed for other ESKAPE group microorganisms, high percentages of resistance to cephalosporins and fluoroquinolones are detected in comparison with other members, and the proposed explanation remains the same: the wide prescription of these antibiotics at a national and global level (Miranda-Novales et al., 2020; Versporten et al., 2018).




4.5.2 Resistance to antibiotics in the 2014-2015 and 2019-2020 periods

The decrease in the percentages of resistance to cephalosporins and fluoroquinolones is important for their optimal therapeutic options, because it has good absorption, low toxicity, and good antipseudomonal activity, key aspects for the incarcerated patient (Mezzatesta et al., 2012). In a hospital with infectious diseases in Romania, an increase in the prevalence of carbapenem-resistant P. aeruginosa was detected from 9% in 2016 to 60.8% in 2018 (Hilal and Brunton, 2015). It should be noted that Hermosillo did not show an increase in the number of isolates of this type.





4.6 Enterobacter cloacae



4.6.1 Resistance to antibiotics in the 2019-2020 period

Resistance to carbapenems is low because the production of carbapenemases by this bacterium is rare, although it has increased in recent years. The difference between resistance to ertapenem and meropenem is due to little-studied genetic factors in E. cloacae (Mezzatesta et al., 2012). The appearance of resistance to nitrofurantoin is associated with specific mutations in coding genes (Huttner et al., 2015), therefore, it is possible that in hospitals in Ciudad Obregón the resistance is given by clones of the same strain that in theory would possess the same mutation. Like most members of the ESKAPE group, the high resistance to cephalosporins and fluoroquinolones is favored by their high and growing consumption (Miranda-Novales et al., 2020; Versporten et al., 2018).




4.6.2 Resistance to antibiotics in the 2014-2015 and 2019-2020 periods

This organism is known for β-lactamase synthesis, however, a decrease in resistance to cephalosporins is observed (Mezzatesta et al., 2012). As mentioned before, the use of β-lactams represents a good therapeutic option so that this decrease has a direct positive impact on therapeutic options for patients. Resistance to gentamicin decreased in such a way that few isolates are reported as resistant to said antibiotic. This provides an important therapeutic option in E. cloacae isolates resistant to available antibiotics. On the other hand, the percentage of resistance to trimethoprim/sulfamethoxazole decreased notably, so it could begin to be considered as an important treatment in urinary tract infections (Hilal and Brunton, 2015), expanding the therapeutic options. Liu et al. (2021) carried out an assessment of the prevalence of E. cloacae complex isolates in a hospital in China (Liu et al., 2021). The authors detected an increase from 2.5% in 2010 to 11.9% in 2018 and mentioned that increased carbapenem resistance worldwide must be associated to their widely used in the treatment bacterial infections, mainly those caused by MDR Gram-negative.






5 Conclusions

During the 2019-2020 period, 4,545 isolates of ESKAPE microorganisms were recovered, in eight health institutions in Hermosillo and three in Ciudad Obregón, Sonora. The percentage of isolates showing resistance to studied were higher in Ciudad Obregón than in Hermosillo, and probably is associated with the population attended by different health institutions (primary care attention or reference hospitals). Also, in Hermosillo, some health institutions participated in previous surveillance studies, and the previous results could have been supported some institutional policies of antibiotic prescription. Klebsiella pneumoniae was the microorganism with the highest number of isolates identified in these 11 health institutions followed by Pseudomonas aeruginosa and Staphylococcus aureus. In Hermosillo, isolates of Enterococcus faecium showed high levels of resistance to tetracycline, while in Ciudad Obregón no isolates of vancomycin-resistant enterococci were identified. Most of the percentages of resistance to antibiotics in S. aureus are statistically significant and higher in Ciudad Obregón than in Hermosillo. In Ciudad Obregón there is a high prevalence of MRSA and S. aureus isolates resistant to erythromycin, clindamycin, and fluoroquinolones. A decrease in susceptibility to daptomycin is reported in health institutions of both cities. K. pneumoniae showed high levels of resistance to cephalosporins, ciprofloxacin and nitrofurantoin, but lower for trimethoprim/sulfamethoxazole and gentamicin. The resistance detected for most of the antibiotics in K. pneumoniae were lower in Hermosillo than in Ciudad Obregón. Acinetobacter baumannii presents high percentages of resistance to all antibiotics in Ciudad Obregón, including carbapenems. For P. aeruginosa, except for meropenem, all resistance percentages are higher in Ciudad Obregón than in Hermosillo, and a high prevalence of carbapenem-resistant P. aeruginosa was detected. Enterobacter cloacae presents high percentages of resistance to β-lactams, except for carbapenems.

In six health institutions in Hermosillo, E. faecium decreased its resistance to fluoroquinolones and aminoglycosides from the 2014-2015 to 2019-2020 periods, however, resistance to linezolid was detected in the latter. Resistance to trimethoprim/sulfamethoxazole and clindamycin decreased significantly, but the number of MRSA and vancomycin-resistant S. aureus isolates increased. Ciprofloxacin-resistant S. aureus isolates decreased, but the number of moxifloxacin-resistant isolates increased. Resistance to cefepime, meropenem, and gentamicin decreased in K. pneumoniae, while percentages of resistance to fluoroquinolones increased between 2014-2015 and 2019-2020. The isolates of A. baumannii presented a decrease in the percentages of resistance to cefotaxime and meropenem. Enterobacter cloacae presents high percentages of resistance to β-lactams, except for carbapenems; however, a decrease in the percentages of resistance to β-lactams, aminoglycosides, and trimethoprim/sulfamethoxazole was detected in 2019-2020.

The differences between health institutions between two major cities of the State of Sonora, that are geographically close (157 miles), support the worldwide recommendations to maintain an active epidemiological surveillance program that allow the knowledge of local antibiotic resistance. Furthermore, differences in antibiotic resistance should be monitored to improve empiric treatments, according to the epidemiological information from each health institution, prevent the spread of MDR bacteria, and avoid their resistance to a limited options of antibiotics available at this moment.
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Antimicrobial resistance (AMR) is one of the global health challenges of the 21st century. Data regarding AMR mechanisms in Leptospira interrogans, the causative agents of leptospirosis, have been relatively limited. Therefore, our study aimed to identify resistance genes and explore potential resistance mechanisms specific to particular serovars. We conducted a comprehensive analysis of 98 Leptospira strains, representing 10 common serovars, using whole-genome sequencing (WGS) FASTA files. Employing the PATRIC tool from the Bacterial and Viral Bioinformatics Resource Center (BV-BRC), we scrutinized the genomes for AMR genes. Our investigation revealed 32 genes associated with AMR, with 20 key genes consistently prevalent across most strains. Notably, we identified unique efflux pump systems in serovar Pomona, indicating distinctive resistance mechanisms in this serovar. In summary, our findings shed light on the genetic landscape of AMR in Leptospira, uncovering both common and serovar-specific resistance elements. The presence of unique efflux pump systems in serovar Pomona introduces a novel dimension to our understanding of resistance mechanisms. These insights underscore the importance of tailored intervention strategies and collaborative efforts between human and veterinary healthcare professionals, as well as environmental scientists, to address the complex dynamics of leptospirosis and its implications for antibiotic resistance.
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1 Introduction

Antimicrobial resistance (AMR) presents significant challenges in addressing bacterial infections across both animal and human populations (Arnold et al., 2016; Furness et al., 2017). The emergence and dissemination of antimicrobial-resistant microbes over the past few decades pose a severe global health threat (Pulingam et al., 2022). AMR not only increase morbidity and mortality but also substantially impacts treatment duration and costs (Murray et al., 2022).

Although leptospirosis is endemic in tropical geographic areas, it is known as one of the most considerable global zoonotic bacterial infections, which may lead to establishing epidemics on large scales as a result of flooding and strong rainfall (Haake and Levett, 2015; Rajapakse, 2022). The zoonotic infection of leptospirosis annually may cause one million cases with a mortality rate of 6.86% (approximately 60,000 deaths) around the world (Adler and de la Peña Moctezuma, 2010; Petakh and Nykyforuk, 2022; Petakh et al., 2023; Petakh et al., 2022a; Petakh et al., 2022b; Petakh et al., 2022c). The genus Leptospira comprises over 20 species based on DNA relatedness, with more than 350 serovars identified based on surface agglutinating lipopolysaccharide antigens (Adler and de la Peña Moctezuma, 2010; Fouts et al., 2016). These species are broadly categorized into three groups. Saprophytic species like Leptospira biflexa are not associated with disease. Pathogenic species such as Leptospira interrogans and Leptospira borgpetersenii cause leptospirosis globally, ranging from mild or asymptomatic infection to severe forms resulting in multiple organ failure and death. An intermediate group, including Leptospira fainei and Leptospira licerasiae, may be associated with infection and mild disease (Fouts et al., 2016).

Leptospira spp. exhibit intrinsic resistance to various antimicrobial agents, though the specific mechanisms responsible remain unidentified (Adler et al., 1986; Vinod Kumar et al., 2016; Petakh et al., 2024a; Petakh et al., 2024b). Nevertheless, resistance to sulfonamides, neomycin, actidione, polymyxin, nalidixic acid, vancomycin, and rifampicin has facilitated the development of selective media for isolating leptospires (Schönberg, 1981).

In recent research, genes linked to AMR have been explored using the Comprehensive Antibiotic Resistance Database (CARD) definition (McArthur et al., 2013; MaChado et al., 2022). The CARD definition outlines different modes of AMR action:

	Antibiotic target in susceptible species: genes associated with antibiotic-sensitive wild-type bacterial components may undergo mutations, rendering them not susceptible.

	Protein altering cell wall charge conferring antibiotic resistance: Genes involved in cell wall alteration, leading to changes in charge that confer resistance to antibiotics.

	Gene conferring resistance via absence: deletion of specific genes or gene products results in resistance. For instance, deletion of a porin gene can block the entry of drugs into the cell.

	Antibiotic inactivation enzyme: genes encoding enzymes that catalyze the inactivation of antibiotics, resulting in resistance: inactivation includes chemical modification, destruction, etc.

	Efflux pump conferring antibiotic resistance: subunits of efflux proteins that pump antibiotics out of a cell to confer resistance.

	Antibiotic target protection protein: these proteins confer antibiotic resistance by binding the antibiotic target to prevent antibiotic binding.

	Antibiotic target modifying enzyme: enzymes that confer resistance by modifying (mutational alteration or enzymatic modification) antibiotic targets.

	Regulator modulating expression of antibiotic resistance genes: mechanism activated by the presence of a specific antibiotic.



Current recommendations for treating human leptospirosis involve penicillin, ampicillin, ceftriaxone, or cefotaxime (Adler and de la Peña Moctezuma, 2010; Haake and Levett, 2015). Alternatives, particularly for those with allergies or in non-hospital settings, include oral doxycycline or azithromycin. In veterinary settings, a penicillin-streptomycin combination is the preferred therapy for acute leptospirosis, although ampicillin, amoxicillin, tetracyclines, tulathromycin, and third-generation cephalosporins have also been utilized (Ellis, 2015). Tilmicosin presents an additional alternative (Alt et al., 2001).

The apparent absence of significant antimicrobial resistance emergence in Leptospira prompts the question of why this has not occurred (Liegeon et al., 2018). Leptospiral infections are typically monomicrobial, limiting opportunities for horizontal resistance gene acquisition. Moreover, there is no experimental evidence of foreign DNA uptake by Leptospira spp., although genomic analyses support this notion. Finally, human leptospirosis is a dead-end infection, with human-to-human transmission being extremely rare (Trott et al., 2018).

The study of antimicrobial resistance (AMR) mechanisms in Leptospira interrogans serovars is crucial due to the increasing global burden of leptospirosis, a zoonotic disease caused by this bacterium (Boss et al., 2019). Understanding the mechanisms that contribute to AMR in different serovars is essential for developing effective treatment strategies and controlling the spread of resistant strains. In this comprehensive study, we aim to investigate the genetic and phenotypic characteristics of AMR in L. interrogans serovars, shedding light on the factors that drive resistance and providing valuable insights for future therapeutic interventions.




2 Materials and methods

We conducted an analysis of FASTA files obtained from the whole-genome sequencing (WGS) of 98 strains, representing 10 common serovars in humans and animals (Oliveira et al., 2017). The distribution of strains among the serovars is as follows: Australis (n = 1); Autumnalis (n = 1); Bataviae (n = 6); Canicola (n = 11); Copenhageni (n = 30); Grippotyphosa (n = 6); Icterohaemorrhagiae (n = 11); Manilae (n = 5); Pomona (n = 16); Pyrogenes (n = 11) (Supplementary Materials). Strains were collected during 1958 – 2020 years.

We employed the PATRIC tool from the Bacterial and Viral Bioinformatics Resource Center (BV-BRC) to analyze the genomes for antimicrobial resistance (AMR) genes. The Genome Annotation Service in PATRIC uses the k-mer-based AMR gene detection method, which utilizes PATRIC’s curated collection of representative AMR gene sequence variants and assigns to each AMR gene a functional annotation and a broad mechanism of antibiotic resistance (Wattam et al., 2017).




3 Results

The majority of strains were isolated in Brazil (n = 17) and the United Kingdom (n = 16) (Figure 1). Most of the strains were obtained from humans (n = 59). In general, five main mechanisms of resistance to antibiotics were identified: gene conferring resistance via absence; protein altering cell wall charge conferring antibiotic resistance; antibiotic activation enzyme; regulator modulating expression of antibiotic resistance genes; efflux pump conferring antibiotic resistance (Figure 2).




Figure 1 | Serovar, isolation country, host distribution, and G/C content of investigated genomes.






Figure 2 | Distribution of AMR genes across all strains.



The three predominant and widespread mechanisms were antibiotic target in susceptible species, gene conferring resistance via absence, and protein altering cell wall charge conferring antibiotic resistance, all of which were detected in all studied strains.

Seven genes (alr, ddl, dxr, EF-G, EF-Tu, folA, dfr) were observed in all studied strains. These genes are part of the antibiotic target in susceptible species. Antibiotic-sensitive wild-type bacterial components might undergo mutations that render them non-susceptible. All serovars had the folP gene, which encodes dihydropteroate synthase, the target enzyme of sulfonamides, except for one strain of serovar Pyrogenes (Leptospira interrogans serovar Pyrogenes str. R168). Additionally, Leptospira interrogans serovar Pyrogenes str. 200701872 did not have the gyrB gene, which encodes the B subunit of the DNA gyrase. Leptospira interrogans serovar Copenhageni str. M20 and Leptospira interrogans serovar Pyrogenes str. R168 did not have the MurA gene, a key enzyme involved in bacterial cell wall peptidoglycan synthesis and a target for the antimicrobial agent fosfomycin. Leptospira interrogans serovar Canicola strain Tande did not have the rpoB gene encoding the beta subunit of RNA polymerase (rpoB), the rpoC gene encoding DNA-directed RNA polymerase subunit beta, and the S12p gene encoding the small ribosomal protein.

Two mechanisms, antibiotic activation enzyme and regulator modulating expression of antibiotic resistance genes, were found among two strains of serovar Manilae. Specifically, the catalase-peroxidase enzyme KatG, encoded by the katG gene, and oxyR, the canonical orchestrator of the H2O2 detoxification response, were identified. Additionally, four strains of serovar Pomona exhibited efflux pump conferring antibiotic resistance (Figure 3). Specifically, in Leptospira interrogans serovar Pomona strain EMY7780, OprM/OprM family and TolC/OpmH were identified. In Leptospira interrogans serovar Pomona strain ESR8, AcrAB-TolC, AcrAD-TolC, and TolC/OpmH were observed. Strain P5661 of Leptospira interrogans serovar Pomona showed AcrAD-TolC, AcrEF-TolC, EmrAB-TolC, EmrD, MdtABC-TolC, and MexPQ-OpmE. Lastly, in Leptospira interrogans serovar Pomona strain Pom_str68, EmrAB-OMF was found.




Figure 3 | Distribution of AMR genes across all serovars.






4 Discussion

In our study of 98 types of Leptospira bacteria, we discovered 32 genes linked to antimicrobial resistance (AMR). Out of these, 20 key genes consistently stood out in most strains. The highest number of genes was associated with a mechanism that makes antibiotics less effective in susceptible species, involving 17 different genes (Figure 4).




Figure 4 | Mechanisms of AMR in L. interrogans strains.



Some crucial genes, such as alr and ddl, encode D-alanine racemase (Alr) and D-alanine:D-alanine ligase (Ddl), which are peptidoglycan biosynthetic enzymes. Feng reported that the overproduction of Alr in Mycobacterium smegmatis determines a d-Cycloserine resistance phenotype (Feng and Barletta, 2003).

Another important gene is murA, which is a key enzyme involved in bacterial cell wall peptidoglycan synthesis and is a target for the antimicrobial agent fosfomycin, a structural analog of the MurA substrate phosphoenol pyruvate (Kumar et al., 2009).

The dxr gene plays a significant role in building the cell membranes of bacteria. Fosmidomycin is a phosphonic antibiotic that inhibits 1-deoxy-D-xylulose 5-phosphate reductoisomerase (Dxr), the first committed step of the non-mevalonate pathway of isoprenoid biosynthesis. In Mycobacterium tuberculosis, Dxr is encoded by Rv2870c, and although the antibiotic has been shown to inhibit the recombinant enzyme, mycobacteria are intrinsically resistant to fosmidomycin at the whole-cell level (Brown and Parish, 2008).

For DNA replication and repair, DNA gyrase subunits (gyrA and gyrB) are like the repair crew for the bacterial DNA (Chien et al., 2016). Efflux pumps and mutations in gyrA, associated with fluoroquinolone resistance, have been induced in vitro in Brucella spp. strains. Think of these as defense mechanisms that bacteria develop to resist certain antibiotics.

An interesting discovery was made regarding certain strains of serovar Pomona. These strains possess different efflux pump systems that expel drugs, impacting bacterial resistance. This emphasizes the need to understand these variations for effective treatment. In study L. interrogans serovar Pomona isolates from swine in Brazil were found to be resistant to fluoroquinolones (Miraglia et al., 2008). We think that overexpression of efflux pumps might be the reason.

In a separate study by Antara Chakraborty and colleagues, 46 Leptospira isolates from rats were tested for their susceptibility to 14 antimicrobial agents (Chakraborty et al., 2010). All of the strains were found to be sensitive to ampicillin, cefotaxime, ciprofloxacin, norfloxacin, doxycycline, erythromycin, and streptomycin. In contrast, the tested isolates showed resistance to amphotericin B, 5-fluorouracil, fosfomycin, trimethoprim, sulfamethoxazole, neomycin, and vancomycin.




5 Conclusions

In the end, our research on AMR mechanisms in Leptospira interrogans serovars found 32 genes linked to resistance, with 20 key genes present in all strains. We believe these genes form the basis that ensures leptospira’s resistance to certain types of antibiotics. The diverse resistance profiles observed among different Leptospira interrogans serovars underscore the complexity of antimicrobial resistance mechanisms in this bacterium.

The identified serovar-specific resistance mechanisms raise the prospect of tailoring therapeutic approaches based on the prevalent serovar in a specific geographical area. A nuanced understanding of the resistance patterns associated with each serovar could lead to more effective and targeted treatment strategies.

Efflux pump systems identified in serovar Pomona, introduce a dimension of complexity to the management of leptospirosis. The potential contribution of these systems to AMR highlights the need for future research.

Given its status as a zoonotic disease, understanding the interplay between human, animal, and environmental factors is crucial for comprehensive intervention strategies. The identified resistance mechanisms should prompt collaborative efforts between human and veterinary healthcare professionals, as well as environmental scientists, to address the multifaceted nature of leptospirosis and its potential impact on antibiotic resistance dynamics.
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Background

Ducrosia anethifolia is an aromatic desert plant used in Saudi folk medicine to treat skin infections. It is widely found in Middle Eastern countries.





Methods

A methanolic extract of the plant was prepared, and its phytoconstituents were determined using LC-MS. In-vitro and in-vivo antibacterial and antibiofilm activities of the methanolic extract were evaluated against multidrug-resistant bacteria. The cytotoxic effect was assessed using HaCaT cell lines in-vitro. Diabetic mice were used to study the in-vivo antibiofilm and wound healing activity using the excision wound method.





Results

More than 50 phytoconstituents were found in the extract after LC-MS analysis. The extract exhibited antibacterial activity against both the tested pathogens. The extract was free of irritant effects on mice skin, and no cytotoxicity was observed on HaCaT cells with an IC50 value of 1381 µg/ml. The ointment formulation of the extract increased the healing of diabetic wounds. The microbial load of both pathogens in the wounded tissue was also reduced after the treatment. The extract was more effective against methicillin-resistant Staphylococcus aureus (MRSA) than MDR-P. aeruginosa in both in vitro and in vivo experiments. Further, skin regeneration was also observed in histological studies.





Conclusions

The results showed that D. anethifolia methanol extract supports wound healing in infected wounds in diabetic mice through antibacterial, antibiofilm, and wound healing activities.





Keywords: LCMS analysis, cytotoxicity, epithelization, HaCaT (human keratinocyte), skin irritation




1 Introduction

Medicinal plants with potent antimicrobial effects are used traditionally in Middle Eastern countries (Ullah et al., 2020). Earlier reports show that Saudi medicinal plants have good antibacterial and anti-inflammatory effects and are widely used in traditional medicine to treat infections and wounds (Shahat et al., 2017; El-Seedi et al., 2022). However, these plants have not been explored for their antimicrobial effects, especially against multidrug-resistant pathogenic infections and biofilm formation.

One of the plants commonly used in the Kingdom of Saudi Arabia for wound treatment is the leaves of Ducrosia anethifolia Bois, belonging to the family- Apiaceae (Flora of Saudi Arabia by Ahmed Mohammed Migahid | Open Library). The plant is also used to treat skin infections in several other countries, including Afghanistan, Pakistan, Iran, Iraq, and other Arabian countries (Mottaghipisheh et al., 2020). It is locally called ‘Al-Haza’ in Arabic and is a desert plant that grows in Saudi Arabia’s volcanic cinders. This plant is a biennial herb and is drought-resistant. Earlier reports show that the plant possesses different pharmacological effects. Some of the activities reported include anti-diabetic and antiulcer effects (Unissa Syed et al., 2022), analgesic, central nervous system depressant actions such as anti-anxiety, sedative, and anti-depressant effects (Abbaszadeh et al., 2019), carminative, relief of colic pain and as a flavoring agent (Mottaghipisheh et al., 2020). Further there are reports on phytoconstituents present in Ducrosia anethifolia showing antibacterial activity against MRSA (Mahboubi et al., 2014).

Infections in wounds are prevalent due to exposure of wounded tissue to bacteria. The infectious organism usually forms a biofilm over the wounded tissue within 24 hours to escape the attack from the patient’s immune system and attenuate the effect of antimicrobial agents. Biofilms are bacteria aggregates embedded in a barrier consisting of sugars and proteins (Flemming et al., 2016). These are considered the single most common cause of delay in wound healing, and they delay the wound healing process through an inappropriate inflammatory response that damages the wounded tissue (Darvishi et al., 2022). Hence, agents used in the treatment of wounds should not only possess antimicrobial effects but should effectively prevent and eradicate biofilm formation over the wounded tissues (Thapa et al., 2023). The two most common pathogens causing skin infections include Methicillin-resistant Staphylococcus aureus (MRSA) and multi-drug-resistant- Pseudomonas aeruginosa (MDR-P. aeruginosa). MRSA is associated with community-acquired skin and soft tissue infections as well as nosocomial infections (Odell, 2010; Pannewick et al., 2021). Furthermore, there are earlier reports on the effect of essential oils and decanal, a component of D. anethifolia against MRSA, wherein it was shown that more than one phytoconstituent of D. anethifolia is responsible for its antimicrobial effect (Mahboubi and Feizabadi, 2009). MDR-P. aeruginosa is one of the most common infective organisms for skin and soft tissue infections (Wu et al., 2011). An earlier study indicates that hydroalcoholic extract of D. anethifolia from Jordan inhibits P. aeruginosa in-vitro (Nawash et al., 2013).

Many plant extracts have been reported for antibiofilm effects. Traditional plants from Pakistan, such as Bergenia ciliata, Clematis grata, and Clematis viticella, are reported to inhibit P. aeruginosa biofilms (Alam et al., 2020). Similarly, African medical plants such as Alchornea laxiflora, Ficus exasperata, Morinda lucida, Jatropha gossypiifolia, Ocimum gratissimum, and Acalypha wilkesiana were shown to inhibit biofilm formation by various pathogens (Olawuwo et al., 2022). Medical plants from Argentina, such as Lycium chilense and Schinus fasciculatus, have also been reported for anti-biofilm effects against various pathogens (Romero et al., 2016). Most of the studies on the antibiofilm activities of plant products have been carried out using in-vitro methods that do not provide sufficient evidence that these plants will be effective antibiofilm agents in vivo (Lu et al., 2021; Younis et al., 2021; Priyanto et al., 2022). Furthermore, phytoconstituents present in some of the extracts are not known (Alam et al., 2020; Zammuto et al., 2022). The active chemical constituents present in the plant extracts help in the development of novel molecules (Harikrishnan et al., 2021; Oselusi et al., 2021).

The present study evaluated the unexplored antimicrobial, antibiofilm, and wound healing of Ducrosia anethifolia to confirm its traditional use as an anti-infective agent on skin wounds in diabetic animals. Furthermore, an attempt was made to identify phytoconstituents present in the methanolic extract of the leaves through liquid chromatography-mass spectrometry (LC-MS) analysis that may help in the identification of lead molecules. The skin irritant effect of the prepared extract formulation was evaluated on the mouse skin in-vivo and on human keratinocytes (HaCaT) in-vitro to determine the safety.




2 Materials and methods



2.1 Chemicals

Chemicals of analytical grade purchased from local chemical suppliers were used.




2.2 Animals

Swiss albino mice (27 to 30 g) maintained under a controlled environment were utilized. The experimental procedure was approved by the Ethical Research Committee of Shaqra University (No. ERC SU_20220066).




2.3 Extract preparation and phytochemical analysis

The herb was collected in August 2022, followed by authentication in the institute by a botanist. A specimen of the herb (No. SU/CAMS/09/2022) is maintained in the institute as a reference. The plant was shade-dried, coarsely powdered, subjected to Soxhlet extraction using methanol, and dried in a rotavapor (Mukherjee, 2019). The extract yield obtained was 26.34% w/w.

The extract was injected into the waters LC instrument (XEVO-TQD#QCA1232) having a C18 column (250 mm X 2.1 mm, 2.6 µm). The flow rate was maintained at 0.2 ml/min, and detection was carried out at 280 nm. Acetonitrile and ammonium formate buffer were used as solvents with gradient conditions as reported by Al-Ghanayem et al (Al-Ghanayem et al., 2022a). The spectra were recorded at ionization modes from m/z 150 to 2000.




2.4 Antibacterial activity and antibiofilm activity in-vitro

Antibacterial effects of the extract were carried out against MRSA and MDR-P. aeruginosa using conventional methods to detect the minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) (Ekom et al., 2022). The pathogens (106 CFU/mL) were inoculated into Luria Bertani (LB) broth, and the antibiofilm effect was determined using the crystal violet binding assay (O’Toole, 2011). Different extract concentrations, starting from 6.25 µg/ml up to 400 µg/ml in geometrical dilution along with bacterial culture, were added to each well of the microtire plate followed by incubation at 37 °C for 24 h. The planktonic cells were discarded, and crystal violet (20 μL) was added to the wells and allowed to stain for 15 min. The excess stain was removed, rinsed with potassium phosphate buffer (10 mM), and dried. Ethanol (96% v/v) was added to the wells to solubilize the crystal violet, and the optical density was read at 570 nm.




2.5 Ointment formulation and skin irritation test

The D. anethifolia extract formulation at two different concentrations was prepared (5% w/w and 10% w/w) employing liquid paraffin, emulsifying wax, and soft paraffin by fusion method (Nayeem et al., 2008). All the constituents of the ointment base were melted and mixed with the extract with constant stirring to obtain a uniform ointment. The physicochemical characteristics of the ointment formulation were evaluated (Kolhe et al., 2018). The formulation was applied on the mouse skin for irritation test and observed every 12 h until 72 h.




2.6 Antibiofilm and wound healing activity

This was done using a method standardized in our laboratory (Alrouji et al., 2023). Streptozocin and nicotinamide were used to induce diabetes (Yan, 2022). Mice were considered diabetic if the fasting blood sugar level exceeded 150 mg/dL. A coverslip containing biofilm formed by the bacteria that was confirmed by crystal violet assay (Mohamed et al., 2014) was applied to the excision wounds under anesthesia (Anesthesia (Guideline) | Vertebrate Animal Research). The biofilm formation was confirmed after 72 h by carefully removing and examining the thin biofilm layer that developed on the wounded tissue. The animals were then divided into two groups, one each for MRSA and MDR-P. aeruginosa, with five subgroups containing twelve animals. Group I was an untreated control, while group II was applied with the emulsifying base. The extract ointment at 5% w/w and 10% w/w was applied to animals of groups III and IV, and the last group received the local application of mupirocin 2% or gentamicin 0.1%. In six animals from each group, the wounded area was measured every 4th day for 20 days, and these animals were sacrificed to determine the bacterial count (CFU/g). Tissues from these animals were also subjected to histological examination by fixing them in neutral formalin. Sections were stained using H and E stain, and skin epithelium regeneration was observed under 200X using a microscope (Leica DM 2500) with a camera (DFC 295). The epithelization period was monitored in the remaining six animals, which indicated complete healing of the wounds.




2.7 Cytotoxic assay on HaCaT cell lines

The SRB assay was used to determine the cytotoxicity of the extract (Denzinger et al., 2022). The HaCaT cells were grown in 96-well plates in Dulbecco’s Modified Eagle’s Medium supplemented with fetal bovine serum (10%), and antibiotic (1%) at 37°C with 5% CO2. Next day, extract prepared in an incomplete medium at different concentrations starting from 1 µg/ml to 1000 µg/ml was added, followed by 24 h incubation. Trichloroacetic acid - 10% (100 µl) was added, followed by incubation for another 1 h. The cells were washed in distilled water and dried, followed by the addition of sulforhodamine solution (final concentration of 0.04%) and incubation for 1 h. Following this, the cells were washed with acetic acid (1% v/v) and Tris base solution (pH=10.5) was added. This was shaken on an orbital shaker to solubilize the protein-bound dye. The optical density was read at 510 nm in an ELISA plate reader.




2.8 Statistical analysis

Mean ± SEM values were used for comparison, and one-way ANOVA followed by Tukey’s test was used to determine the level of significance. Instat software was used for statistical analysis (GraphPad Prism version 6.04 for Windows).





3 Results



3.1 Phytochemical analysis

The methanolic extract of D. anethifolia showed the presence of a large number of phytoconstituents in LC-MS analysis (Figures 1, 2). In the positive (Table 1) and negative (Table 2) modes, 14 and 37 suspected molecules were identified, respectively.




Figure 1 | Chromatogram of D. anethifolia methanolic extract in positive mode. Retention times are shown in X axis and the base peak intensity of major peaks are marked.






Figure 2 | Chromatogram of D. anethifolia methanolic extract in negative mode. Retention times are shown in X axis and the base peak intensity of major peaks are marked.




Table 1 | List of suspected molecules identified in D. anethifolia methanolic extract in positive mode.




Table 2 | List of suspected molecules identified in D. anethifolia methanolic extract in negative mode.






3.2 Antibacterial and antibiofilm activity

The minimum inhibitory concentration was 256 µg/ml for MRSA and 512 µg/ml for MDR-P. aeruginosa. The minimum bactericidal concentration was 512 µg/ml for MRSA and 1024 µg/ml for MDR-P. aeruginosa. A concentration of 50 µg/ml exhibited significant antibiofilm activity against MRSA while MDR-P. aeruginosa biofilm formation was significantly affected at 100 µg/ml, and these effects were concentration-dependent (Figure 3).




Figure 3 | Antibiofilm activity of D. anethifolia methanolic extract in crystal violet assay, n= 4 (biological repeats) *P<0.05, ** P0.01, ***P<0.001 as compared to untreated control. A concentration-dependent anti-biofilm effect was observed. Activity against Gram-positive MRSA was noticeably more compared to that observed against Gram-negative MDR-P. aeruginosa.






3.3 Physicochemical properties and skin irritation test

The ointment formulation was homogenous with excellent stability and diffusion. The spreadability was 10 seconds with a diffusion of 0.6 cm. The prepared ointment was stable at 24°C, 37°C and 40°C. Extract formulation, when applied on intact skin, showed no obvious irritation or inflammation for 72 h.




3.4 Antibiofilm and wound healing effects

The D. anethifolia ointment formation improved the healing of wounds in diabetic mice. The extract formulation (10% w/w) significantly supported wound healing from the 8th day onwards in MRSA-induced biofilm wounds. However, the lower concentration of the extract formulation (5% w/w) showed a significant wound-healing effect from the 12th day. The antibiotic mupirocin significantly affected wound contraction from the 4th day. There was no significant difference in the infected wound in animals that did not receive any treatment and the base-treated wounds, indicating that the base is inert (Figure 4). The epithelization period was significantly reduced in low (5% w/w) and high (10% w/w) concentration extract-treated groups compared to the control. As expected, the epithelization period was significantly less in the antibiotic-treated group than in the base-treated control group (Figure 5). These effects were similar in MDR-P. aeruginosa induced biofilm wounds, but the effect of the extract was noticeably less than that observed with MRSA-infected wounds (Figures 6, 7). The microbial load in the wounded tissue after 20 days of treatment was reduced after treatment with both concentrations of D. anethifolia extract ointment in case of MRSA-infected wounds. However, in MDR-P. aeruginosa infected wounds, there was a significant decrease only in wounds treated with the high concentration of D. anethifolia extract ointment (10% w/w). Antibiotic treatments significantly reduced the microbial load in the wounded tissue (Table 3). Skin sections obtained from animals receiving different treatments showed various degrees of skin regeneration. The skin damage was more in the MDR-P. aeruginosa infected control animals compared to MRSA-infected control animals, indicating severe skin damage due to Gram-negative MDR-P. aeruginosa as compared to Gram-positive MRSA. Similarly, skin regeneration after treatment with antibiotic or D. anethifolia extract ointment was noticeably more in MRSA-infected animals than MDR-P. aeruginosa infected animals (Figure 8).




Figure 4 | Contraction of excision wound infected with MRSA in mice treated with D. anethifolia. methanolic extract. The extract (Da -10% w/w) showed effect from Day 8 onwards while the mupirocin (MPN) was more effective than either concentration of the extract. All values are mean ± SEM for six animals, **P<0.01, ***P<0.001 as compared to untreated infected control.






Figure 5 | Period of epithelisation in excision wound infected with MRSA after different treatments. The extract (Da -10% w/w) and mupirocin (MPN-2% w/w) showed significant action on wound contraction while extract at lower concentration (Da -5% w/w) did not show significant effect. All values are mean ± SEM, n=6, ***P<0.001 as compared to untreated infected control.






Figure 6 | Contraction of excision wound infected with P. aeruginosa in mice treated with D. anethifolia methanolic extract and gentamicin. The extract (Da -10% w/w) showed effect from Day 8 onwards while the gentamicin (GEN) was more effective than either concentration of the extract showing significant effect from Day 4 onwards. All values are mean ± SEM, n=6, *P<0.05, ***P<0.001 as compared to untreated infected control.






Figure 7 | Period of epithelisation in excision wound infected with P. aeruginosa after treatment with D. anethifolia extract and gentamicin. The extract (Da -10% w/w) and gentamicin (GEN-0.1% w/w) showed significant effect on wound contraction while extract at lower concentration (Da -5% w/w) did not show significant effect. All values are mean ± SEM, n=6, **P<0.01, ***P<0.001 as compared to untreated infected control.




Table 3 | Microbial load in the wounded tissue after different treatments for 20 days in infected mice.






Figure 8 | Representative images of skin section after treatment with higher concentrations of D. anethifolia extract (H and E stained, 200 X). In the control animals, the skin epithelial width is less when compared to the treated animals (arrow indicates skin epithelium).






3.5 Effect on HaCaT cells in-vitro

Ducrosia anethifolia did not induce significant toxicity to the HaCaT cell lines in-vitro, as indicated by a high IC50 value of 1381 µg/ml (Figure 9). The extract was tested up to a concentration of 1000 µg/ml, and a significant reduction in cell viability was observed at 500 µg/ml.




Figure 9 | Cell viability of HaCaT cells after treatment with different concentrations of D. anethifolia extract in SRB assay, n=4, ***P<0.001 as compared to untreated control. There was no cytotoxic effect up to concentrations of 100 µg/ml and the IC50 value was 1381 µg/ml.







4 Discussion

Ducrosia anethifolia is traditionally used in different regions of the world for the treatment of skin infections and pain relief (Mottaghipisheh et al., 2020). The current study was undertaken because this herb is widely used in Saudi folk medicine to treat skin infections. The results of the current study supported its traditional use as indicated by its antimicrobial, antibiofilm, and wound-healing effects. Though there are earlier reports on the antimicrobial effect of Ducrosia anethifolia, none of these studies determined the antibiofilm activity and wound healing effect (Mottaghipisheh et al., 2020). The traditional use of this herb in skin infection may not be due only to antimicrobial effects, without considerable antibiofilm and wound healing properties, which were confirmed in the current study.

Ducrosia anethifolia extract was prepared using methanol that extracts several secondary and primary metabolites (Jones et al., 2006). Analysis of the prepared extract using LC-MS revealed the presence of many constituents. Some of the suspected phytoconstituents identified in the current study have been reported earlier for antimicrobial and antibiofilm effects. These phytoconstituents include D-erythro-dihydrosphingosine, petunidin, L-carnosine, and melatonin. D-erythro-dihydrosphingosine is a sphingolipid that has been reported to inhibit the growth of several strains of bacteria by increasing the permeability of the bacterial cell membrane (Shin et al., 2022). Petunidin, an anthocyanidin flavonoid, has a good antioxidant effect. It is also reported for antibacterial effects (Jeyaraj et al., 2022). These effects help in wound healing. L-carnosine, a dipeptide composed of amino acids, β-alanine, and histidine have been reported for antioxidant, anti-inflammatory, and antibacterial actions (Kandhasamy et al., 2021). The anti-inflammatory effect may have increased the healing of wounded tissue with the contribution of antioxidant and antibacterial actions that inhibited oxidative stress and microbial load, respectively. Melatonin is a hormone found in both animals and plants. It has potent antioxidant, anti-inflammatory, and immunomodulatory properties that aid in the healing of wounds (Ganganna et al., 2021).

Another important phytoconstituent identified in the plant was chlorogenic acid. It is a polyphenol found in several plants, including vegetables and fruits. There are several reports on the antibacterial effect of chlorogenic acid, and it is reported to inhibit several strains of bacteria, confirming its broad-spectrum antibacterial action (Sun et al., 2020). The extract also showed the presence of kaempferol, which is a known antibacterial agent. It is reported to increase cell membrane permeability, inhibit bacterial enzyme activity, and have a strong antioxidant effect (Periferakis et al., 2022). Similar to kaempferol, syringic acid, and sinapic acid is found in several plant species, and these are known to inhibit bacterial growth by a mechanism similar to kaempferol (Pandi and Kalappan, 2021; Meng et al., 2022). Sodium gluconate is abundantly found in several plants. It is a chelating agent that chelates ions essential for bacterial growth, and there are few reports on the antibacterial effect of this compound (Kapanya et al., 2020). Luteolin is an important flavonoid that is reported for antibacterial activity against a wide range of both gram-positive and gram-negative bacteria. It also has anti-inflammatory and antioxidant properties that help in wound healing (Guo et al., 2020). Glycyrrhizin, commonly found in licorice, was found to be present in D. anethifolia. There are many reports on the broad-spectrum antibacterial effect of glycyrrhizin (Eynde et al., 2023). It also possesses antioxidant, anti-inflammatory, and immunomodulatory effects (Feng et al., 2022). Furthermore, glycyrrhizin has been reported to enhance the antibacterial effects of many conventionally used antimicrobial agents (Hazlett et al., 2019). The presence of various phytoconstituents with diverse pharmacological effects that include antioxidant, anti-inflammatory, immunomodulatory, and antibacterial effects might have contributed to the overall observed effects.

The phytochemical analysis of D. anethifolia has been carried out by several authors in different extracts prepared using different solvents such as aqueous, ethanol, and ethyl acetate. A comparison of the phytoconstituents reported by these authors with those found in this study did not match any of the constituents (Zamyad et al., 2019; Mottaghipisheh et al., 2020; Arabsalehi et al., 2022). The reason for this cannot be explained by the present data. However, this could be due to the place and time of collection of the plant material and method of analysis, as some of these studies were carried out using gas chromatography-mass spectrometry (GC-MS). Many reports are from Iran, which has different weather conditions than Saudi Arabia. Further, the current study was carried out using methanol extract, and there are no earlier reports on the phytochemicals present in the methanolic extract of D. anethifolia.

Many plants have been reported for antibacterial and wound healing effects in normal and diabetic rats (Al-Ghanayem et al., 2022b; Almuhanna et al., 2023). However, there are very few reports on the in-vivo antibiofilm effects of plants and phytoconstituents (Lu et al., 2019). Several plant-based formulations are reported to control infection in diabetic wounds but their efficacy on biofilm is unknown. To overcome antimicrobial resistance, environmental degradation, and pollution, plant-based formulations are becoming safer alternatives for antibiotics and have gained importance in recent. Apart from antibacterial activity, many of the plant components are reported for enhancing fibroblast proliferation, a main step in wound healing (Thakur et al., 2011). In Middle East traditional plants including Ducrosia anethifolia are used as a traditional medicine.

Management of wounds in diabetic conditions is a serious concern as pathogens such as MRSA and MDR-P. aeruginosa are resistant to conventionally used antibiotics. Both these pathogens were selected based on literature and as a representative strain from Gram-positive bacteria and Gram-negative bacteria to establish the wide spectrum of activity. The extract showed a more antibacterial effect on MRSA when compared to MDR-P. aeruginosa. Usually, Gram-negative bacteria are more tolerant to phytochemicals and natural compounds compared to Gram-positive bacteria due to the different physiological structures of the cell walls. The lipopolysaccharide layer and periplasmic space of the cell wall help the Gram-negative bacteria to show resistance against natural compounds (Al-Ghanayem et al., 2022b).

Treatment of biofilm-formed wounds requires the use of strong antimicrobials and proper care, and in a few cases, surgery may be required (Ruhal and Kataria, 2021). Herbs and phytochemicals have been reported for antibiofilm and wound-healing properties. This includes Aloe vera, curcumin, allicin, and many essential oils. It is believed that herbs and phytochemicals may hold promising benefits in the management of biofilm infections and wound care (Karygianni et al., 2016).

In the current study, biofilms were induced on excision wound in diabetic animals. Wounds in diabetic condition provide a suitable environment for the formation of biofilms, and if untreated, it may lead to gangrene. There are several animal models for the development of biofilm. The method adopted in this study was developed and validated in our laboratory (Alrouji et al., 2023). The selection of two different concentrations was based on pilot studies and skin irritation studies. There are several studies on different plant extracts using the same concentrations (Taddese et al., 2021; Tekleyes et al., 2021). The ointment in a suitable base was used to increase the stability, spreadability, and diffusion (Kolhe et al., 2018). The MIC of the extract was 256 µg/ml for MRSA and 512 µg/ml for MDR-P. aeruginosa, which shows that the pathogens are precisely inhibited at different concentrations. These values are higher compared to conventionally used antibiotics that are pure chemicals. The MIC values are always higher for crude extracts that contain several phytoconstituents as compared to pure chemicals and isolated phytoconstituents. Isolation of active constituents from this crude extract may lead to new lead molecules having potent antibacterial effects.

The present study is on crude methanol extracts of Ducrosia anethifolia. Identifying potential phytochemicals possessing antibacterial and antibiofilm effects may further help to explore novel compounds for treating MRSA or MDR- P. aeruginosa-infected diabetic wounds. The wounds were infected with single pathogens, either MRSA or MDR- P. aeruginosa; however, in diabetic wounds, polymicrobial infections and biofilms were also formed. Further studies on polymicrobial antibiofilm activity and infection control may provide in-depth knowledge on the efficacy of the Ducrosia anethifolia extract. The study conducted was focused on the excision wound model. Extending the studies on different wound models may also provide insight into the wound-healing properties of the extract.

This study determined antibacterial, antibiofilm and wound healing properties of the crude methanolic extract of Ducrosia anethifolia. There can be multiple mechanisms for wound healing action of the plant extract apart from antibacterial and antibiofilm effects. These include cell proliferative actions, and antioxidant effects. There are reports on the antioxidant effect of D. anethifolia but its effect on cell proliferation in the skin is unknown (Elsharkawy et al., 2019).

Though this study determined both in-vivo and in-vitro antibiofilm activity of D. anethifolia extract, it has a few limitations. The present work determined the activity of the crude extract of the plant and the contribution of each phytoconstituent present in the extract to the observed effects was not assessed. This is important to determine the synergistic and antagonistic effects of the combination of phytoconstituents, as earlier reports on D. anethifolia showed that volatile oils are effective antimicrobial agents while its main phytoconstituent-decanal was less effective suggesting synergistic effects of different molecules present in the extract (Mahboubi and Feizabadi, 2009). The present study was done using only one model of wound healing. Effect on other models of wound healing such as the incision-wound model, and burn-wound model may help to substantiate the effect of D. anethifolia on the wound healing process (Sami et al., 2019).




5 Conclusion

The methanolic extract of Ducrosia anethifolia showed good antibacterial, antibiofilm, and wound healing properties. The antibacterial effect was dose-dependent, and the effect was more against MRSA than MDR-P. aeruginosa. The extract did not produce any skin irritation and was also safe on HaCaT cell lines. The LC-MS analysis of the extract revealed the presence of several phytochemicals, some of which have been reported for antibacterial, antioxidant, and anti-inflammatory actions. The effects observed in the current study could be due to multiple phytoconstituents, and evaluating individual bioactive phytoconstituents may help in the discovery of novel antibacterial and antibiofilm agent(s). The results of the study may help in identifying novel molecules that may positively affect the different phases of the wound healing process.
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Introduction

Pseudomonas aeruginosa is notorious for its multidrug resistance and its involvement in hospital-acquired infections. In this study, 20 bacterial strains isolated from soil samples near the Hindan River in Ghaziabad, India, were investigated for their biochemical and morphological characteristics, with a focus on identifying strains with exceptional drug resistance and pyocyanin production.





Methods

The isolated bacterial strains were subjected to biochemical and morphological analyses to characterize their properties, with a particular emphasis on exopolysaccharide production. Strain GZB16/CEES1, exhibiting remarkable drug resistance and pyocyanin production. Biochemical and molecular analyses, including sequencing of its 16S rRNA gene (accession number LN735036.1), plasmid-curing assays, and estimation of plasmid size, were conducted to elucidate its drug resistance mechanisms and further pyocynin based target the Candida albicans Strain GZB16/CEES1 demonstrated 100% resistance to various antibiotics used in the investigation, with plasmid-curing assays, suggesting plasmid-based resistance gene transmission. The plasmid in GZB16/CEES1 was estimated to be approximately 24 kb in size. The study focused on P. aeruginosa’s pyocyanin production, revealing its association with anticandidal activity. The minimum inhibitory concentration (MIC) of the bacterial extract against Candida albicans was 50 μg/ml, with a slightly lower pyocyanin-based MIC of 38.5 μg/ml. Scanning electron microscopy illustrated direct interactions between P. aeruginosa strains and Candida albicans cells, leading to the destruction of the latter.





Discussion

These findings underscore the potential of P. aeruginosa in understanding microbial interactions and developing strategies to combat fungal infections. The study highlights the importance of investigating bacterial-fungal interactions and the role of pyocyanin in antimicrobial activity. Further research in this area could lead to the development of novel therapeutic approaches for combating multidrug-resistant infections.
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1 Introduction

One of the most significant microorganisms in intensive care units is Pseudomonas aeruginosa, known for causing nosocomial infections and sepsis in wounds upon acquiring virulence plasmids (Hu et al., 2021). In the past two decades, Pseudomonas infection has become a leading cause of hospital infections, responsible for 20% of all cases (Reynolds and Kollef, 2021). P. aeruginosa is an opportunistic pathogen, and its contamination is highly vulnerable in developing countries because vast numbers of people die due to lack of medicine and incurable infections (Akram et al., 2022). P. aeruginosa is the most prevalent nosocomial pathogen. It quickly targets hospitalized patients, and an extended stay period leads to the colonization of organisms in organs and increases the risk of mounting a deadly infection (Wood et al., 2023). The other serious bacterial infections are pneumonia, septicemia, malignant external otitis, endophthalmitis, and endocarditis, which are also related to the primary Pseudomonas infection (Denissen et al., 2022; Zhang et al., 2024). Sometimes, ordinary people acquire infections through hospital air, walls, toilets, and medical equipment like needles or catheters (Abreu et al., 2013). Patients who require mechanical ventilation are at a heightened risk of developing nosocomial pneumonia, a complication similar to that of burn victims (Wu et al., 2019). This increased susceptibility also increases the likelihood of contracting Pseudomonas infections, which may extend to urinary tract infections and blood-borne diseases (John et al., 2016). In immunocompromised patients, however, strains of P. aeruginosa can cause severe infections throughout the body. P. aeruginosa infections are most prevalent in immunocompromised patients with conditions such as cystic fibrosis, organ transplants, leukemia, or intravenous drug use (Jackson and Waters, 2021; Paprocka et al., 2022).

Early eradication of P. aeruginosa infections is crucial for immunocompromised patients, as established infections can prove difficult to eliminate and lead to higher mortality and morbidity rates (Reynolds and Kollef, 2021). Cystic fibrosis patients, in particular, are prone to lung infections caused by P. aeruginosa, which is a leading cause of illness and death in these patients (Malhotra et al., 2019).

P. aeruginosa is also associated with keratitis, a common affliction among contact lens wearers (Teweldemedhin et al., 2017). In addition, exposure to P. aeruginosa contaminated water can result in ear infections and folliculitis (Araos and D’Agata, 2019). Pseudomonas aeruginosa plays a role in sepsis and regulates inflammation and autophagy downregulation (Jabir, M. et al., 2015).

The indicators of a P. aeruginosa infection are contingent upon the specific type and location. Localized wound infections usually manifest with blue-green pus close to the affected area. In contrast, infections in the respiratory system may display symptoms such as pneumonia, including cough and fever. Bloodstream infections can result in severe symptoms such as high fevers, chills, and septicemia (Huerta and Rice, 2019). The excessive utilization and misuse of antibiotics have resulted in widespread resistance to these medications, making it increasingly challenging to treat bacterial infections with conventional treatments (Uddin et al., 2021). Antibiotics usually go after two main ways that Gram-negative bacteria cross their outer membrane: a lipid-mediated channel for antibiotics that do not like water and diffusion by porin for antibiotics that do. The composition of lipids and proteins in the outer membrane significantly influences the development of drug resistance (Zhang et al., 2021).

Pseudomonas aeruginosa has a double-cell membrane as a Gram-negative that contains prions, which act as an efflux pump, contributing to drug resistance. This mechanism effectively pumps out most antibiotics before they reach their target site within the cell (Delcour, 2009). This grouping of bacteria possesses intrinsic resistance to most beta-lactam-based antibiotics, attributable to their exceptionally low cell wall permeability.

Pseudomonas aeruginosa, a motile organism belonging to the family Pseudomonadaceae and possessing a single polar flagellum, is a ubiquitous bacterium in various environments. It can develop multidrug resistance through genetic mutations, phase variation, and horizontal gene transfer of resistant genes (Silva et al., 2020). One way P. aeruginosa gets around antibiotics is by making an inducible cephalosporinase enzyme. This enzyme increases active efflux and lowers its affinity for the target site in DNA gyrase, which makes the cell wall more permeable (Langendonk et al., 2021). Biofilm formation leads to phenotypic resistance and the growth of small colony variants, which are both important for drug resistance during antibiotic treatment (Yamani et al., 2021). Pyocyanin is a secondary metabolite that the opportunistic pathogen Pseudomonas aeruginosa produces and is well-known for its biological activities, including its antibacterial properties (Houshaymi et al., 2019). Pyocyanin’s capacity to trigger oxidative stress and interfere with vital cellular functions has attracted attention for its potential therapeutic uses (Hall et al., 2016). A recent study has concentrated on investigating the effectiveness of pyocyanin against different microbial diseases, such as fungi like Candida species (Abd El-Baky et al., 2020). Candida, especially Candida albicans, is a prevalent opportunistic fungal pathogen that can lead to various diseases, ranging from superficial mucocutaneous infections to invasive bloodstream infections with significant fatality rates. The rise of drug-resistant Candida species highlights the immediate requirement for new antifungal medicines and treatment approaches (Peyclit et al., 2021). Exploring the ability of pyocyanin to target Candida is a viable direction for developing new antifungal treatments in this scenario. Studying the relationship between pyocyanin and Candida and uncovering the mechanisms of action could lead to new strategies to fight fungal infections and address the increasing problem of antibiotic resistance.

This study aimed to isolate antibiotic-resistant bacteria from a polluted soil sample from the Hindon River near New Delhi, India. Standard techniques tested the drug resistance of the plasmid and the transfer of antibiotic-resistance genes to recipient bacteria. Furthermore exploring exopolysaccharide synthesis by the stain and pyocyanin synthesis was also optimized and employed as a potent anti-candida agent.




2 Materials and methods



2.1 Soil sample collection

Soil samples for this study were collected from lands irrigated by the Hindan River, flowing through Ghaziabad district’s industrial area near the National Capital Region (NCR), India. This region is characterized by diverse industrial activities, including chemical, food, metal processing, and paint manufacturing, where sewage wastewater is often discharged into the river. The geographic coordinates for the water sample collection site are 28.67°N latitude and 77.42°E longitude.




2.2 Isolation of bacteria

A composite mixture of soil samples was refined with a sieve weight of up to 1 g and serially diluted with normal saline solution. These serially diluted samples were poured 0.1 ml on Kings B agar media plates and left to grow at 35°C for 48 hours in an incubation chamber. Kings B media comprises protease peptone (20 g/l), K2HPO4 (2.4 g/l), MgSO4.7H2O (6 g/l), SDS (0.6g), and glycerol (10 ml/l). Following 48 hours of incubation, many colonies were observable on the surface of the media plate; however, only those displaying blue and green pigmentation were selected for culture purification. These pure cultures were subsequently stored in nutrient broth supplemented with 15% glycerol and employed for further analysis in this study.



2.2.1 Colony morphology and Gram staining

The characteristics and colony morphology of the isolated bacterial culture were examined, and a Gram stain was conducted. The results indicated that the purple-colored colonies were gram-positive, while those in pink were classified as gram-negative (More detailed biochemical test present in a Supplementary File).




2.2.2 Molecular identification of bacterial strain

Among the 20 bacterial isolates, the strain exhibiting the highest level of antibiotic tolerance was selected for species identification. Analyzing the 16S rRNA gene’s most stable, unchanging region helped achieve this. The selected strain was obtained from a muddy soil sample collected at a heavily polluted site along the edge of the Hindan River in Ghaziabad, India. The 16S rRNA gene sequence from Macrogen’s online sequencing system, South Korea Inc., which offers paid sequencing services after the submission of the whole microorganism. Universal primers (518F and 800R) were used to amplify the target gene and standard PCR protocols were followed for amplification of target sequence (Park et al., 2021). The sequence was reported to the GenBank database through an online tool, and a unique access code was also obtained for further analysis. The originality of the sequence was confirmed using BLASTn, an online program that compares the isolate with the most closely related sequences available in the database of NCBI (http://www.ncbi.nlm.nih.gov/BLAST). This program uses maximum likelihood sequences and previous genomic and taxonomic information to identify and compare the sequence with databank accurately. Additionally, the most closely related sequences were aligned with the original sequence using the CluastalW online program and MEGA7.2 software (Thompson et al., 1994). A standard neighbor-joining (Nj) method was used to develop the phylogenetic tree. The MEGA7.2 software online program assessed bootstrapped neighbor-joining relationships (Tamura et al., 2007).





2.3 Antibiotic profiling of bacterial isolates

The researchers utilized a standard procedure for disc diffusion to assess the antibiotic sensitivity of isolated bacterial strains. Antibiotic discs of known efficacy (Supplementary Table 1) were obtained from the Hi-Media Laboratory in Mumbai, India. Before the study, freshly prepared medium plates were incubated overnight at 35°C without antibiotic discs or bacterial inoculum to ensure sterility. Each isolate was then inoculated in freshly prepared nutrient broth using a single colony from an agar slant, which was then incubated at 35°C overnight to obtain a new culture. From the fresh culture, 100 µl of test culture was taken and transferred onto the surface of solid agar media plates and spread with a sterile L-shaped glass rod. After 5 minutes, antibiotic discs were placed on the surface of agar plates using sterile forceps, and the plates were placed for overnight incubation at 35°C. After overnight incubation, plates were assessed and measured for a zone of inhibition. According to the bacteria strain potential, it was recorded as resistant (R) and susceptible (S) according to the standard method (Margalejo et al., 1984). The pattern of resistance or sensitivity of the bacterial strain on the plates was recorded and compared with the zone of inhibition illustration delivered by the disc manufacturer (HiMedia).




2.4 Plasmid isolation of antibiotic-resistant bacterial isolates

It was found that the antibiotic resistance trait was present on the plasmid DNA of either strain GZB16 of P. aeruginosa (Bimboim and Doly, 1979). The DNA was extracted using an alkaline lysis protocol. Following extraction, the DNA was examined using 0.8% agarose gel electrophoresis. We ran the gel horizontally at 60 mA for two hours with a 500-mL standard buffer solution that had a pH of 8.3 and was made up of 1 mM Tris-Borate-EDTA (TBE — 1). After the gel electrophoresis, a 0.5 µg/ml ethidium bromide solution was used to color the gel for 5 minutes. The gel pattern could then be seen with a UV transilluminator. Images were captured using a gel-documentation system (Model G: BOX, Syngene). A standard plasmid marker from E. coli DNA was used to examine the molecular weight of the plasmid. We used DNA cut with EcoRI and Hind III to find the molecular weight and as a guide for the agarose gel electrophoresis. It was run at the same time as the plasmid DNA from the Pseudomonas strain.



2.4.1 The plasmid curing assay

The present technique utilizes a physical approach to eradicate plasmids from highly resistant bacterial isolates. Initially, fresh bacterial cultures were cultivated as previously described, and subsequently, the bacterial cells were subjected to a treatment method at 45°C, as reported by Fortina and Silva (1996). In summary, individual bacterial isolates were inoculated into two nutrient broth-containing flasks. One flask was incubated at the optimal temperature of 37°C. In contrast, the other was incubated overnight at the optimal temperature and subsequently elevated to 45°C, eliminating the plasmid from the bacterial cells. The bacterial strain was then incubated with 5% acridine orange to enhance accuracy. The efficacy of the plasmid curing process was verified through antibiotic susceptibility testing. A standard bacterial stain was used to confirm the plasmid curing from the bacterial cells.




2.4.2 Plasmid transformation

The transformation of plasmids is achieved through conjugation, wherein P. aeruginosa acts as the donor, and a conventional E. coli culture acts as the recipient during incubation. The E. coli strain used as the recipient is of the standard variety and is rifampicin resistant (ATCC 25922 Rif). Agar media with Gm (20 µg/mL) +Rif (80 µg/mL) and CTX (25 µg/mL) + Rif (75 µg/mL) was utilized to select the transconjugant strain. A special kind of E. coli cell called recA was put in a room with 260 nm UV light and ethidium bromide or acridine orange at levels that did not stop the cell’s growth completely (Clark et al., 1994). 200 µL of ice-cold 50 mM CaCl2 was added to 500 µL of log-phase bacterial suspension. The culture was incubated in the cold for 30 min using the modified method (Malik and Aleem, 2011). This made the cells ready to be transformed. The bacterial culture suspension was centrifuged at 10,000 rpm for 10 minutes, the pellet was selected, and the supernatant was discarded. For the second time, 250 µL of ice-cold 50 mM CaCl2 solution was added to the cell pellet. Then, 500 µL of the extracted plasmid solution was added. After centrifuging the tubes, they were kept warm for 10 minutes at 25°C. Then, 100 µL portions were put on a selective media plate and spread out evenly (on media plates with 80 µg/ml CTX and 20 µg/ml GM, respectively) on a non-selective medium. The cultured plates were then incubated at 35°C overnight to observe the appearance of colonies and further tested for the presence of the transformed plasmid.





2.5 Exopolysaccharide production

In this experiment, the bacterial strains were cultivated in 100-ml flasks containing a basic medium enriched with 5% sucrose. The inoculated substance’s flasks were placed in an incubator and kept at 30 ± 2°C for five days. The incubator was equipped with a rotary shaker set at a speed of 120 rpm. The culture was centrifugated at a force of 5724g for 30 minutes. Three cooled acetone (CH3COCH3) parts were mixed with one part of the supernatant to make the extracellular polymeric substance (EPS). The EPS formed due to precipitation was washed multiple times, alternating between distilled water and acetone. It was then transferred to filter paper No. 42, dried in an oven, and weighed (Bhat et al., 2020).




2.6 Bacterial biomass and pyocyanin quantification

The P. aeruginosa microbial biomass and pyocyanin content were measured periodically during the fermentation process. The bacterial biomass was obtained by subjecting the fermented broth to centrifugation at a force of 5000 times the acceleration due to gravity for 10 minutes. The resulting biomass was washed twice using sterile distilled water and oven-dried at 80°C overnight.

To determine if prodigiosin was present, 2.5 mL of the liquid part of the cells was taken out and mixed with 1.5 mL of chloroform and 0.5 mL of a solution containing 0.2-N hydrochloric acid. According to Essar et al., researchers could determine how much pyocyanin was in the cell-free supernatant by measuring its absorbance (A) at 520 nm in its acidic form (Essar et al., 1990). The quantity of pyocyanin was determined using the subsequent formula: The concentration of pyocyanin (mg/L) is calculated by multiplying the absorbance at 520 nm (A520) wavelength by the conversion factor 17.072.

	




2.7 Anti-candida activity



2.7.1 Zone inhibition assay

The zone inhibition assay was performed according to the standard method of the Clinical & Laboratory Standards Institute (CLSI) guidelines because this test is rapid, simple, and affordable to test the antimicrobial susceptibility. A stock solution of pyocyanin was developed from the bacterial extract after the 96 h incubation. Initially, develop the Sabouraud’s Dextrose agar (SDA) plates using the standard sterile method. A fresh culture of Candida albicans 0.1 ml was poured on the SDA plates and spread by the sterile glass rod spreader. We waited for a dry spreading culture on the plate and made a well on the plate. Each well was sealed in the bottom by molten agar and loaded with the antibacterial testing agent pyocyanin in wells. After this, these plates were placed in the incubator for 48 hours at 30°C. The pyocyanin antimicrobial efficiency was determined by measuring the zone inhibition caused by the testing agent.




2.7.2 Biofilm experiment



2.7.2.1 Fresh bacterial culture preparation

From the culture tube, 0.1 ml culture inoculates Pseudomonas aeruginosa isolates into fresh LB 100 ml broth and incubates overnight at 37°C and agitation for good growth.




2.7.2.2 Fresh Candida albicans culture preparation

From the cultured Patri plate, a full loop of the culture of Candida strains was inoculated into Sabouraud dextrose broth and incubated overnight at 37°C temperature for growth.

According to Christensen et al.’s description of the methodology, this study uses a qualitative approach to biofilm identification (Christenson and Sims, 2012). Specifically, 5 ml of Trypticase soy broth was inoculated with a small amount of microorganisms using a loop and then incubated for 24 hours at 37°C. The tubes were then poured off and rinsed with phosphate buffer saline (pH 7.2) before drying in the air. Subsequently, the tubes were dyed with crystal violet (0.1%) for 15 minutes and rinsed with deionized water. Finally, the tubes were allowed to air dry while positioned upside down. The formation of biofilms was assessed using control strains. Organisms were considered to produce biofilms if a visible layer was present on the walls and base of the tube. If a ring was observed at the interface of the liquid medium, the organism was deemed incapable of biofilm production. The experiment was repeated three times.

The wells of a 96-well flat-bottom polystyrene tissue culture plate from Thermo Fisher Scientific in Shanghai, China, were filled with 0.2 ml portions of diluted culture, which were then incubated at 37°C for 24 hours. After incubation, the contents were removed from the plates by gently tapping. The plates were rinsed twice with 0.2 ml of phosphate-buffered saline (pH 7.2) and then incubated at 37°C for one hour. 0.2 ml of 0.1% crystal violet was applied to the plates and left for 15 minutes.

The excess amount of dye with culture was released by washing the plates twice with deionized water, and then they were allowed to dry. Two hundred microliters of a 33% glacial acetic acid solution were added to the wells. The optical density (OD) of the isolates was measured using a micro ELISA auto reader (BIORAD 680) at a wavelength of 570 nm (OD 570 nm). The experiment was repeated three times.





2.7.3 Pyocyanin effect on candida survivability and biofilm

A fresh culture of Candia albicans was treated with different doses of pyocyanin extract from the bacterial culture incubated at 0 to 120 h. After inoculation, each flask was placed in a rotating incubator, and the growth of candida albicans appeared as a colony on the SDA plate and calculated CFU and represented the survival percentage in the presence of pyocyanin.

Initially, the biofilm of Candida was effectively cultivated in a microtiter plate by adding Sabouraud’s dextrose broth. The biofilm levels were further evaluated upon exposure to varying concentrations of pyocyanin. To measure the biofilm quantitatively, the biofilm was thoroughly rinsed three times with phosphate-buffered saline without disturbing the biofilm in each well. Then, a 0.1% w/v ethanol solution of crystal violet was added drop by drop to each well and incubated for 20 minutes. Subsequently, the staining solution was eliminated, and the wells were delicately rinsed with distilled water. Afterward, two milliliters of ethanol were introduced into each well to dissolve the crystal violet that had adhered. The solution was carefully stirred to ensure full dissolution. The spectrophotometer was used to measure the absorbance of the resultant solution within the wavelength range of 570–590 nm. Relative biofilm formation is calculated by the correlated absorbance of the treated sample divided by the correlated absorbance of the control sample of the biofilm.




2.7.4 Targeting candida cell by Pseudomonas aeruginosa

The overnight-grown fresh culture of Pseudomonas aeruginosa and fresh culture of Candida albicans were mixed in a 1:2 ratio and incubated in the incubator for two hours at 30°C. After the incubator, a 2 ml sample was transferred into the Eppendorf, washed with phosphate buffer, fixed with glutaraldehyde (2%) solution, and placed in the refrigerator at 4°C temperature for overnight. After overnight fixing, the microbial sample was washed with normal saline solution and 10 to 80% ethanol solution. After drying, the sample was mounted on the stab of scanning electron microscopy, and the sample was viewed at 8000X magnification at 20 kV.






3 Results



3.1 Isolation of drug resistance Pseudomonas stain

In this investigation, selected twenty soil samples from diverse locations along the Hindon River in the National Capital Region and the outskirts of Ghaziabad, near New Delhi, India. Subsequently, we isolated the most antibiotic-resistant bacterial strain from each sample and designated it GZB1 to GZB20. All of the recovered bacterial isolates were confirmed to belong to the P. aeruginosa species on the King’s B agar plate (as illustrated in Figure 1A). This bacterial isolate was cultured in King’s B media supplemented with glycerol, which exhibited a fluorescent green color under UV light, as shown in the figure (Figure 1B). Our findings indicate that among the 20 samples analyzed, GZB 16/CEES1 displayed the highest resistance level (100%) to the antibiotics tested. In contrast, GZB 1 and GZB 2 exhibited the lowest resistance (35%) (Supplementary Figure 1; Supplementary Table 3). The isolated bacterial strains were gram-negative, small rod-shaped, arranged in single short chains, motile, non-spore-forming, and pigment-producing. Employing a combination of microscopical, morphological, biochemical, and molecular sequencing, we successfully isolated and identified all strains of P. aeruginosa. The most resistant isolate, GZB16/CEES1, was characterized by using 16 S rRNA gene sequencing technique. The strains were grown on solid and liquid media and observed for pigment production, with all isolates producing green pigment when grown on King’s media supplemented with glycerol at 37°C. This pigment is known as pyocyanin (Figure 1C). The biochemical tests showed that most strains were positive for citrate, oxidase, catalase, lipase, and urease production. On the other hand, they were negative for tests like indole, methyl red, and the Voges-Proskauer (more details in the Supplementary File).




Figure 1 | In a culture incubator at 35°C, the Pseudomonas aeruginosa bacterial strain displayed a greenish pyocyanin pigmentation when exposed to ultraviolet light after a 3-days. (A) A plate showing the bacterial colony on Kings B agar plates, with the characteristic greenish pigmentation visible under ultraviolet light. (B) A purified bacterial culture demonstrating fluorescent pigmentation on a medium plate, with the pigmentation appearing greenish under ultraviolet light. (C) A liquid medium containing the bacterial strain GZB16/CEES1 exhibits the distinctive greenish pigmentation of pyocyanin.






3.2 Identification and phylogenetic tree construction

This study conducted a preliminary analysis of isolated bacterial strains through biochemical and morphological characterization. Subsequently, they focused on the most promising and multi-drug-resistant bacterial strain, GZB16/CEES1, and investigated it using molecular methods. The Pseudomonas strain was first found using biochemical tests that showed it responded well to catalases, oxidases, lipases, urease, citrate utilization, and gelatin hydrolysis. However, it tested negative for methyl red, Voges-Proskauer, lysine decarboxylase, and phenylalanine deaminase. Fluorescent green pigmentation on solid agar media plates, liquid broths, and additional biochemical tests suggested a possible correlation with Pseudomonas aeruginosa. The researchers used the Macrogen Sequencing Service to do 16S rDNA sequencing to confirm that the GZB16 strain was who they said it was. The sequence they got is shown in (Supplementary Figure 1) BLASTn sequence analysis revealed 89.36% identity similarity with the Pseudomonas aeruginosa strain SDM 50071 (NR 117678.1). The researchers made a phylogenetic tree with maximum-likelihood strain sequences and clustalW alignment to learn more about how this strain is related to other similar strains (Figure 2).




Figure 2 | The Neighbor-Joining method constructed the evolutionary relationships of GZB16/CEES1 strains of Pseudomonas aeruginosa. The phylogenetic tree was created according to the scale and branch lengths in the same units. The analysis involved nucleotide sequences, and gaps and missing data were eliminated in all positions. Evolutionary analyses were conducted in MEGA7.






3.3 Antibiotic profiling of resistance isolate

In this current investigation, a significant proportion of drug-resistant bacterial isolates, exceeding 30%, were obtained from the soil samples collected near the edge of the Hindon River in Ghaziabad, NCR region, India. Among these isolates, strain GZB16/CEES1 demonstrated a remarkable degree of resistance against all 17 antibiotics tested, including Am, CF, CX, C, E, G, K, M, NA, P, Pb, R, Nf, Nx, Do, T, and Nv, with a 100% resistance rate. Strains GZB10, 11, and 18 followed closely, with a resistance rate of 76% against the majority of the antibiotics tested (Figure 3). In contrast, strains GZB2 and 3 demonstrated a lower resistance rate of 35% against the antibiotics used in this study. Notably, strain GZB16 also exhibited resistance against imipenem and carbapenem antibiotics up to 30 µg/ml. All strains tested in this study demonstrated resistance against the antibiotics Im, Cx, M, P, and Nf at a fixed dose of 30 µg/ml in liquid media. However, the susceptibility of the strains varied significantly against most antibiotics, and the resistance rates did not exceed 50% in fixed-dose responses (Supplementary Table 3). The primary mechanism of antibiotic resistance in strain GZB16 of P. aeruginosa was the production of β-lactamase.




Figure 3 | Susceptibility patterns of bacterial strains against the applied total antibiotics.






3.4 The plasmid isolation, curing, and transformation

The focus of the present investigation was the isolated multidrug-resistant bacterial strain, P. aeruginosa GZB 16. The multidrug resistance properties of this strain may be intrinsic or the result of conjugation with other drug-resistant bacterial strains via plasmids. To screen the plasmids responsible for multidrug resistance in the Pseudomonas aeruginosa strain, we isolated and analyzed its DNA. As a size marker, we used agarose gel electrophoresis with Eco-RI and Hind-III-digested λ DNA. The isolated plasmid DNA molecular weight was estimated to be approximately 24 kb (Figure 4). Conjugation was used to transfer the resistance plasmid gene from P. aeruginosa GZB16 to the recipient E. coli bacterial strain, which was confirmed through the drug resistance pattern on solid agar plates using a disc diffusion assay. Plasmid curing was then achieved through a temperature variation incubation method, and to enhance accuracy, 5% acridine orange was also used. The curing efficiency was verified through antibiotic susceptibility testing (Figure 5). Overall, this study utilized temperature-variation incubation from 35 to 45°C and 5% acridine orange to obtain complete curing of the antibiotic-resistant gene.




Figure 4 | Plasmid DNA isolation and purification by gel electrophoresis analysis, Lane 1 shows the ladder, and Lane 2 reveals the plasmid band. Further, these plasmid bands appeared in the transformed E. coli cells when incubated with P. aeruginosa.






Figure 5 | Bacterial strain of P. aeruginosa (A) plasmid containing bacterial strain showed resistance against multiple antibiotic discs (B) without plasmid bacteria stain highly sensitive against similar antibiotics.






3.5 Exopolysaccharide production

Most bacterial isolates in this study formed exopolysaccharides during their incubation in 5% sucrose, which served as both a carbon source and an intrinsic characteristic. Exopolysaccharide molecules play a crucial role in biofilm formation on any surface by adhering to the surface and protecting cells from negative circumstances. In this investigation, strain GZB 6 was found to be the most prolific producer of exopolysaccharides, with a concentration of 21 µg/ml. Strain GZB 8, followed by strains 15 and 16, each produced 20 µg/ml (Figure 6).




Figure 6 | Exopolysaccharide synthesis by Pseudomonas isolates at 5% sucrose as an external C- source.






3.6 Bacterial biomass and pyocyanin quantification

The relationship between the quantity of bacterial biomass, the progression of bacterial growth in the broth, and the formation of pyocyanin was significant. The bulk of bacterial development in the batch culture medium showed a substantial increase at an appropriate concentration of the current nutrient. However, it suddenly diminished or remained stagnant, indicating that the bacterial strain had reached the stationary phase. During the process of calibrating the synthesis of Pseudomonas pyocyanin with bacterial growth, a maximum level of pyocyanin of 7.65 and 8.23 mg/ml was observed after 72 and 96 hours of incubation, respectively, with the maximum biomass levels of 2.15 and 1.91 mg/L (as depicted in Figure 7).




Figure 7 | Bacterial pyocyanin synthesis with bacterial biomass at optimum condition.






3.7 Anti-candida activity



3.7.1 Zone inhibition assay

In this study, the bacterial strain of Pseudomonas aeruginosa has significantly synthesized a green fluorescent pigment, pyocyanin, which reveals an excellent antifungal or anti-candida activity. The maximum zone of 24 mm inhibition was observed against Candida albicans in the presence of 3.2 µg/ml pyocyanin (Figure 8). The zone of inhibition was increasing with concentration in the well of plates. Further, check the Candida albicans survivability in the presence of pyocyanin produced by Pseudomonas after different incubation periods. The minimum candida serviceability was observed after 96 h incubation because of the high production of pyocyanin. Further survivability increased due to the decreased phase of bacteria and a lesser amount of pyocyanin being produced than in the stationary phase (Figure 8).




Figure 8 | Pyocyanin effect on the candida albicans growth in (A) zone inhibition assay (B) pyocyanin production and effect on candida survivability.






3.7.2 Effect on candida biofilm and survivability

In this study, Candida biofilm formation is significantly inhibited by Pseudomonas pyocyanin production when bacterial pyocyanin is amended in the candida-growing wells. The Candida albicans survivability is 100% with zero pyocyanin production and solvability directly affected by the pyocyanin production by Pseudomonas bacterial culture. The maximum pyocyanin production was observed at 96-hour incubation, and then candida growth decreased up to 50% in the growing media (Figure 8B). When a fresh bacterial culture and Candia albicans in a 1:2 ratio incubate together, bacterial cells directly attached to the Candida cell, directly the candida cells and break the cell growth. This activity was revealed by scanning electron microscopy (Figure 9).




Figure 9 | The scanning electron microscope image reveals the Pseudomonas aeruginosa bacterial cells directly attached to the Candida albicans cells and damaged them.








4 Discussion

The muddy soil samples were collected from the banks of the Hindan River, Ghaziabad, the National capital region near New Delhi, India. The assessment of antibiotic resistance in the 20 bacterial isolates (GZB 1 to GZB 20) obtained from the water samples was carried out using a sustainable method in the presence of multiple antibiotics in growing media (Figure 1). The majority of the isolates were identified as Pseudomonas sp. based on their biochemical properties. The most resistant strain, GZB16/CEES1, exhibited fluorescent green pigmentation on the King’s B media plate under ultraviolet light (see Figure 1B). Among the 20 bacterial isolates, GZB16 showed resistance to all 17 (100%) different antibiotics, while the remaining isolates displayed varying levels of resistance to the administered antibiotics, with the lowest being 35%. A study by Luczkiewicz et al. reported that Pseudomonas sp. possesses or can acquire a wide range of antibiotic resistance mechanisms (Luczkiewicz et al., 2015). They emphasized the need for careful monitoring of Pseudomonas for the potential dissemination of drug-resistance genes.

In some other previous research has reported antibiotic resistance among Pseudomonas sp. isolates from hospital wastewater treatment plant samples (Santoro et al., 2015). Another study identified antibiotic-resistant P. aeruginosa isolated from wastewater channels containing wastewater from different hospitals (Slekovec et al., 2012). Zhou et al. also reported isolating Pseudomonas sp. (5%) from activated sludge with an antibiotic-resistance gene (Zhou et al., 2019). It is worth noting that wastewater treatment plants have been found to serve as reservoirs for antibiotic resistance-carrying genes among bacteria (Zhang et al., 2019).

Figure 1C shows that the isolated bacterial strains produced the pyocyanin pigment on both the media plate and liquid culture. The phenazine biosynthesis pathway in Pseudomonas makes pyocyanin. This protein is involved in infection and virulence, which makes it an interesting target for finding new drugs that fight infections (Xie and Xie, 2019). The bacterial strain GZB16 was characterized using both biochemical and molecular methods. The test showed that it worked for citrate utilization, lipase, urease, catalases, and oxidases but not for methyl red, Voges-Proskauer, lysine decarboxylase, or phenylalanine deaminase. The genetic characterization of strain GZB16 was performed using 16S rDNA sequencing (Figure 4A). BLASTn analysis revealed that the observed 99% similarity of the JQ267512-1 sequence belonged to the Pseudomonas aeruginosa strain. The phylogenetic tree was developed based on the maximum likelihood of similar sequences (Figure 4B). Pathogenic and similar phylogenetic features of P. aeruginosa were found and studied at the cleanup site (Kaszab et al., 2016). Additionally, a study identified a multidrug-resistant bacterial phase carrying the P. aeruginosa strain (Jamal et al., 2017).

Previously, Young et al. (2019) revealed that the production of β-lactamase leads to imipenem resistance in P. aeruginosa. A study showed that a P. aeruginosa strain isolated from dog swabs resisted 6–10 antimicrobial agents through integrons (Lin et al., 2012). Zhao et al. discovered P. aeruginosa in mink and found resistance to ten different antibiotics (Zhao et al., 2018). In a different study, Pseudomonas strains were completely sensitive to gentamicin, clindamycin, and ofloxacin, but they were 90–100% resistant to penicillin, rifampin, and sulphamethoxazole (Odjadjare et al., 2012). A report by another researcher demonstrated that antibiotic-resistant bacteria can survive in hospital-generated wastewater (Kalaiselvi et al., 2016). An antibiotic-resistant P. aeruginosa strain was identified in an Iranian burn medical facility (Ebrahimpour et al., 2018). Yewale et al. (2020) reported wastewater as a reservoir of antibiotic-resistance genes and multidrug-resistant bacteria. They analyzed the antibiotic resistance in microbial diversity from the river wastewater of Pune, India. Strain GZB 16 may be naturally resistant to multiple drugs or have gained this through plasmid transfer and conjugation with other drug-resistant bacterial strains. The drug-resistant plasmid DNA was obtained from the Pseudomonas aeruginosa strain GZB16/CEES1 (Figure 6).

Researchers have found a pattern similar to this. The trans-conjugation method (Sikandar and Shahida, 1994) can be used to move the metal resistance gene of P. aeruginosa to an E. coli strain (recipient) after eight hours of incubation. Genetic recombination, including horizontal gene transfer between different bacterial populations, is essential for adaptation in adverse environmental conditions. In soil and water ecosystems, transferring genetic elements through plasmids is critical to advancing bacterial populations (Kozdroj, 1994). Conjugative gene transfer via horizontal plasmids is the primary way antibiotic-resistance genes are spread among bacterial populations. Controlling multidrug-resistant bacterial pathogens severely threatening immunosuppressed hospital patients is particularly challenging. Few studies have investigated the frequency of plasmid transfer in soil and open field conditions and the recovered conjugated plasmids from bacteria isolated from polluted soil samples (Lilley et al., 1996; Van Elsas and Bailey, 2002). Determining how bacteria adapt to different environments through horizontal gene transfer via plasmids in naturally colonizing bacteria in semi-natural conditions is crucial for understanding how bacteria do this. One of the key factors to consider during such studies is the potential risks associated with the proliferation of resistance genes among bacteria, which may threaten both animal and human health (Van Elsas and Bailey, 2002). Additionally, it is essential to identify the environmental samples where these bacteria reside, as they often serve as reservoirs for antibiotic-resistance genes (Saile and Koehler, 2006).

This study used a temperature-variation incubation technique for the plasmid curing experiment. We used 5% acridine orange in the process, which is more concentrated than the 3% used in previous research to cure the plasmid of the Pseudomonas strain (Bhattacharya et al., 2000). This gave us more accurate results. Another study reported 100% plasmid curing of E. coli isolates from drinking water using acridine orange (Diab et al., 2002). The antibiotic susceptibility pattern (Figure 6) confirmed our observation: the antibiotic resistance gene had completely disappeared in our study. This was done by changing the temperature of the cells from 35 to 45°C and adding 5% acridine orange.

This study aimed to discover how exopolysaccharides (EPS) help the bacteria grown in 5% sucrose form biofilms. As a readily available carbon source and an inherent feature of the isolates’ native habitat, sucrose fulfilled two functions in this scenario. One well-established element in forming biofilms is the generation of extracellular matrix (EPS), which plays a major role in both the initial adhesion stage and the subsequent maturation of biofilms (Flemming and Wingender, 2010). Bacterial cells are known to be encapsulated by EPS matrices, which give the biofilm structural integrity and act as a barrier against adverse conditions such as desiccation, antimicrobials, and the host immune system (Okshevsky and Meyer, 2015). The study found that strain GZB 6 was the most active producer of extracellular solids (EPS), with a 21 µg/ml concentration. This large EPS output indicates that, given the protective advantages provided by the EPS, GZB 6 might have increased virulence and survivability. The pathogenic potential of strains GZB 8, 15, and 16 and their consequent high EPS production (20 µg/ml) further highlights the significance of EPS in biofilm resilience. It is important to remember that the EPS’s structural makeup and physical characteristics also play important roles in determining the biofilm’s strength and resilience; EPS amount alone does not determine these characteristics (Mishra et al., 2023). It is crucial to conduct further research into these strains’ EPS composition and biofilm architecture to understand the implications of high EPS generation. The EPS production profiles reported provide valuable information for developing anti-biofilm strategies. By focusing on the prominent producers, such as GZB 16/CEES1, the formation and persistence of harmful biofilms may be diminished. Future studies should concentrate on the structural characteristics of the biofilms formed, the molecular mechanisms of EPS synthesis in these strains, and the creation of treatments to regulate biofilm formation in clinical settings.



4.1 Bacterial growth and pyocyanin synthesis

The data reveals a robust connection between the bacterial biomass amount and the broth culture’s growth progression. Moreover, a correlation exists between the quantity of bacterial biomass and pyocyanin generation, a virulence factor produced by Pseudomonas species. The substantial growth observed under optimal nutritional conditions aligns with the expected logarithmic phase of bacterial expansion. However, the subsequent plateau or lack of progress suggests the transition of the bacterial culture into the stationary phase, in which growth ceases due to the depletion of nutrients, accumulation of waste products, or other limiting factors (Bremer and Dennis, 2008). The relationship between pyocyanin production and bacterial proliferation is particularly noteworthy. Pyocyanin concentration was highest after 72 and 96 hours of incubation during the transition from exponential to stationary growth phase. These results suggest that pyocyanin production is associated with a specific phase in the bacterial life cycle, possibly as a response to changing conditions in the culture medium. The data imply that the peak production of pyocyanin occurs when the bacterial culture ceases to grow, potentially as a strategy to gain a competitive advantage or ensure survival. Notably, the maximum pyocyanin concentration does not align with the highest biomass level. The difference can be ascribed to the metabolic changes bacteria experience when adjusting to stationary phase settings. In this stage, the bacterium may increase the production of secondary metabolites, such as pyocyanin, either as a response to stress or as a tactic to prepare the environment for survival (Bastos et al., 2022). The results of this study have implications for understanding the mechanisms of Pseudomonas growth and pyocyanin synthesis, which is crucial in clinical settings where Pseudomonas infections are known for their persistent nature and resistance to treatment. The timing of pyocyanin synthesis may offer valuable information for determining the optimal timing of interventions to specifically target the period preceding the peak production of virulence factors. These results contribute to our understanding of bacterial growth rates and the generation of secondary compounds, which may hold practical relevance in medical therapy and industrial microbiology.




4.2 Anti-candida activities

The study reveals a noteworthy discovery on the antifungal properties of Pseudomonas aeruginosa, achieved through the synthesis of pyocyanin, a compound that demonstrates anti-Candida effects. The interesting finding is that pyocyanin exhibits dose-dependent inhibition of Candida albicans growth, resulting in a peak inhibition zone of 24 mm when the concentration is 3.2 µg/ml. The expanding area of bacterial growth inhibition observed with higher concentrations of pyocyanin provides evidence for its potential as a medicinal agent. The reduced ability of Candida albicans to survive after 96 hours of incubation is associated with the peak levels of pyocyanin synthesis, suggesting that this is the crucial period when Pseudomonas aeruginosa exerts its strongest antifungal effect. Nevertheless, as Pseudomonas reaches the declining phase, the generation of pyocyanin diminishes, leading to a concomitant rise in Candida survival. These findings indicate that the antifungal properties of pyocyanin are strongly associated with the active proliferation stage of the bacteria.

Furthermore, the study illustrates the influence of pyocyanin on the creation of biofilms, which is an essential element in the pathogenicity of Candida albicans. The total suppression of biofilm development through pyocyanin and the 50% decrease in Candida growth when exposed to this pigment highlights the promising prospect of addressing infections linked with biofilms (Supplementary Figures 3A, B). The antagonistic relationship between Pseudomonas and Candida is visually confirmed through direct interaction, as observed by scanning electron microscopy, where bacterial cells counteract the fungal cells (Figure 9), control image of candida biofilm can compared from the previous reported research (Oves et al., 2017, Oves et al., 2018). This study has two implications. Firstly, it indicates that pyocyanin exerts a significant inhibitory impact on Candida albicans, which could be utilized to create antifungal medications. Furthermore, Pseudomonas aeruginosa capacity to hinder biofilms’ production and dismantle already established biofilms could be an innovative strategy for addressing fungal infections, especially those unresponsive to conventional antifungal therapies. Additional investigation into the molecular mechanisms that underlie pyocyanin’s antifungal activity could lead to the development of novel treatment strategies for Candida infections.





5 Conclusion

The extensive investigation conducted on the bacterial isolates obtained from the Hindan River has brought to light the serious issue of antibiotic resistance in environmental samples, particularly in the Pseudomonas species. The remarkable strain GZB16 highlights the challenges in treating infections caused by these bacteria, as it is not only virulence factor-producing and resistant to several medications but also possesses other complex characteristics. The results corroborate the role of wastewater as a reservoir for genes and bacteria resistant to antibiotics and are consistent with other studies in this field. This underscores the importance of closely monitoring and managing the spread of these infections, as doing so could significantly impact public health. The study’s findings regarding the bacteria’s ability to form biofilms, especially the EPS synthesis by strain, highlight the intricate nature of bacterial survival strategies. The timing of therapeutic interventions in clinical settings is influenced by the strong correlation observed between bacterial biomass, growth progression, and pyocyanin synthesis. To break the cycle of infection and resistance, targeting the bacterial response to environmental stress may be necessary, as suggested by the peak in pyocyanin production during the stationary phase. Further pyocyanin is used to control the growth of Candida albicans. In summary, this study raises awareness of the potential dangers posed by these bacteria while also contributing to our understanding of antibiotic resistance and virulence characteristics in environmental isolates of Pseudomonas. Most of the virulence gene was encoded by the plasmid, it was confirmed by plasmid curing assay. It highlights the need for innovative approaches to effectively treat infections caused by microorganisms resistant to multiple drugs and slow the spread of resistance genes. The study serves as a call to action for the clinical, scientific, and environmental communities to confront the growing problem of antibiotic resistance in a comprehensive and coordinated manner.




6 Summary

The current study sheds significant light on the intricate mechanisms that govern antibiotic resistance and virulence factor production in Pseudomonas aeruginosa, a notably problematic bacterial pathogen. This research underscores the profound environmental impact of multidrug-resistant bacteria, emphasizing the urgency for innovative approaches to tackle such formidable pathogens. A key aspect of this study is its focus on the environmental implications of antibiotic resistance. The presence of Pseudomonas aeruginosa in soil samples from an industrial area highlights the broader issue of environmental contamination with resistant bacteria. This contamination poses a public health risk and stresses the ecosystem.

Moreover, the findings of this study are critical in understanding the development of resistance mechanisms and virulence factors in Pseudomonas aeruginosa. Such understanding is fundamental for designing new antimicrobial therapies, especially in an era where traditional antibiotics are increasingly becoming ineffective against resistant strains. The study also offers valuable insights into the battle against Candida albicans, a common fungal pathogen. The potential of developing novel antimicrobial treatments, as suggested by the study, could significantly impact the management of Candida infections, which are particularly problematic in immunocompromised patients. In summary, the research presented in this study contributes to the scientific understanding of antibiotic resistance and virulence in Pseudomonas aeruginosa. It provides a crucial foundation for future innovations in antimicrobial therapy. It highlights the necessity of continued research and development in this field to address the escalating threat posed by multidrug-resistant organisms in healthcare and environmental settings.
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The coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus, is a highly contagious respiratory disease with widespread societal impact. The symptoms range from cough, fever, and pneumonia to complications affecting various organs, including the heart, kidneys, and nervous system. Despite various ongoing efforts, no effective drug has been developed to stop the spread of the virus. Although various types of medications used to treat bacterial and viral diseases have previously been employed to treat COVID-19 patients, their side effects have also been observed. The way SARS-CoV-2 infects the human body is very specific, as its spike protein plays an important role. The S subunit of virus spike protein cleaved by human proteases, such as furin protein, is an initial and important step for its internalization into a human host. Keeping this context, we attempted to inhibit the furin using phytochemicals that could produce minimal side effects. For this, we screened 408 natural phytochemicals from various plants having antiviral properties, against furin protein, and molecular docking and dynamics simulations were performed. Based on the binding score, the top three compounds (robustaflavone, withanolide, and amentoflavone) were selected for further validation. MM/GBSA energy calculations revealed that withanolide has the lowest binding energy of −57.2 kcal/mol followed by robustaflavone and amentoflavone with a binding energy of −45.2 kcal/mol and −39.68 kcal/mol, respectively. Additionally, ADME analysis showed drug-like properties for these three lead compounds. Hence, these natural compounds robustaflavone, withanolide, and amentoflavone, may have therapeutic potential for the management of SARS-CoV-2 by targeting furin.




Keywords: SARS-CoV-2, furin protein, virtual screening, molecular dynamics (MD) simulation, phytochemical inhibitors





Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS−CoV−2), a highly contagious virus causing severe respiratory illness, was first detected in China in December 2019, which later caused the outbreak of coronavirus disease 2019 (COVID-19) (Negahdaripour et al., 2022). WHO has documented 774 million confirmed cases and seven million deaths as of 21 January 2024 (COVID-19 Epidemiological Update - 29 September 2023). Coronavirus is a member of the β-coronavirus genus, which is closely related to SARS-CoV and bat coronaviruses. In comparison to SARS-CoV and MERS-CoV, it has been observed that COVID-19 spreads more rapidly among humans than both of them, and for this reason, WHO declared it an epidemic in March 2020 (Gao et al., 2020; Nagoor Meeran et al., 2020). Coronavirus represents a single-stranded positive-sense virus, characterized by a genome size ranging between 26 and 32 kilobases (kb), spherical shape Structure, and a size of 80 to 160 nanometers (nm) in length. This virus is composed of four structural proteins, namely the spike (S), envelope (E), membrane (M), and nucleocapsid (N) (Nagoor Meeran et al., 2021; Ravi et al., 2022).

The S protein of the coronavirus, a trimeric glycoprotein, plays an important role in infecting the host and consists of two distinct functional subunits known as S1 and S2. More precisely, the S1 subunit facilitates binding to the human protein angiotensin converting enzyme 2 (ACE2) receptor, while the S2 subunit plays a key role in coordinating the fusion machinery process (Millet and Whittaker, 2015; Karn et al., 2021). The functional activation of S protein occurs mainly after proteolytic cleavage by host proteases such as trypsin, cathepsin B, and cell surface-located transmembrane protease serine 2 (TMPRSS2). These proteases play an important role in cleaving the S protein, thereby facilitating viral attachment to host cells (Letko et al., 2020; Shokeen et al., 2022; Uma Reddy et al., 2022). Researchers have revealed that glycoprotein processing increases the virulence of the disease in the host. The successful inhibition of the protease enzyme can significantly inhibit virus transmission. Protease functionality is important in enabling the fusogenic ability of viruses, a critical step that facilitates the entry of enveloped viruses into host cells (Zhou et al., 2015).

The S1 subunit contains a receptor binding domain (RBD) that is responsible for specific interactions with the ACE2 receptor, facilitating viral entry. Furthermore, the S protein of the virus must undergo proteolytic activation at the junction between S1 and S2. This activation causes the dissociation of S1 and triggers significant structural changes in S2 (Shang et al., 2020). This cleavage is a prerequisite for subsequent cleavage at the S2′ site, which is important for activating the fusion machinery of the virus. Both cleavage events are necessary to initiate the membrane fusion process, a critical step in viral entry in which the viral envelope fuses with the host cell membrane, releasing genetic material (Jackson et al., 2022). In a study, it was found that within the S subunit of SARS-CoV-2, a unique site exists Arg–Arg–Ala–Arg (R-R-A-R), which is cleaved by furin protease (Coutard et al., 2020), that exposes RBD to bind host ACE2 receptor (Essalmani et al., 2022), leading to viral entry into the host cells. Hence, targeting the furin protease could be a potential strategy to reduce SARS-CoV-2 infectivity and enhance immune responses.

A variety of drugs have been used to treat COVID-19, mainly antimalarial, antiviral drugs, some immunosuppressants, and convalescent plasma therapy. However, a number of side effects have been reported with these especially severely affected COVID-19 people, which is a matter of concern. For example, individuals with serious medical conditions undergoing remdesivir treatment have faced serious adverse effects, such as kidney dysfunction and low blood pressure (Wang et al., 2020). In various independent studies, evidence indicates that standard medications may cause interactions either between drugs or between nutritional components and drugs in individuals severely affected by COVID-19. These interactions produce potential adverse effects for patients (Ağagündüz et al., 2021). As a result, it becomes imperative to adopt safer alternative strategies using plant-derived compounds. Several scientific studies have acknowledged the effectiveness of plant-based compounds and their secondary metabolites in combating SARS-CoV. Some in silico studies have indicated that small compounds derived from plants may also be effective against SARS-CoV-2. Additionally, in vitro, cell culture, and in vivo clinical studies have further strengthened the potential of these compounds in suppressing COVID-19 (Uma Reddy et al., 2022). Natural products could serve as an important source of new medicines that help to prevent and manage symptoms of COVID-19. Various compounds, such as flavonoids, polyphenols, alkaloids, and polysaccharides derived from plants and mushrooms, which have been traditionally used in the treatment of infectious diseases, are currently being used in the management of COVID-19. This is attributed to their immune-boosting, antimicrobial, and anti-inflammatory properties. These phytochemical compounds exhibit the ability to inhibit virus entry and resistance, as well as contribute to the regulation of the immune-inflammatory response against COVID-19 (Isidoro et al., 2022).

A previous study has reported that compounds such as d-Arg-based peptides and α1-antitrypsin portland inhibit furin, although the peptides face degradation and absorption issues, leading to increased stability (Devi et al., 2022). Synthetic macrocyclic peptidomimetics address these challenges, aiming to improve stability and effectively inhibit furin by binding to its active site (Devi et al., 2022). In a study conducted by Cheng et al. (2020), furin inhibitors such as CMK and naphthofluorescein effectively inhibit cleavage and syncytium formation in SARS-CoV-2-infected cells by reducing virus production and associated cytopathic effects and showing promising antiviral effects. Additionally, CMK not only inhibits virus entry similar to chemostat but also inhibits spike cleavage and syncytium formation, whereas naphthofluorescein primarily inhibits viral RNA transcription. These findings highlight the considerable potential of furin inhibitors as effective antiviral agents for both the prevention and treatment of SARS-CoV-2 infection (Cheng et al., 2020). Here, utilizing an in silico approach, we have proposed plant-derived natural compounds as potential inhibitors of furin protease that could be a promising candidate to block the viral entry into human cells.





Methods




Protein optimization

The native crystal structure of the human furin protein PDB ID-5MIM with a good resolution of 1.90 Å was obtained from the RCSB Protein Data Bank (Shokeen et al., 2022) (https://www.rcsb.org/). For structure-based virtual screening, initially, the protein was processed in several steps, such as eliminating crystallized water molecules and heteroatoms, as well as assigning Gasteiger charges and adding polar hydrogen atoms. To compare the studies of the selected candidates, the naphthofluorescein inhibitor was used as a reference compound (Cheng et al., 2020).





Preparation of natural compound library

Based on their antiviral properties, 408 natural phytochemicals were selected from the literature review (Singh et al., 2023). The three-dimensional (3D) model structures of these phytochemical compounds in SDF format were obtained from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/). These 3D SDF phytochemical data were combined to create a library using Progenesis SDF Studio (Progenesis SDF Studio, n.d.).





Receptor grid generation and high-throughput virtual screening using the PyRx program

Molecular screening was conducted using PyRx software, employing the AutoDock Vina wizard as the docking engine. The library of phytochemical compounds underwent energy minimization using the UFF force field, followed by screening against the furin protein via PyRx.

A grid was specifically generated for the amino acid residues interacting with the S protein of the virus, as identified in the literature. These residues include Arg268, Glu271, Glu272, Leu269, Asp233, Th232, Ala234, Gly265, Phe275, Glu236, Asp264, Tyr308, Ala267, Asn243, Arg276, Asn387, Glu230, Gln280, His248, Lys449, His145, Lys386, Gly146, Asn245, Asp168, His246, Val148, and Arg220 (Shokeen et al., 2022), thus forming the basis for the grid generation. The grid parameters were set as follows: center x = 32.65, y = −26.52, z = 2.63 and size x = 56.36, y = 31.64, z = 44.81. Throughout this process, the ligands were considered flexible. The ligand exhibiting the most negative binding energy score was considered to have the highest binding energy. On the basis of the binding energy, the best 10 compounds were chosen for redocking to evaluate our best candidates against furin protease as compared to the reference molecule.





Redocking of top hit molecules and calculation of inhibition constant

The top 10 compounds obtained from the PyRx result, as well as the reference molecule, were redocked for validation using AutoDock Tool 4.2. Utilizing Lamarckian genetic algorithm, ligands optimal poses at the furin protein binding site were determined (Morris et al., 2009). Default settings were followed to find the best docking confirmation. Binding energies and inhibition constants (Ki) against human furin were extracted and sorted. Consistent pattern in docking data for the top small molecules was emerged, and each ligand generated fifty conformations with predicted Ki values. Anticipated binding was computed using AutoDock, ensuring robust computational techniques (Morris et al., 2009). This methodological approach provided a comprehensive assessment of ligand binding potential and facilitated further analysis for drug discovery efforts targeting furin protease.





Molecular dynamics simulation

We performed molecular dynamics (MD) simulations on the protein–ligand docked complex using the Desmond module of Schrödinger Maestro (Price and Brooks, 2004; Bowers et al., 2006) for a duration of 100 nanoseconds (ns). The aim was to analyze the stability of the protein–ligand complex in a dynamics system. A cubic box with dimensions of 10 Å × 10 Å × 10 Å was employed to incorporate these complexes, utilizing the transferable intermolecular potential three-point solvent model (TIP3P) (Price and Brooks, 2004). To replicate the physiological conditions, the simulation system was balanced by introducing counter ions (Na+ or Cl−) into a 0.15-mol/L salt solution. We employed the steepest descent and conjugate gradient methods to reduce the energy of the pre-prepared system. The system was initially reduced in size by applying constraints on the solute to optimize interaction, up to a maximum of 2,000. We used a convergence criterion of 1.0 kcal/mol/Å. The Broyden–Fletcher Goldfarb–Shanow (LBFGS) method was employed to complete the energy reduction step after constructing the system. The algorithms utilized the most efficient descent steps and were distinguished by their restricted memory capacity (Kaczor et al., 2015). In addition, the Berendsen NVT and NPT ensembles were used to thermally relax the minimized complexes at a temperature of 300 K. The relaxation time for the NVT ensemble was 1 ps, while the relaxation time for the NPT ensemble was 2 ps at a pressure of 1.013 bars atm. We maintained the isothermal ensemble (NPT) using this relaxation technique. The constant pressure and temperature were maintained through the use of the Nose–Hoover thermostat and the Martyne–Tobias–Klein barostat techniques, which were employed to model the entire system. Reversible reference system propagator algorithm (RESPA) integrator was used throughout the simulations. In the most recent simulation run, we calculated the bonding interactions for a time interval of 2 femtoseconds. We used the particle mesh Ewald (PME) technique to calculate the extensive electrostatic interactions throughout the simulation. We conducted the entire procedure of data calculation with the OPLS3 force field for all atoms. The molecular dynamics simulation trajectories were utilized to quantify the root mean square deviation (RMSD), root mean square fluctuation (RMSF), and protein–ligand interaction profiling for all potential docked ligand complexes with the target protein (Harder et al., 2016). Maestro v12.6 tool in Schrodinger Suite 2020–4’s free academic version used for the generation of protein–ligand interaction profiling.





Free binding energy calculations by Prime MM/GBSA

We computed the binding free energy of the top hit complexes for furin proteins using Schrödinger Prime and VSGB 2.0. We estimated the ΔG-binding energy of each protein–ligand complex by sampling 100 frames from the final 10 ns of the simulation. Numerous parameters, including hydrogen bonding, Coulombic, lipophilic, and van der Waals contacts, as well as generalized-born electrostatic solvation, were computed as components for the MM/GBSA analysis (Gupta et al., 2022; Kumar et al., 2023). We ascertained the standard deviation upon estimating the mean energy value of MM/GBSA. We then computed the net binding free energy using the thermal mmgbsa.py tool.

	

The symbols ΔG complex, ΔG protein, and ΔG ligand represent the free energies of the hit ligand–protein complex, protein, and ligand, respectively. A decreased binding free energy signifies an enhanced binding affinity of the small molecule for the protein–ligand combination.





Drug-likeness and ADME properties

The pharmacokinetic properties of the natural plant compounds obtained from the docking results were evaluated considering ADME peculiarities. These peculiarities indicate the extent to which compounds can potentially serve as primary drugs. The drug-like properties of the compounds were evaluated using the SwissADME online tool (http://www.swissadme.ch). This tool evaluates various physical properties, including physicochemical properties, water solubility, drug similarity, kinetics, medicinal chemistry, lipophilicity, etc. This evaluation helps to determine whether these compounds follow Lipinski’s rule of five (molecular weight < 500, QPlogPo/w < 5, DonorHB < 5, acptHB < 10) (Chen et al., 2020). The purpose of choosing these characteristics was to investigate how they assess their effect on cell membrane permeability (pCaco-2 and pMDCK), qualitative oral absorption (% human oral absorption), as well as their impact on the distribution, metabolism, and toxicity of the compounds.






Results and discussion




Docking studies

A library of 408 natural compounds, previously identified in the literature for their antiviral properties, was utilized for further investigation. These compounds were screened utilizing high-throughput virtual screening against a furin protease that interacts primarily with the S subunit of the SARS-CoV-2 spike protein (Supplementary Table S1). Initially, we extracted the furin protease inhibitor from its crystal complex (Douglas et al., 2022) and docked it into a defined binding pocket for screening using default parameters. The docked pose of the inhibitor was superimposed on the original crystal conformation to validate the docking protocol (Supplementary Figure S1). The RMSD was less than 2 Å. Three compounds outperformed the reference molecules in terms of docking scores against furin protease, making them top hits for further in silico validation. Each compound in the library exhibited promising binding energies (−10.8 kcal/mol to −2.5 kcal/mol). The top three, robustaflavone (−10.7 kcal/mol), amentoflavone (−10.5 kcal/mol), and withanolide (−10.4 kcal/mol), demonstrated strong binding. They were validated by redocking, confirming their affinity, with scores of −10.6 kcal/mol, −10.5 kcal/mol, and −10.4 kcal/mol, respectively. The reference compound scored −10.2 kcal/mol.





Docking analysis of robustaflavone

The outcome of the molecular docking analysis of robustaflavone demonstrated a notable docking score of −10.6 kcal/mol towards the binding pocket, exhibiting significant and strong binding interaction with the human furin protein (Table 1). The protein residues bound to the ligand showed the polar interaction with Asn529 and Asn310, the hydrophobic interaction with Ala532, and the negative residual interaction with Asp264 and Glu271 were involved in the formation of hydrogen bonds. Additional hydrogen bonds were also observed with the hydroxyl group of the ligand and Gly265 of the furin. Polar contacts were also identified, such as Ser311, Asn310, Gln488, Ser524, and Asn529. Additionally, hydrophobic interactions involving Val263, Pro266, Tyr313, Ile312, Trp531, Ala532, and Met534 were observed. Furthermore, ionic interactions were detected with Asp264, Glu271, Arg498, and Asp526 residues (Figures 1A, B). The reference compound and robustaflavone compound shared almost all amino acids, such as the following: Asp264, Gly265, Pro266, Glu271, Ile312, Ser311, Asn310, Gly307, Trp531, Ala532, Met534, and Asn529.


Table 1 | Binding affinity and redocking score calculated by chimera and estimated inhibition constant (KI) energy of screened compounds.






Figure 1 | Three- and two-dimensional docked complexes of the selected phytochemical-derived natural compounds, i.e., (A, B) robustaflavone, (C, D) amentoflavone, (E, F) withanolide, and (G, H) reference complexes, i.e., naphthofluorescein, showing binding on the active site of the furin protein. Whereas in two-dimensional structures, H-bond formation (pink arrows), hydrophobic interaction (green), polar residue (blue), negative residue (red), glycine (grey), and salt bridge (red and blue) interactions are logged for docked complexes of furin protein with selected phytochemical compounds.







Docking analysis of amentoflavone

The results from the molecular docking analysis revealed a considerable docking score of the compound amentoflavone for the binding pocket, indicating substantial and robust binding interactions with the human furin protein. This interaction was quantified by a docking score of −10.5 kcal/mol (Table 1). The benzoate-hydroxyl group of the compound amentoflavone displayed hydrogen bonds with the main chain residues Glu271, Asn310, Gly527, and Ala532. Additionally, hydrophobic residues Val263, Pro266, Ala267, Phe274, Tyr313, Ile312, Phe528, Trp531, Ala532, and Met534 were identified. The compound amentoflavone exhibited polar interactions with various amino acids, such as Ser311, Asn310, Gln488, and Asn529, and also exhibited ionic interactions with Asp264, Glu271, Arg498, Asp526, and Asp530, which were surrounded by phenyl residues (Figures 1C, D). In both amentoflavone and reference compounds, almost all residues such as Asp264, Pro266, Ala267, Glu271, Ile312, Ser311, Asn310, Gly307, Asn529, Asp530, Trp531, Ala532, and Met534 were present.





Docking analysis of withanolide

Molecular docking analysis revealed an impressive binding affinity, determined by a docking score of −10.4 kcal/mol (Table 1). Furthermore, the resulting complex of withanolide and furin displayed polar interactions with the amino acid residues, such as Ser311, Gln488, and Asn529. In addition to these, the complex was supported by hydrophobic interactions within the protein structure, particularly with Val263, Pro266, Ile312, Tyr313, Phe528, Trp531, Ala532, and Tyr571. Furthermore, the ionic interaction was displayed by some specific amino acid residues, including Asp264, Glu271, Arg490, and Asp530 (Figures 1E, F). Among these, most amino acid residues, such as Asp264, Gly265, Pro266, Glu271, Ser311, Ile312, Asn529, Asp530, Trp531, and Ala532, were also present in both reference compound and withanolide.





Docking analysis of naphthofluorescein (reference compound)

It was demonstrated that the naphthofluorescein compound, acting as a reference molecule, established a single hydrogen bond with Gly265 of the furin protein during the binding process. In addition, several other contacts were stabilized, including polar amino acids like Asn310, Ser311, Gln488, and Asn529, as well as hydrophobic amino acids such as Pro266, Ala267, Ile312, Trp531, Ala532, and Met534. Additionally, the furin protein displayed ionic interactions with Asp264, Arg268, Glu271, and Asp530 (Figures 1G, H). The docking score was found to be −10.2 kcal/mol (Table 1).





ADME analysis

The inherent properties of phytochemical compounds used in medical applications are of utmost importance. These include characteristics such as drug-likeness and pharmacological properties like solubility, permeability, and metabolic stability. Therefore, the absorption, distribution, metabolism, and excretion (ADME) properties of the top three selected compounds, robustaflavone, amentoflavone, and withanolide, were predicted using SwissADME. ADME was used to predict the biochemical properties of these compounds (Supplementary Table S2). Cytochrome P450 2D6 (CYP2D6) enzymes show an essential role in the metabolism of drugs and xenobiotics. Inhibition of CYP2D6 may alter interactions between various drugs. An interesting fact is that the top three compounds selected were not found to inhibit CYP2D6, despite their effects on other cytochromes, according to SwissADME. Following Lipinski’s rule of five, two compounds, namely robustaflavone and amentoflavone, show two violations each, while the compound withanolide shows zero violations, as mentioned in Table 2; Supplementary Table S2. Additionally, considering other rules of drug-likeness, such as Ghosh, Veber, Egan, and Muegge violations, the compound withanolide appears as an ideal candidate.


Table 2 | ADME analysis.



It is important to note that the potential drug-likeness rule does not apply to natural bioactive molecules because these molecules are recognized by the active transport system of human cells. In conclusion, the three compounds investigated may have the potential to be developed as drugs in future studies (Table 2; Supplementary Table S2).





Molecular dynamics simulation data analysis

We studied the dynamic perturbations within the complex and the interactions with the ligands using MD simulations. With the use of MD simulation experiments with a period of 100 ns, we aimed to evaluate the dynamic behavior and strength of the top-docked complex with the established inhibitor naphthofluorescein in the proposed catalytic site of human furin. We evaluated the stability of the complex structure by utilizing RMSD and RMSF. The simulation interaction diagram module was utilized for this specific objective. RMSD measures how stable and adaptable the structure of furin was throughout MD simulations. The data revealed reduced deviation in docked complexes that preserve steady connections in the protein’s active region. The RMSD of robustaflavone, amentoflavone, withanolide, and the reference compound (naphthofluorescein) was analyzed by comparing the positions of their alpha carbon (Cα) atoms during a duration of 100 ns. Furthermore, the RMSD plot of protein in selected complexes displayed a deviation of < 2.7 Å. Compound robustaflavone in its complex showed consistent RMSD of < 3.5 Å throughout the whole simulation, indicating its stability throughout the simulation period, but it also exhibited deviation up to 5 Å at 70 ns (Figure 2A). Additionally, the RMSD of compound amentoflavone in the docked complex showed stability throughout the simulation (3 Å); this compound was found to be very steady as compared to other docked complexes (Figure 2B). Moreover, withanolide exhibited steady behavior with reduced deviation during the simulation time (< 5 Å) and showed a deviation of 7.2 Å at 30 ns time (Figure 2C). Whereas, the reference compound showed a deviation of < 5.4 Å, exhibiting significant divergence at around 20 ns as well as approximately 70 ns (Figure 2D). In comparison to the reference compound, our selected compound exhibits better RMSD.




Figure 2 | RMSD plots for the backbone atoms of furin protein and selected phytochemically derived natural compounds, i.e., (A) robustaflavone, (B) amentoflavone, (C) withanolide, and (D) reference complexes, i.e., naphthofluorescein, fit on selected target proteins were extracted from 100 ns MD simulation trajectories of different docked complexes.



Proteins typically display an intrinsically dynamic nature, characterized by motion in their side chains and alterations in their three-dimensional structure. The structural differences have a significant impact on conformational variations, as seen by RMSF. The plots were utilized to examine the specific structural alterations in the Cα atoms of furin protein and evaluate the impact on the binding of ligands (Figure 3). The protein in all the complexes exhibited much reduced fluctuations, except in the terminal regions. Also, the chosen compounds had acceptable changes in their atoms (Figure 4). On the other hand, the protein in the reference complex remained the same, and the atoms of the reference compound in the docked complex changed by less than 3 Å (Figures 3D, 4D). The last snapshot of MD simulations was re-evaluated to analyze any alterations in the interaction behavior of the docked complex. The findings indicated that certain interactions with the docked complex exhibited similarities, albeit with less conformational diversity and structural compactness. In order to study how the protein binds to ligands, different types of interacting forces were looked at during the simulation period. These included hydrogen bonds, polar contacts, and hydrophobic interactions. This analysis aimed to comprehend the interface region, where the ligand and the protein come into contact.




Figure 3 | RMSF plot generated for the furin protein docked with selected phytochemical compounds, i.e., (A) robustaflavone, (B) amentoflavone, (C) withanolide, and (D) reference complexes, i.e., naphthofluorescein.






Figure 4 | RMSF plot generated for the docked phytochemical compounds, i.e., (A) robustaflavone, (B) amentoflavone, (C) withanolide, and (D) reference complexes, i.e., naphthofluorescein, fit in the furin protein during 100 ns molecular dynamics simulation interval.



Compound robustaflavone, showed more than 70% hydrogen bonding with residues Glu271, Asn310, Asn529, and Ala532, and hydrophobic occupancy between 50% and 80% with the residues Pro266, Arg490, Arg498, and Trp531 (Figure 5A). Additionally, compound amentoflavone exhibited more than 90% hydrogen bonding with Glu271, Ser311, and Ala532 residues, hydrophobic occupancy of 40% with Ala267, and more than 100% with Arg490 and Trp531 (Figure 5B). Moreover, the compound withanolide showed hydrogen bonding with residues Arg490 and Asn529 with 50% and more than 100% of simulation time, respectively (Figure 5C). Whereas, the reference compound represented hydrogen bonding between 40% and 50% with residues Arg268, Asn310, and Ala532, and hydrophobic occupancy of 30% and 95% with residues Ala267 and Trp531 (Figure 5D). These pieces of evidence suggest that robustaflavone and amentoflavone exhibit stronger binding affinity than withanolide.




Figure 5 | Protein–ligand interaction mapping for furin protein docked with selected phytochemical compounds, i.e., (A) robustaflavone, (B) amentoflavone, (C) withanolide, and (D) reference complexes, i.e., naphthofluorescein, extracted from 100 ns molecular dynamic simulations.







Secondary structure dynamics

The secondary structural elements of proteins can synchronize the protein’s stiffness, which allows proteins to maintain their three-dimensional (3D) structures. The constituents of protein secondary structures preserve their three-dimensional geometry and synchronize their flexibility. Our goal was to examine how ligands affected furin in MD simulations by analyzing the secondary structure components’ dynamics. For over 100 ns, the secondary structure components showed consistent patterns in the predicted trajectory. Throughout the simulation, the furin secondary structure remained unchanged both prior to and following the binding of each ligand to furin. Table 3 presents the analytical summary of the average number of residues involved in developing the stability of the furin secondary structure. The secondary structural changes in all the compounds caused a small drop in the number of α-helices and β-sheets during the simulation. These changes were strongly associated with the findings of RMSD and RMSF analyses, indicating a more condensed and stable docked complex.


Table 3 | The percentage of amino acid residues that participated in the secondary structure of human furin and its complexes was calculated after 100 ns of MD trajectories.







Postdynamics binding free energy calculation

The process of developing a novel drug includes a comprehensive study of the molecular interaction between the potential drug and its target. A molecular structure analysis alone is insufficient for this purpose. To comprehend the multitude of elements that impact the protein–ligand binding process, researchers employ diverse methodologies. Thus, we employed thermodynamic measurements utilizing the primary MM/GBSA technique to evaluate the free binding energy of the optimized free receptors, free ligands, and ligand–receptor complexes. The MM/GBSA free energy quantifies the strength of interactions between proteins and ligands using a numerical representation. We computed the free energies of binding for the substances robustaflavone, amentoflavone, and withanolide, as well as the reference compound, using the MM/GBSA method. This study utilized energy-stabilized conformations with a simulated timescale of the last 10 ns. The energy of each of the three hit compounds and the reference compound was individually analyzed and recorded in Table 4. MM/GBSA data showed that the binding energy of withanolide was nearly the same as the positive control, which had a stable binding energy of −57.65 kcal/mol. The withanolide compound exhibited the greatest stability (ΔG = −57.2 kcal/mol) compared to all the other compounds examined, with robustaflavone (ΔG = −45.2 kcal/mol) coming in second, as inferred from this study.


Table 4 | Computed MM/GBSA-binding free energies for the top HITS identified.








Discussion

The COVID-19 pandemic has forced scientists around the world to engage in rapid research expeditions for antiviral/vaccine development against SARS-CoV-2 for human safety. Since it takes a lot of time to develop a medicine or vaccine, it became quite challenging to find an immediate cure for the pandemic. Therefore, the fastest and most effective approach could be a repurposing option, where already approved antiviral drugs were tested against SARS-CoV-2. To understand such problems, attempts were made to predict potential antiviral drugs/compounds/natural inhibitors that can inhibit the process of SARS-CoV-2 infection at various levels (Tazeen et al., 2021).

In this study, the focus was to analyze the structural analysis of furin, specifically its interaction with the S subunit of the spike protein. We utilized the crystal structure of human furin to identify potential compounds that could impede the interaction. The interacting amino acid residues of furin with the S protein of the virus were chosen as potential binding sites for the docking study. It is possible that furin inhibitors based on active site residues could be the most promising candidates for drug development. All of the compounds that exhibited higher docking scores were considered for further analysis. The proteins in the chosen complexes showed a variation of less than 2.7 Å in the RMSD plot. All of the selected compounds showed better RMSD when compared to the reference compound. Moreover, all of the compounds exhibited acceptable RMSF. Conversely, the protein in the reference complex remained stable, and the atoms of the reference compound in the docked complex exhibited fluctuations of less than 3 Å as well. The molecular dynamics and combinatorial docking method indicate that all three lead compounds (withanolide, amentoflavone, and robustaflavone) may disrupt furin function. Figure 6 shows the structures of these compounds.




Figure 6 | The structure of lead molecules robustaflavone, amentoflavone, and withanolide.



Robustaflavone has been shown to be a potential molecule for combating SARS-CoV-2. Beyond its role in inhibiting the furin protease, it also demonstrates potential inhibitory activities against various other targets of the virus, such as the main protease (Mpro) enzyme, which is crucial for viral replication (C et al., 2020). Moreover, robustaflavone shows promise in inhibiting the spike protein of SARS-CoV-2, a key component for viral entry into host cells (Mondal et al., 2021). Additionally, it has been explored for its potential to impede the activities of several other viral enzymes, such as papain-like protease (nsp3), 3-chymotrypsin-like protease (nsp5), RNA-dependent RNA polymerase (nsp12), helicase (nsp13), SAM-dependent 2′-O-methyltransferase (nsp16) along with its cofactor (nsp10), and endoribonuclease (nsp15). These enzymes play pivotal roles in various stages of the viral life cycle, including replication and transcription (de Leon et al., 2021). The ability of robustaflavone to inhibit multiple targets underscores its potential as a therapeutic agent against SARS-CoV-2.

Similarly, a study has demonstrated that amentoflavone exhibits potential efficacy in inhibiting several nonstructural proteins (NSPs) of the virus, such as Nsp1, Nsp3, Nsp5, Nsp12, and Nsp15 (Portilla-Martínez et al., 2022). In another study conducted by Lopes et al. (2022), the plant compound amentoflavone was examined for its ability to inhibit five key targets of SARS-CoV-2, including main protease (Mpro or 3CLPro), RNA-dependent protease, NSP15 endoribonuclease, S protein, and ACE2 receptor. Choudhary et al. (2023) found that withanolide A exhibits dual action, including as an antiviral agent that targets viral proteases like Mpro and PLpro and as an anti-inflammatory agent that regulates cytokine levels as well as enhancing the type-I interferon response. That evidenced that withanolide plays a crucial role in the management of SARS-CoV-2 infection (Choudhary et al., 2023).

Withanolide, robustaflavone, and amentoflavone are potential inhibitors compared to other studies. In a previous study, phytochemical compounds were used to target furin protein, and the selected compounds (limonin, eribulin, pedunculagin, genin, limonin glycoside, and betunilic acid) showed binding energies ranging from −8.7 to −7.2. kcal/mol (Vardhan and Sahoo, 2022). Additionally, Dankwa et al. (2022) employed in silico techniques to inhibit the furin protein using African-origin natural compounds to treat COVID-19. In their findings, they identified seven potential compounds, including quercitrin, teucrol, malvidin-3-arabinoside, N-E-caffeoyl tyramine, ZINC000085967772, pinobanksin_3-(E)-caffeate, and abyssinone IV, with binding scores ranging from −8.0 to −9.3 kcal/mol. Moreover, Paul et al. (2020) used Tulsi (a medicinal plant) extract in their study to inhibit SARS-CoV-2 by targeting the furin protein. Oleanolic acid obtained from this extract displayed a binding energy of −8.1 kcal/mol (Paul et al., 2020). Similarly, nefamostat is a synthetic serine protease inhibitor. It is used primarily in Japan and South Korea to treat pancreatitis as an anticoagulant during hemodialysis. Uppal et al. (2022) used a nafamostat compound to inhibit the furin protein, where they found that it displayed a binding energy of −9.1 kcal/mol. In contrast to these studies, our selected compounds showed better docking scores ranging between −10.7 and −10.4 kcal/mol.

In a study, Snoussi et al. (2021) used Allium subhirsutum L. extracts to inhibit furin protein and found that the top peptides against furin protein were Thr–Leu–Trp (−9.6 kcal/mol) and Gln–Phe–Tyr (−9.4 kcal/mol). Peptide Thr–Leu–Trp showed van der Waals (Gly265, Pro266, Gly307, Asn310, Tyr313, Asp530, Ala532, Tyr571), attractive charge/salt bridge/Pi-anion (Glu271, Trp531), conventional hydrogen bond (Ser311, Gln48), and unfavorable positive–positive/donor–donor (Ile312, Arg490) interactions. The second peptide Gln–Phe–Tyr exhibited van der Waals (Asp154, His194, Val231, Trp254, Asp258, Asp264, Gly265, Pro266, Gly294), conventional hydrogen bond (Ser253, Gly255, Asn295, Tyr308, Ser368), Pi-anion (Glu236), and Pi-alkyl (Leu227, Pro256) (Snoussi et al., 2021). On the other hand, Asn310 and Ala532 showed H-bonding in our top compounds, robustaflavone and amentoflavone complexes, and these residues also showed van der Waal interaction in Thr–Leu–Trp peptide complex with furin. Whereas, Glu271 also showed H-bond formation in both robustaflavone and amentoflavone but was involved in attractive charge/salt bridge/Pi-anion interaction of only Thr–Leu–Trp peptide complex. Additionally, Asp264 and Glu265 residues were both involved in the H-bonding of robustaflavone, but Glu265 showed van der Waals interaction in both the peptides Thr–Leu–Trp and Gln–Phe–Tyr, whereas Asp264 showed van der Waals interaction only in Gln–Phe–Tyr peptide complex.





Conclusion

Through high-throughput virtual screening, a library of 408 phytochemical compounds underwent rigorous screening to identify potential inhibitors of human furin protein. This process led to the finding of the top three compounds: withanolide, robustaflavone, and amentoflavone. Furthermore, the analysis included simulating the dynamic conformations of furin with these compounds. Over a period of 100 ns, these simulations revealed the formation of a persistent stable complex between furin and the identified compounds due to their structural diversity and strong binding affinity. Hence, these three phytochemicals may be potential candidates for targeted therapy in SARS-CoV-2 patients. However, their efficacy and safety should be validated through in vivo and in vitro studies before being considered for clinical use.
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Antibiotic resistance, a known global health challenge, involves the flow of bacteria and their genes among animals, humans, and their surrounding environment. It occurs when bacteria evolve and become less responsive to the drugs designated to kill them, making infections harder to treat. Despite several obstacles preventing the spread of genes and bacteria, pathogens regularly acquire novel resistance factors from other species, which reduces their ability to prevent and treat such bacterial infections. This issue requires coordinated efforts in healthcare, research, and public awareness to address its impact on human health worldwide. This review outlines how recent advances in gene editing technology, especially CRISPR/Cas9, unveil a breakthrough in combating antibiotic resistance. Our focus will remain on the relationship between CRISPR/cas9 and its impact on antibiotic resistance and its related infections. Moreover, the prospects of this new advanced research and the challenges of adopting these technologies against infections will be outlined by exploring its different derivatives and discussing their advantages and limitations over others, thereby providing a corresponding reference for the control and prevention of the spread of antibiotic resistance.
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Introduction

The development of innovative gene editing and targeting strategies to combat bacterial infections has been a top priority for researchers ever since the first antibiotics were discovered. The tendency of pathogenic bacteria to develop antibiotic resistance has accelerated, and as a result, the world has had to put in place significant barriers to address this problem. Antibiotic-resistant bacteria were classified into 12 groups by the World Health Organization (WHO) in 2017. This categorization was based on their capacity to fend against infection. Among these, P. aeruginosa, A. baumannii, and Enterobacter spp. have been recognized as the most important pathogens that were shown to oversee high death rates in hospitals (Tacconelli et al., 2018). Two things that led to the emergence of such resistant bacteria were the misuse and abuse of antibiotics (Reygaert, 2018). Additional factors included the mechanisms by which bacteria develop resistance against antimicrobial drugs; examples of such mechanisms include random gene mutation (Davies and Davies, 2010), horizontal gene transfer (HGT) (Sun et al., 2019) as a means of transmitting resistance genes, changing the permeability or efflux of the drug (Murray et al., 2015), and the capacity to form biofilm (Lewis, 2007). Because persister cells are present, communities of bacteria responsible for long-term infections may develop an antibiotic tolerance, which could lead to chronic infections without changing the genetic composition of the bacterium. It is vital to create novel methods for identifying, managing, and preventing superbug infections due to the complex ways in which they spread. Numerous scientific investigations have highlighted the detrimental characteristics of these multidrug-resistant bacteria and several approaches to address them (Fischbach, 2011; Buckner et al., 2018; Annunziato, 2019).

As of right now, a few therapeutic strategies have been employed to address the resistance mechanisms displayed by antibiotic-resistant bacteria. These strategies include developing next-generation antibiotics, employment of efflux pump inhibitors (EPIs) (Ghosh et al., 2019; Mulani et al., 2019; Gray and Wenzel, 2020)/quorum sensing inhibitors (QSIs) as well as the manufacture of host defense peptides, which is a promising substitute for conventional antibiotics. But all these traditional methods have drawbacks (Alaoui Mdarhri et al., 2022), and a suitable solution to this issue has yet to be created (Suh et al., 2022).





Confronting antibiotic resistance: contemporary strategies and solutions

Antibacterial resistance or Multidrug resistance (MDR) is the capacity of bacteria, when they become resistant to antibiotics where they should be killed (Ahmad et al., 2017, 2023). These types of bacteria are becoming more prevalent daily, but at the same time, the understanding of biology and technology is expanding. To survive under these different antibiotic settings, bacteria use intrinsic or acquired mechanisms to get different resistance genes (Blair et al., 2015). One of such resistance mechanisms is an expression or generation of resistance genes against different multiple targets, that significantly alter different growth conditions (Whittle et al., 2021). Some good examples that bring out DNA alteration or mutations in bacteria are mobile genetic elements (MGEs), phages or plasmids (Schroeder et al., 2018). As mentioned earlier also, MDR is divided into two main categories i.e. genetic and phenotypic (Allemailem, 2024). The mutations or alterations that occur in the bacterial DNA give rise to genetic resistance. Moreover, this type of bacterial resistance is also seen when the resistance genes exchange or enter between bacteria. On the other hand, the phenotypic MDR causes alterations within the bacteria but doesn’t bring out any change in its genetic makeup and usually disappears within the individual bacterial cell (Balaban et al., 2019; Allemailem, 2024).

A full understanding or compression of the molecular foundations of antibiotic resistance or MDRs is very important as it will help in the discovery of innovative therapies or novel treatments for antibiotic-resistant infectious diseases (Darby et al., 2023). Recent years have seen major advancements in the science behind how antibiotics work and how bacteria develop inhibitory resistance to their deadly and lethal effects (Ahmad et al., 2018; Ahmad et al., 2023). The three pillars of interrelated tactics that bacteria adopt to counteract antibiotics are tolerance, resistance, and persistence (Allemailem, 2024). The understanding of how the biochemical actions of different drugs or pharmacological compounds like antibiotics work and how bacteria pose resistance to them is still fully unknown but has advanced significantly. Numerous studies have explained various acts of resistance mechanisms that include the production of antibiotic resistance-related genes, downregulation or alteration of porins to reduce the entry or penetration of antibiotics through the bacterial cell, modification of its cell wall components or target sites, the inactivation of antibiotics and the hyperactivity of active efflux pumps (Alav et al., 2021; Morgan et al., 2021; Allemailem, 2024). Based on these above-mentioned mechanisms, several techniques have been proposed that include phage therapy (Lin et al., 2017; Kortright et al., 2019), drug-loaded nanoparticles (Rai et al., 2012; Makabenta et al., 2021), photodynamic therapy, combinatorial therapy, drug repurposing ( Rangel-Vega et al., 2015; Liu et al., 2021), antimicrobial peptides (Hassan et al., 2012; Lima et al., 2021) or anti-virulence compounds (Ménard et al., 2014).

Combinatorial therapy is the use of various pharmacological combinations as opposed to a single medication to target multiple areas and achieve a synergistic impact that kills the bacteria (Tamma et al., 2012). Combinatorial therapy is required due to the rapid emergence of antibiotic-resistant bacterial strains, as monotherapy is no longer effective in treating most bacterial infections, especially resistant ones. However, this technique impacts the pharmacokinetics and pharmacodynamics of the employed medications due to some incompatibility difficulties between distinct drugs (Petrosillo et al., 2010; León-Buitimea et al., 2020).

Apart from this, gene-blocking oligonucleotides and RNA interference (RNAi) are the two examples of RNA-based treatments used against AMR organisms. These methods take advantage of the enzymatic targeting of bacterial mRNA by oligonucleotides, which permits the removal of the genes that are responsible for resistance (Kole et al., 2012). Methods based on antisense RNA also seem to have provided a way to monitor the genes involved in growth promotion and MDR. However, there are certain toxicity problems and low intracellular absorption with RNA-based therapies (Kole et al., 2012). In certain cases, phage therapy has also shown promise in combating germs resistant to antibiotics. Nevertheless, there are several difficulties, such as how they interact with intracellular bacteria, encourage the formation of neutralizing antibodies, and cause bacteria to become resistant to phages (Doss et al., 2017). Monoclonal antibodies (mAbs) have also been used to treat some bacterial resistance but some of the barriers preventing their usage are bacterial target selection and degradation through bacterial proteolytic enzymes (Pelfrene et al., 2019).

The employment of gene editing tools, such as transcription activator-like effector nucleases (TALENs) and zinc finger nucleases (ZFNs), which may be utilized to precisely modify drug-resistant bacteria’s DNA, has also contributed to the resolution of antibiotic resistance problems. For their removal or cleavage, TALENs and ZFNs are employed against the target DNA sequences (Zhang et al., 2019; Li et al., 2020). The ZFN and TALEN tools have opened a new avenue for contemporary gene editing tactics. Some significant obstacles, including delivery difficulties, off-target consequences, and complexity, have prevented these genome-editing techniques from being widely successful.

Since its discovery, the CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats-Cas9) gene editing system, which is currently regarded as the most inventive method, has been applied quickly to the treatment of antibiotic resistance or MDR. Since it is the quickest, least expensive, and most effective method of genome editing, it is widely employed. Additionally, it is employed in the improvement of genetic flaws, the eradication of major infectious viruses (Kim and Lee, 2022; Redman et al., 2016), and the removal of bacterial infections (Kang et al., 2017; Park et al., 2017). Numerous scientific researches support the adoption of CRISPR/Cas-based strategies to prevent the spread of MDR (Uribe et al., 2021; Wu et al., 2021; Kim & Lee, 2022).





Unveiling CRISPR/Cas: a cutting-edge gene editing marvel and its intriguing contrasts with alternative technologies

Initially found in both archaea and bacteria, CRISPR-Cas was found to play a role in adaptive immunity (Ishino et al., 2018). Bacteria and archaea can use this mechanism to identify and eliminate viruses and plasmids that are entering their cells. CRISPR-Cas has been altered for use in gene editing and genetic engineering within the last ten years. CRISPR-Cas gene editing and base editing are two crucial methods for precisely modifying an organism’s DNA. These technological developments have made it possible to correct genetic defects, increase crop yields, and create cutting-edge biotech applications (Arora and Narula, 2017; Yao et al., 2018; Wu et al., 2020). Scientists can now conduct research and tests more efficiently because of technological improvements, which speed up the production of results. In this review, we will focus mainly on recent breakthroughs of CRISPR/cas9 and its derived gene editing technologies like CRISPRi, CRISPRa and CRISPR base editing in the context of antibiotic resistance. We will uncover the limitations and advantages of CRSIPR-based gene editing technology over other gene editing technologies and will conclude with some new thoughts and ideas that could help in making these technologies more efficient and precise to combat the tendency of bacterial antibiotic resistance.

Talking about other gene editing/targeting approaches, CRISPR/Cas-based techniques have become a widely adopted, promising complement against conventional approaches to fighting against antibiotic resistance with minimal harmful repercussions on humans or the environment. CRISPR-Cas genome editing was praised for its simplicity, effectiveness, adaptability, and lack of requirement for any markers for recognizing species of harmful bacteria as compared to other DNA-based genetic engineering techniques (Rabaan et al., 2023). Despite this, it can accurately target a particular sequence using just one guide RNA (gRNA) and the protein that accompanies it (Cas). This system usually acts as an adaptive immunity, shielding the body from genetic material that is not native to the body (Tetsch, 2017). However, its method of action is different for different resistant bacteria, which use it as a transferable or integrative system for attacking antibiotic-resistant genes (Wu et al., 2021).

Since it makes it possible to precisely and successfully identify the genes causing bacterial drug resistance, the development of CRISPR-based editing of genomes has had a profound effect on medicine. Previous research showed that a novel gene that renders bacteria extremely resistant to the last-resort group of antibiotics was found and driven out from Escherichia coli utilizing the type II CRISPR-Cas9 system (Sun et al., 2017). Moreover, other studies have also reported the use of Six csm and cas6 genes in a CRISPR-Cas-III-A system to target interference with crRNA processing in Mycobacterium tuberculosis (Wei et al., 2019). The CRISPR-Cas-III-A system was essentially created to cleave co-transcriptionally active DNA, and target and identify RNA to create a potent defense (Liu et al., 2018). Furthermore, the use of different CRISPR and its related strategies, like CRISPR-Cas-II-A in Streptococcus agalactiae (Lier et al., 2015) or a CRISPR-Cas12a strategy in conjunction with enzymes to identify genes resistant to kanamycin, ampicillin, and chloramphenicol, has confirmed genetic editing in a range of antibiotic-resistant bacteria (Chen et al., 2023). Conventional CRISPR-Cas-mediated gene editing is widely used, but it has some limitations. These include the potential for genomic instability due to inaccurate off-target and on-target editing, which can be caused by the low GC content of sgRNA, the use of protospacer adjacent motif (PAM-in) orientation, or the use of inefficient delivery methods to remove AMR genes (Javaid and Choi, 2021; Kundar and Gokarn, 2022).

Base-editing techniques are currently being employed to address this problem by lowering the frequency of faults. With this technique, we can alter DNA sequences in a variety of ways without risking dsDNA cleavage. A modifying enzyme for precise nucleotide modification and an ssDNA for programmable DNA binding are the two main parts of base editors, that allow this method to change bases properly. DNA base editors use fusion proteins (nickase Cas9, dead Cas9, or dead Cas12a/b) fused to ssDNA-specific nucleobase deaminases to increase the efficacy of site-directed mutagenesis (Kantor et al., 2020; Rabaan et al., 2023). Moreover, it is very important to understand that the two gene editing methods that preceded the CRISPR/Cas 9 technology were TALEN and ZFN respectively. However, these two technologies have their different drawbacks as compared to CRISPR/Cas9. In the case of TALEN and ZFN, the main limitation lies in their designing that should be uniquely created to target each DNA target with the custom proteins. Furthermore, this method is also time-consuming, costly and labor-intensive as compared to CRISPR/Cas9 which impedes researchers or scientists from using them. While off-targeting is the limitation that comes with all gene editing technology, the additional complexities and intricacies of protein-DNA binding make ZFNs and TALENs even more susceptible to off-target cleavage. In the case of CRISPR/cas9 while off-target effects are still possible significant progress has been made in lowering off-target cleavage. Scientists and researchers are busy improving the specificity-enhancing alterations and better guide RNA designing to address this problem. Figure 1 is the visual representation, depicting the causes of antibiotic resistance and the role of CRISPR/Cas9 in combating it.




Figure 1 | The visual depiction illustrating the causes of antibiotic resistance and the effectiveness of CRISPR/Cas9 gene editing technology in addressing it.



Furthermore, CRISPR-Cas is also known for its great versatility, which can be achieved by effortless retargeting by modifying its guide RNA sequence, hence facilitating efficient multiplexing and concurrent editing of several different genes. On the other hand, ZFNs and TALENs are less adaptable and might need a substantial amount of reengineering for every new target as they are not as flexible as CRISPR/Cas9. Because of these qualities, CRISPR-Cas is a comparatively more dependable, durable, robust, and low-cost gene editing technique. CRISPRi (CRISPR interference or inhibition) and CRISPRa (CRISPR activation) are also considered the two derivatives of CRISPR/cas9 technology but they are more likely called as the handy tools that could manipulate the gene function by activating it or by inhibiting it. Some researchers have also shown the lead roles of CRISPRi in combating biofilm-based antibiotic-resistant bacterial infections. They tried to knock down the various genes that are either related to bacterial virulence or with their mechanism of action that could lead to those biofilm infections. The key genes they addressed were luxS (Zuberi et al., 2017b), fimH (Zuberi et al., 2017a) and bolA (Azam et al., 2020). They further showed the role of the OmpR/EnvZ pathway in controlling such infections with the help of this technology (Zuberi et al., 2022). Their work demonstrates the significant merit worthy of commendation in the context of this technology to combat such infections.





The revolutionary progress of CRISPR/Cas9 against antibiotic resistance

Genome editing based on CRISPR/Cas9 is currently widely regarded as a potentially next-generation method to tackle infectious diseases, particularly the ones brought on by antibiotic-resistant bacteria (Bikard and Barrangou, 2017; Duan et al., 2021). CRISPR/Cas9 mediated genome editing may be applied as a gene-based strategy as well as a pathogen-targeted strategy, depending on the target gene’s location. The pathogen-based strategy depends on focusing on a few bacterial chromosomal regions. By using this technique, certain pathogenic strains are killed, and bacterial cells are destroyed. Targeting the antibiotic resistance genes harbored by different plasmids, however, is how the gene-focused approach is continued. This strategy makes the bacterium more susceptible to antibiotics (Allemailem, 2024). Pathogen-focused strategies can be utilized to treat certain strains of interest in heterogeneous bacterial pathogens in addition to specific infections; gene-focused strategies, on the other hand, are unclear. Nonetheless, this method pertains to the decrease in the prevalence of antibiotic resistance within the microbial community as a means of treating bacterial illnesses (Shabbir et al., 2019).

Unlike traditional antimicrobials, the CRISPR/Cas9 technology uses precise and very specific sequence targeting to distinguish between harmful and symbiotic organisms as already mentioned earlier. This method has shown success in transforming antibiotic-resistant strains of bacteria like Staphylococcus aureus and Escherichia coli with the help of a plasmid that encodes Cas9-driven RNA (Shabbir et al., 2019). Using this strategy, the expression of the antibiotic resistance gene was accurately reduced. However, since the goal of this strategy is to reach MDR treatment, it is now in the preclinical stage. Nevertheless, this genome-editing technology has also been used in several clinical investigations as an antibacterial medicine. Certain clinical isolates of S. aureus harboring gene resistant to methicillin (mecA) when treated with Cas9 and modified crRNA exhibited a roughly 50% reduction in sickness (Aslam et al., 2020; Palacios Araya et al., 2021). Parallel to this, a different study showed this gene editing method also targets the gene responsible for erythromycin resistance (ermB) that eventually reduces the growth of intestinal E. faecalis resistant to erythromycin. Moreover, using a mouse skin colonization model, CRISPR/Cas9 interventions dramatically decreased S. aureus skin colonization (Wang et al., 2019). One of the bacteria from the ESKAPE group of pathogens i.e. Klebsiella pneumonia can acquire several MDR mutations by natural horizontal gene transfer (Sun et al., 2019; Allemailem, 2024). In one research these bacteria were subjected to CRISPR/Cas9 mediated genome editing to investigate the roles of certain genes like ramR, tetA, and mgrB, which promote colistin and tigecycline within carbapenem-resistant K. pneumonia (Sun et al., 2019). These genes were rendered inactive because of the upregulation of CRISPR/Cas9, which changed the bacteria’s susceptibility to tigecycline and colistin, respectively.

Multi-drug resistant E. faecalis is devoid of the whole functional CRISPR system, particularly the Cas9 system (Palmer and Gilmore, 2010). Using the pheromone-responsive plasmid (PRP), the entire functional CRISPR/Cas9 system was successfully delivered to these multidrug-resistant bacteria. This method, which was exclusive to E. faecalis, produced effective conjugation. pD1, which is specific for the enterococcal antibiotic resistance genes like tetM (encoding tetracycline resistance) with ermB (encoding erythromycin resistance), was used to build a constitutively transcribed CRISPR/Cas9 system. In vitro, the erythromycin and tetracycline resistance of the E. faecalis bacterium was effectively reduced (Rodrigues et al., 2019). Concurrently, another in vivo intestinal colonization experiment demonstrated that PRP targeting ermB in donors may have decreased the incidence of intestinal E. faecalis that is resistant to erythromycin, supporting the use of engineered PRP in reducing multidrug resistance. The Gram-positive bacteria Enterococcus faecium is increasingly linked to antibiotic resistance in hospital-acquired infections. Higher recombination levels in these microbes with the help of CRISPR/Cas9 mediated DNA editing resulted in their specifically designed mutant clinical strain named E745 (de Maat et al., 2019).

Another study showed that TP114, a conjugative plasmid harboring a CRISPR/Cas9 system was improved for transfer efficiency and this method eliminated over 99.9% of the specific antibiotic-resistant E. coli in the gut microbiome of mice with a single dosage. The Citrobacter rodentium infection model was likewise treated with this approach, and after a few days of treatment, the infection was completely eradicated (Neil et al., 2021). Lysostaphin is a potent staphylolytic enzyme that can harm Staphylococcus aureus bacteria. This glycylglycine endopeptidase exhibits strong antibacterial properties. S. aureus does, however, exhibit a certain degree of resistance against this endopeptidase because of its wall teichoic acid (Wanner et al., 2017). Using CRISPR/dCas9, some researchers were able to suppress the transcription of the tarO, tarG, and tarH genes, prevent the synthesis of teichoic acid within the walls of bacteria, and kill S. aureus by sensitizing the bacterium to lysostaphin (Wu et al., 2019). In a unique study, blaKPC, blaNDM, and blaOXA-48 in carbapenem-resistant Enterobacteriaceae (CRE) were precisely cut using a CRISPR/Cas9-based plasmid-curing system (pCasCure). The outcomes showed that, with curative effectiveness of greater than 94%, pCasCure effectively cut these genes found in several Enterobacteriaceae species of clinical isolates of E. coli, K. pneumonia, E. hormaechei, E. xiangfangensis, and S. marcescens (Hao et al., 2020; Allemailem, 2024). Furthermore, the pKpQIL plasmid’s parA, repA, and repB genes were carefully removed to stop the plasmid-based carbapenemase resistance gene from desensitizing the impact of the carbapenem antibiotic on CRE. The MIC value was lowered by over eight times because of this experiment (Hao et al., 2020; Allemailem, 2024).





Conclusion

In this review, we tried to explain the latest developments in gene editing technology, especially CRISPR/Cas9, which holds great promise against antibiotic resistance. We shed light to clarify how CRISPR and Cas9 interact to address the problem of antibiotic resistance, we examined the possibilities of these novel approaches in combating antibiotic resistance, highlighting their benefits and drawbacks in comparison to traditional tactics. Through providing an extensive synopsis of these developments together with an analysis of their obstacles, this review seeks to provide insightful information to direct initiatives to manage and stop the emergence of antibiotic resistance.
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1H-Pyrrole-2,5-dicarboxylic acid, a quorum sensing inhibitor from one endophytic fungus in Areca catechu L., acts as antibiotic accelerant against Pseudomonas aeruginosa


Junsheng Liu 1,2, Zhennan Wang 3, Yuexiang Zeng 1, Wei Wang 1, Shi Tang 1* and Aiqun Jia 2*


1 Key Laboratory of Tropical Biological Resources of Ministry of Education, School of Pharmaceutical Sciences, Hainan University, Haikou, China, 2 Hainan General Hospital, Hainan Affiliated Hospital of Hainan Medical University, Haikou, China, 3 Modern Industrial College of Traditional Chinese Medicine and Health, Lishui University, Lishui, China




Edited by: 

Ronni Mol Joji, Arabian Gulf University, Bahrain

Reviewed by: 

Sahana Vasudevan, Institute for Stem Cell Science and Regenerative Medicine (inStem), India

Biruk Tesfaye Birhanu, University of Notre Dame, United States

Jin-Wei Zhou, Xuzhou University of Technology, China

*Correspondence:
 Aiqun Jia
 jiaaiqun@gmail.com 

Shi Tang
 tangshi705@hainanu.edu.cn


Received: 07 April 2024

Accepted: 27 May 2024

Published: 02 July 2024

Citation:
Liu J, Wang Z, Zeng Y, Wang W, Tang S and Jia A (2024) 1H-Pyrrole-2,5-dicarboxylic acid, a quorum sensing inhibitor from one endophytic fungus in Areca catechu L., acts as antibiotic accelerant against Pseudomonas aeruginosa. Front. Cell. Infect. Microbiol. 14:1413728. doi: 10.3389/fcimb.2024.1413728



Pseudomonas aeruginosa has already been stipulated as a “critical” pathogen, emphasizing the urgent need for researching and developing novel antibacterial agents due to multidrug resistance. Bacterial biofilm formation facilitates cystic fibrosis development and restricts the antibacterial potential of many current antibiotics. The capacity of P. aeruginosa to form biofilms and resist antibiotics is closely correlated with quorum sensing (QS). Bacterial QS is being contemplated as a promising target for developing novel antibacterial agents. QS inhibitors are a promising strategy for treating chronic infections. This study reported that the active compound PT22 (1H-pyrrole-2,5-dicarboxylic acid) isolated from Perenniporia tephropora FF2, one endophytic fungus from Areca catechu L., presents QS inhibitory activity against P. aeruginosa. Combined with gentamycin or piperacillin, PT22 functions as a novel antibiotic accelerant against P. aeruginosa. PT22 (0.50 mg/mL, 0.75 mg/mL, and 1.00 mg/mL) reduces the production of QS-related virulence factors, such as pyocyanin and rhamnolipid, and inhibits biofilm formation of P. aeruginosa PAO1 instead of affecting its growth. The architectural disruption of the biofilms was confirmed by visualization through scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM). Real-time quantitative PCR (RT-qPCR) indicated that PT22 significantly attenuated the expression of QS-related genes followed by docking analysis of molecules against QS activator proteins. PT22 dramatically increased the survival rate of Galleria mellonella. PT22 combined with gentamycin or piperacillin presents significant inhibition of biofilm formation and eradication of mature biofilm compared to monotherapy, which was also confirmed by visualization through SEM and CLSM. After being treated with PT22 combined with gentamycin or piperacillin, the survival rates of G. mellonella were significantly increased compared to those of monotherapy. PT22 significantly enhanced the susceptibility of gentamycin and piperacillin against P. aeruginosa PAO1. Our results suggest that PT22 from P. tephropora FF2 as a potent QS inhibitor is a candidate antibiotic accelerant to combat the antibiotic resistance of P. aeruginosa.
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Introduction

Antibiotic resistance poses a critical threat to animal and human health, food security, and global environments. These mainly “ESKAPE” pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp.) possess the possibility to “escape” antibiotics and host immune and are responsible for the majority of hospital or public infections (Rice, 2008; Da Rosa et al., 2023). Among these “ESKAPE” pathogens, P. aeruginosa was considered a “critical” pathogen in the bacterial pathogens list of the World Health Organization (WHO), which emphasized the emergency for researching and developing novel antibacterial agents to cure P. aeruginosa infection (Tacconelli et al., 2018). The quorum sensing (QS) system of P. aeruginosa regulates the production of virulence factors and biofilm formation to adapt to diverse habitats causing chronic diseases and antibiotic resistance (Morita et al., 2014; Qin et al., 2014). QS is a bacterial cell-to-cell communication that is an extensive signaling in which diffusible signaling molecules are secreted into the environment and sensed until the density reaches the threshold by a homologous cellular receptor (Waters and Bassler, 2005; Asfahl et al., 2017). After binding to these signaling molecules, the receptor complex activates the transcription of target genes involved in processes of secreting virulence factors, biofilm formation, and drug resistance (Papenfort and Bassler, 2016; Smith and Schuster, 2022). Therefore, QS inhibition has already been considered a potent strategy for avoiding drug resistance to combat P. aeruginosa infections (Ji et al., 2023). Quorum sensing inhibitors (QSIs) can attenuate the production of virulence factors and inhibit biofilm formation of pathogens without affecting their growth, leading to avoidance of multidrug resistance, which has attracted extensive attention. Aminoglycosides and β-lactam agents are usually the first line to treat P. aeruginosa infections (Foulkes et al., 2022; Tamma et al., 2022). Combined with aminoglycoside antibiotics, hordenine as a typical QSI could downregulate genes involved in QS and biofilm formation to enhance the susceptibility of aminoglycosides against P. aeruginosa PAO1 biofilm formation (Zhou et al., 2018b). Therefore, the combination of the aminoglycoside antibiotics with a QSI may be more effective than antibiotics alone in curing infections caused by P. aeruginosa.

Natural products are one of the essential sources of QSIs. Endophytic fungi are an under-explored source of bioactive natural products, offering opportunities for the discovery of novel QSIs (Joo et al., 2021; Pellissier et al., 2021). Rajesh and Ravishankar Rai reported that the endophytic fungi Fusarium graminearum and Lasiodiplodia sp. isolated from Ventilago madraspatana Gaertn present anti-QS activity (Rajesh and Ravishankar Rai, 2013). 1-(4-Amino-2-hydroxyphenyl)ethanone isolated from the endophytic fungus Phomopsis liquidambari presents QSI activity against P. aeruginosa (Zhou et al., 2021). In addition, Koh et al. reported that Areca catechu L. fruit extracts inhibit QS in both Chromobacterium violaceum CV026 and P. aeruginosa PAO1 (Koh and Tham, 2011). Endophytes generate the same various metabolites including QSI with symbiotic plants (Meena et al., 2020). Actinomycin D isolated from an endophyte of Streptomyces cyaneochromogenes RC1 isolated from A. catechu L. is a novel P. aeruginosa QSI (Zeng et al., 2022). However, the QSIs in A. catechu L. endophytic fungus are not clear.

Previous reports suggested that the biofilm eradication of the combination of antibiotics and QSIs is better than that of antibiotics alone (Chanda et al., 2017; Zhou et al., 2018b). Resveratrol as a QSI can combine with aminoglycoside to strengthen the bactericidal effect of antibiotics on P. aeruginosa (Zhou et al., 2018a). Therefore, the present study aimed to find new QSI form A. catechu L. endophytic fungi, which are involved in the inhibition of QS-related virulence factors and biofilm formation of P. aeruginosa PAO1. The inhibition of biofilm formation and the eradication of mature biofilm treated with QSI combined with gentamycin or piperacillin were also investigated to increase the antibiotic sensitivity and decrease the pathogenicity of P. aeruginosa.





Materials and methods




Bacterial strains and culture condition

C. violaceum CV026 and P. aeruginosa PAO1 were kindly acquired from Q.H. Gong (Ocean University of China). C. violaceum CV026 was cultured in Luria–Bertani (LB) broth at 28°C, 180 rpm, for 17 h to prepare overnight cultures. P. aeruginosa PAO1 was incubated in LB broth at 37°C, 180 rpm, for 20 h to prepare overnight cultures.





Isolation and extraction of endophytic fungus

The surface of the A. catechu L. fruits was disinfected with 75% (v/v) ethanol for 1 min, then soaked in 0.2% mercuric chloride solution for 10 min, and washed three times with sterilized water to remove the residual mercuric chloride (Li et al., 2016). The surface-sterilized samples were transferred onto a dried sterile filter paper to remove the liquid on the surface. After that, the fruits were cut into small lumps (approximately 1.0 × 1.0 cm). Subsequently, each lump was carefully settled on a potato dextrose agar (PDA) plate separately and incubated at 28°C for 15 d. During the incubation period, the samples were observed every day, and every newly emerged fungal spot was immediately picked out and carefully transferred to another fresh PDA plate. After incubation, the resulting fungal strains were further purified and then maintained at 4°C (Supplementary Figure S1). Sterile conditions were needed during the process of all operations.

The isolated strains were cultured in 200 mL of Fungus NO.2 medium at 180 rpm, 28°C, for 1 week (Zhou et al., 2021). The cultures were centrifuged at 8,000 rpm, 4°C, for 10 min. The supernatant was added to an equal volume of ethyl acetate to be extracted three times, and the pooled extraction solvent was removed by rotary evaporation to collect the crude extracts. The crude extracts were dissolved in 1 mL methanol and filtered through a 0.22-µm nylon filter for the next QSI screening assay.





Screening and identification of the QSI active strains

C. violaceum CV026 was used as a sensor to test the QSI activities (Zeng et al., 2022). The overnight culture of C. violaceum CV026 was adjusted to OD620 = 0.1, then 1 mL culture was added to 100 mL LB agar medium with exogenous signaling molecule N-hexanoyl-l-homoserine lactone (final concentration 5 μM) and mixed thoroughly evenly, and the mixture was poured into Petri dishes. The crude extracts (20 μL) were added to each Oxford cup. Equal volume methanol was used as the negative control. After incubating at 28°C for 24 h, the pigment inhibition zone of C. violaceum CV026 was observed and recorded (Zhou et al., 2021).

The endophytic fungus was cultured on a PDA plate before DNA extraction. The total DNA was extracted and amplified by PCR with primers ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) for analyzing the internal transcribed spacer (ITS) region of the nuclear ribosomal DNA (Zhang et al., 2016). The PCR product of endophytic fungus was sequenced by Tsingke Biotechnology Co., Ltd. (Beijing, China). The obtained sequences were aligned using MEGA-X to construct a phylogenetic tree.





Isolation and identification of the QSI active compound

The endophytic fungus was cultured in rice solid medium for 15 d. After that, the metabolites of endophytic fungus were extracted with ethyl acetate and then purified by normal and reversed-phase C18 silica gel chromatography, high-performance liquid chromatography (HPLC), and Sephadex LH-20 with QS inhibiting bio-guided assays. The purified active compound was identified by liquid chromatography–mass spectrometry (LC-MS) and NMR and numbered PT22. PT22 was dissolved in dimethyl sulfoxide (DMSO) for 100 mg/mL.





Minimum inhibitory concentrations and growth curves measurement

The minimum inhibitory concentrations (MICs) of PT22 and antibiotics against P. aeruginosa PAO1 were performed according to the Clinical and Laboratory Standards Institute (CLSI 2023) method. Different final concentrations of PT22 and antibiotics (gentamycin and piperacillin) were twofold serially diluted in Müller–Hinton (MH) medium mixed with bacterial overnight cultures (0.1% volume percent, OD620 = 0.5). The mixtures were transferred to 96-well plates and incubated at 37°C, 180 rpm, for 24 h. DMSO served as a negative control. After incubation, the value of OD620 of each well was determined at each dose. The sub-MICs were considered for further assays.

The growth curves measurement assays were performed according to the reported methods with some modifications (Dahibhate et al., 2022). Overnight cultures of P. aeruginosa PAO1 were inoculated into 5 mL fresh LB broth with 0.1% volume percent and supplemented with different concentrations of PT22 (0.50 mg/mL, 0.75 mg/mL, 1.00 mg/mL, and 2.00 mg/mL). Hordenine (1.00 mg/mL) and DMSO served as positive and negative controls, respectively (Zhou et al., 2018b). The mixtures were transferred to 96-well plates and incubated at 37°C, 180 rpm, for 28 h. For every hour, the absorbance at OD620 was assessed by a microplate reader (Biotek EPOCH2, Winooski, VT, USA).





Signaling molecule level assay

The effects of PT22 on the synthesis of N-butanoyl-l-homoserine lactone (C4-HSL) and N-(3-oxododecanoyl)-l-homoserine lactone (3-oxo-C12-HSL) in P. aeruginosa PAO1 were detected by a high-performance liquid chromatography–mass spectrometry system (LCMS-IT-TOF, SHIMADZU, Kyoto, Japan) equipped with a C18 column (100 × 2.1 mm, particle 5 μm). The relative levels of C4-HSL and 3-oxo-C12-HSL were identified and determined according to the retention time (Rt) of standards and their MS/MS2 fragment ions. Overnight culture of 100 µL was added to 100 mL of LB broth containing PT22 (0.50 mg/mL, 0.75 mg/mL, and 1.00 mg/mL) and inoculated at 37°C, 180 rpm, for 20 h. DMSO served as the negative control. After that, the fermentation broths were centrifuged at 10,000 rpm at 4°C for 10 min. The supernatant was mixed with an equal volume of acidified ethyl acetate (0.5% formic acid) three times. The resulting solvents were dried, then dissolved in methanol, and filtered through a 0.45-µm nylon filter (Zhou et al., 2018a). Mobile phase A was double distilled water (0.1% formic acid), and mobile phase B was methanol. The injection volume was 10 µL. The flow rate was 0.8 mL/min. The gradient for standard C4-HSL was set as follows: 1–10 min, 10% B; 15–20 min, 10%–30% B. The gradient for authentic 3-oxo-C12-HSL was set as follows: 1–10 min, 20% B; 15–20 min, 20%–40% B. The results were normalized to the relative quantification of negative control.





Inhibition of virulence factor assay

The overnight cultures of P. aeruginosa PAO1 (0.50 mL) were inoculated 0.1% into 50 mL LB broth supplemented with PT22, hordenine, and DMSO (Zhou et al., 2023a), and their final concentrations of PT22 were 0.50 mg/mL, 0.75 mg/mL, and 1.00 mg/mL, respectively. The reported QSI hordenine (1.00 mg/mL) and DMSO served as positive and negative controls, respectively. After incubation at 37°C, 180 rpm, for 20 h, the cultures were centrifuged at 4°C, 10,000 rpm, for 10 min and filtered through a sterilized 0.22-μm nylon syringe filter. The cell-free supernatant was collected for virulence factor assays.

The measurement of pyocyanin was performed according to reports with some modifications (Ahmed et al., 2019). Chloroform (1.2 mL) was added to 2 mL supernatant and vortexed until the color of the chloroform phase was changed. After centrifugation at 10,000 rpm, 1 mL chloroform phase was then transferred to a new tube and added equal volume of 0.2 M of hydrochloric acid (HCl). The tubes were vortexed until the color of the chloroform phase was changed. The mixtures were centrifuged at 4°C, 10,000 rpm, for 10 min. The absorbance of the supernatant was determined at OD520 using a microplate reader (Biotek EPOCH2, USA).

Alginate production was estimated according to the method with slight modifications (Gopu et al., 2015). In brief, 100 µL supernatant was added to 600 µL of boric acid–sulfuric acid mixing solution (4:1, V/V). The mixture was added to 20 µL of 0.2% of carbazole suspended in ethanol, vortexed for 30 s, and then incubated at 55°C for 30 min. The absorbance of the mixture was measured at OD530 (Biotek EPOCH2, USA).

Siderophore quantitative assay was performed as the chrome azurol S method with minor modifications (Yin et al., 2022). The supernatant (2 mL) was mixed with an equal volume of chrome azurol S (CAS) assay solution and maintained for 30 min in darkness. The absorbance of the mixture was measured at OD630 with a microplate reader (Biotek EPOCH2, USA).

The inhibitory effects of PT22 on elastase activity were determined based on the experimental protocol given by the elastase ELISA kit (Mlbio, Shanghai, China).

Protease activities were measured via reported methods with some modifications (Zhou et al., 2018a). Briefly, 150 μL supernatant was added to 250 µL 0.3% azocasein dissolved in 0.1 M phosphate-buffered saline (PBS; pH 8.0) and incubated at 37°C for 3 h. To quickly terminate the reaction, 1.2 mL of 10% trichloroacetic acid was added and immersed in ice for 20 min. After centrifugation at 4°C, 10–000 rpm, for 10 min, an equal volume of 1 M sodium hydroxide solution was mixed with the supernatant, and the absorbance at OD440 was measured using a microplate reader (Biotek EPOCH2, USA).

Rhamnolipid contents were measured using reported methods with some modifications (Zhou et al., 2018a). HCl at a concentration of 6 M was added to the supernatant (5 mL) to pH 2.0. The mixtures were maintained at 4°C for 15 h and then centrifuged at 10,000 rpm, 4°C, for 20 min. The supernatant was removed, and the precipitate was dissolved in 1 mL of methanol. After the addition of 4 mL of sulfuric acid anthrone solution (0.2% anthrone dissolved in 85% sulfuric acid), the solution was maintained in a boiling water bath for 15 min, and the absorbance at OD625 was measured using a microplate reader (Biotek EPOCH2, USA).





Motility assays

The motility assays were evaluated according to the reports (Chadha et al., 2022). Overnight cultures (2 μL) of P. aeruginosa PAO1 were inoculated into the center of the swimming agar (1% tryptone, 0.5% NaCl, and 0.3% agar), swarming agar (1% peptone, 0.5% NaCl, 0.5% glucose, and 0.5% agar), and twitching agar (LB broth with 1% agar) in the absence or presence of PT22 (0.50 mg/mL, 0.75 mg/mL, and 1.00 mg/mL). Hordenine (1.00 mg/mL) and DMSO served as positive and negative controls, respectively. The plates were incubated at 37°C for 17 h, and the diameters of the colony were recorded.





Real−time quantitative PCR analysis

The effects of PT22 on the expression levels of QS-related genes in P. aeruginosa PAO1 were investigated with previous descriptions (Zhou et al., 2018a; Zhou et al., 2023b). Briefly, overnight culture was inoculated to 50 mL of LB broth containing PT22 (1.00 mg/mL) and incubated at 37°C, 180 rpm, for 20 h. DMSO served as the negative control. The RNA extraction kit (Sangon Biotech, Shanghai, China) was used to extract total RNA. The cDNA was obtained by Maxima Reverse Transcriptase (Thermo Scientific, Waltham, MA, USA). RT-qPCR was performed using SG Fast qPCR Master Mix Kit (Sangon Biotech, China) on a fluorescent qPCR instrument (StepOnePlus, ABI, Foster City, CA, USA). The gene rpsL was used as an internal control to normalize RT-qPCR data. The primers used are listed in Supplementary Table S2. The relative expression levels of target genes were calculated via the 2−ΔΔCt method.





Molecular docking

Molecular docking analysis was performed using the AutoDock Vina (Trott and Olson, 2010). The 3D structures of all ligands were drawn using Chem 3D software. The 3D structures of the receptor proteins LasI, LasR, RhlR, and PqsR were downloaded from the Protein Data Bank (ID: 1RO5, 2UV0, 8B4A, and 6Q7U). The 3D structures of RhlI and MexB (ID: P54291 and P52002) were obtained from UniProt (https://www.uniprot.org).





Microdilution checkerboard assay

The microdilution checkerboard methods were performed to evaluate the effects of antibiotics in combination with PT22 (Chadha et al., 2022). Different final concentrations of PT22 and antibiotics (gentamycin and piperacillin) were twofold serially diluted in MH medium mixed with bacterial overnight cultures. The mixtures were transferred to 96-well plates, and each well that contained antibiotic and PT22 was incubated at 37°C for 24 h. The fractional inhibitory concentration indexes (FICIs) were calculated for each antibiotic in each combination.





Biofilm inhibition assay

Biofilm inhibition assays were carried out according to the reports with minor modifications (Moreno-Chamba et al., 2023; Zhou et al., 2023a). For biofilm formation inhibition assays, overnight cultures were inoculated into tryptic soy broth (TSB) broth supplemented with PT22 (0.50 mg/mL, 0.75 mg/mL, and 1.00 mg/mL), gentamycin (4.00 μg/mL), piperacillin (4.00 μg/mL), the combination of 4.00 μg/mL gentamycin and 0.50 mg/mL PT22 (gentamycin + PT22), and the combination of 4.00 μg/mL piperacillin and 0.50 mg/mL PT22 (piperacillin + PT22). Hordenine (1.00 mg/mL) and DMSO served as positive and negative controls, respectively. The mixtures were transferred to the 96-well plates (150 μL), and after incubation at 37°C for 24 h, the excess TSB medium was removed. The biofilms were washed with sterile PBS and stained with 0.05% (w/v) crystal violet for 15 min. Then, the biofilms were washed with PBS to remove excess crystal violet. After being dried at 60°C, 200 µL of 95% ethanol was used to dissolve crystal violet. The absorbance was determined at OD570 using a microplate reader (Biotek EPOCH2, USA).

For biofilm eradication assays, overnight cultures were inoculated to fresh TSB broth, and 150 µL was transferred to 96-well plates followed by incubation at 37°C for 24 h. After that, the suspension cultures were removed, and the residual biofilms were gently washed with sterile PBS. Then, 150 μL fresh TSB broth was added to well containing PT22 (0.50 mg/mL), gentamycin (4.00 μg/mL), piperacillin (4.00 μg/mL), gentamycin (4.00 μg/mL) + PT22 (0.50 mg/mL), and piperacillin (4.00 μg/mL) + PT22 (0.50 mg/mL). The plates were incubated at 37°C for 24 h. After incubation, the biofilm mass was determined according to the biofilm formation inhibition assays.





Microscopic analysis

Scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM) were used to investigate and visualize biofilms following exposure to drugs (Chadha et al., 2023). Briefly, overnight cultures were inoculated to LB broth supplemented with PT22 (0.50 mg/mL, 0.75 mg/mL, and 1.00 mg/mL), gentamycin (4.00 μg/mL), piperacillin (4.00 μg/mL), gentamycin (4.00 μg/mL) + PT22 (0.50 mg/mL), and piperacillin (4.00 μg/mL) + PT22 (0.50 mg/mL). DMSO served as a negative control. The mixtures were transferred to the 24-well plates with circular coverslips and incubated at 37°C for 24 h.

For SEM assay, after incubation, the mature biofilms on the coverslips were gently washed with PBS to remove the planktonic bacteria; 2.5% glutaraldehyde was used to fix the mature biofilms for 12 h and then removed followed by gentle washing with PBS (pH 7.2). The resulting biofilms were sequentially dehydrated using a gradient of ethanol (50%, 70%, 90%, and 100%). The coverslips were freeze-dried, gold-coated, and visualized under SEM (S4800, HITACHI, Tokyo, Japan).

For CLSM, the mature biofilms on the coverslips were stained with 0.1 mg/mL of acridine orange solution and ethidium bromide solution (V/V = 1:1) for 15 min in darkness, and the images were observed by CLSM (TCS SP8, Leica, Wetzlar, Germany).





Cytotoxicity assay

Cytotoxicity was measured via CCK-8 assay using RAW 264.7 cells incubated in Dulbecco’s Modified Eagle’s Medium (DMEM) according to the reported method, with some modifications (Fong et al., 2019). Briefly, RAW 264.7 cells were grown in DMEM and supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY, USA) at 37°C and 5% CO2. The cells were transferred into 96-well microplates with 1 × 105 cells/well. After being incubated for 24 h, the cells were washed with PBS and treated with PT22 (0.50 mg/mL, 0.75 mg/mL, and 1.00 mg/mL) in 100 µL DMEM. DMSO was used as the negative control. After continuous incubation at 37°C and 5% CO2 for 24 h, 10 μL of CCK-8 solution was added to each well, followed by incubation at 37°C for an additional 1 h for cell viability measurement. Subsequently, solution absorbance was measured using a microplate reader (Biotek EPOCH2, USA) at 450 nm.





Galleria mellonella survival assay

G. mellonella larvae have been considered a traditional model to investigate microbial infections in vivo (Tsai et al., 2016). The survival rates of the larvae after the treatment of PT22 (0.50 mg/mL, 0.75 mg/mL, and 1.00 mg/mL), antibiotics (4.00 μg/mL gentamycin and 4.00 μg/mL piperacillin) alone, gentamycin (4.00 μg/mL) + PT22 (0.50 mg/mL), and piperacillin (4.00 μg/mL) + PT22 (0.50 mg/mL) were used to evaluate the effects on P. aeruginosa PAO1 infection according to the reports with some modifications (Ménard et al., 2021). DMSO served as a negative control. Briefly, overnight cultures of P. aeruginosa PAO1 were centrifuged at 4°C, 10,000 rpm, for 10 min, resuspended in sterile 0.95% NaCl solution, and adjusted to 106 CFU/mL. After being disinfected externally with 75% ethanol, a 10-μL aliquot was injected into larvae using a Hamilton syringe, and a 10-μL dose of a single drug type or drug combination was injected directly into larvae at 1 h post-infection. Mortality was monitored each 24 h for 120 h. The controls were injected with 10 µL of sterile 0.95% NaCl solution.





Statistical analysis

All experiments were performed in biological triplicates, and data were presented as means ± standard deviation (SD). Statistical differences were evaluated with a one-way analysis of variance ANOVA test or t-test using GraphPad Prism 8 (GraphPad Software Inc., La Jolla, CA, USA). p ≤ 0.05 was considered to be statistically significant (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001).






Results




Identification of the QSI active strain

The active endophytic fungus FF2 was isolated from the fruits of A. catechu L. Morphologically, a colony of strain FF2 on the PDA plate is radial with white substrate mycelia and has a leathery texture (Figure 1). The phylogenetic tree was constructed (Figure 1) based on the ITS rRNA gene sequencing and the blast results. The strain FF2 was identified as Perenniporia tephropora (NCBI accession number: OR349622).




Figure 1 | The phylogenetic tree and morphological features of Perenniporia tephropora FF2.







Purification and identification of QSI active compound

A total of 51.1 mg of QSI active compound PT22 was obtained under bio-guided screenings (Supplementary Figure S2), it was a yellow powder, and its high-resolution electrospray ionization mass spectrometry (HR-ESI-MS) was 154.0160 [M]− (calcd for C6H5NO4, 155.1082). By comparing the data from HR-ESI-MS and NMR spectra (Supplementary Figure S3) with those of previous studies (Koálová et al., 1992), the chemical was identified as 1H-pyrrole-2,5-dicarboxylic acid (Supplementary Figure S3).





Determination of MICs and growth curves

The MIC of PT22 against P. aeruginosa PAO1 was more than 2.00 mg/mL, and hence, the concentrations for studying the QSI experiments should be sub-MIC. The results of the growth curves showed that PT22 presented no effect on P. aeruginosa PAO1 growth from 0.50 to 1.00 mg/mL (Figure 2). Therefore, the concentrations of 0.50 mg/mL, 0.75 mg/mL, and 1.00 mg/mL were selected for the QSI active evaluation. In addition, the MICs of gentamycin and piperacillin were 8.00 μg/mL (Supplementary Table S1).




Figure 2 | Effects of PT22 (0.50 to 2.00 mg/mL) on the growth curves of Pseudomonas aeruginosa PAO1. Hordenine (Hor; 1.00 mg/mL) and DMSO served as positive and negative controls, respectively. DMSO, dimethyl sulfoxide.7.







Inhibition of signaling molecule secretion

The Rts of C4-HSL and 3-oxo-C12-HSL in strain were 11.99 and 13.56 min, respectively, which were identified with standards and their MS/MS2 fragment ions (Figures 3A, B). Compared to those of the control group, the relative levels of C4-HSL treated with PT22 (0.50 mg/mL, 0.75 mg/mL, and 1.00 mg/mL) were reduced by 8.59%, 31.41%, and 44.12%, respectively (Figure 3C, a). Correspondingly, the levels of 3-oxo-C12-HSL were reduced by 11.55% after PT22 treatment at 1.00 mg/mL (Figure 3C, b). This demonstrates the PT22 may impede C4-HSL production, resulting in QSI activity.




Figure 3 | Relative quantification of C4-HSL and 3-oxo-C12-HSL by HPLC-MS/MS2. Product ion spectra of C4-HSL (a) and 3-oxo-C12-HSL (b) (A). The chromatograms of AHLs produced by Pseudomonas aeruginosa PAO1 treated with PT22 (0.50 mg/mL, 0.75 mg/mL, and 1.00 mg/mL) (B). Quantitative analysis of C4-HSL (a) and 3-oxo-C12-HSL (b) exposed to PT22 (0.50 mg/mL, 0.75 mg/mL, and 1.00 mg/mL) (C). DMSO served as negative control. **p < 0.01 and ***p < 0.001 compared to the DMSO group by one-way ANOVA. HPLC, high-performance liquid chromatography; AHLs, acylated homoserine lactones; DMSO, dimethyl sulfoxide.







Inhibition of virulence factors

The virulence factors are the key element to help bacteria infect, colonize, and survive. There were significant reductions in virulence factors of P. aeruginosa PAO1 after being exposed to PT22. As shown in Figure 4A, the pyocyanin contents were dramatically reduced by 13.17%, 37.06%, and 73.05% after treatment with different concentrations (0.50 mg/mL, 0.75 mg/mL, and 1.00 mg/mL, respectively) of PT22, whereas hordenine presented inhibition by 67.54% at 1.00 mg/mL. Hordenine (1.00 mg/mL) treatment led to the reduction of the rhamnolipid level by 37.95%. Additionally, rhamnolipid production declined by 24.75%, 29.66%, and 34.06% at concentrations of 0.50 mg/mL, 0.75 mg/mL, and 1.00 mg/mL, respectively (Figure 4B). The relative levels of the siderophores were decreased by 10.35% and 53.59% at 0.75 and 1.00 mg/mL of PT22, respectively, while the positive control hordenine (1.00 mg/mL) showed the depletion in siderophores by 27.7% (Figure 4C). The protease and elastase activities were reduced by 8.27% and 8.16%, respectively, after being treated with PT22 at 1.00 mg/mL (Figures 4D, F), whereas hordenine (1.00 mg/mL) presented inhibition by 25.15% and 11.17%, respectively. Approximately 26.98% and 42.02% reductions of alginate were observed with exposure of 0.75 and 1.00 mg/mL of PT22, respectively (Figure 4E). Moreover, the hordenine (1.00 mg/mL) presented a depletion of alginate production by 34.46%. Further, with the concentration increasing, the inhibitory effects of PT22 on virulence factors except protease and elastase of P. aeruginosa PAO1 were gradually increased in dose-dependent manners.




Figure 4 | Effects of PT22 (0.50 mg/mL, 0.75 mg/mL, and 1.00 mg/mL) on virulence factors of Pseudomonas aeruginosa PAO1, including pyocyanin (A), rhamnolipid (B), siderophores (C), elastase (D), alginate (E), and protease (F). Hordenine (b) and DMSO (a) served as positive and negative controls, respectively. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 compared to the DMSO group by one-way ANOVA. DMSO, dimethyl sulfoxide. “ns” means no significance.







Inhibition of motility

Flagella are able to help planktonic bacteria colonize on surfaces. The effects of PT22 on swimming, swarming, and twitching of P. aeruginosa PAO1 were evaluated (Figures 5A–C). There was a significant depletion in swimming motility of 22.22%, 57.78%, and 90.73% when exposed to PT22 (0.50 mg/mL, 0.75 mg/mL, and 1.00 mg/mL, respectively) (Figure 5D, a). The swimming motility of P. aeruginosa PAO1 was markedly reduced by 42.96% when exposed to hordenine (1.00 mg/mL). The swarming diameter was decreased by 43.53%, 65.75%, and 86.11% (Figure 5D, b). Moreover, when treated with hordenine (1.00 mg/mL), the colony diameter was reduced by 70.36%. For the twitching study, the colony diameter was decreased by 20.93, 31.79, and 73.65% (Figure 5D, c). Furthermore, treatment with hordenine (1.00 mg/mL) demonstrated a significant reduction in the colony diameter of 44.95%. There is a significant reduction in motility activity of P. aeruginosa PAO1 in response to PT22 in comparison with negative control.




Figure 5 | Effects of PT22 [0.50 (c), 0.75 (d), and 1.00 (e) mg/mL) on swimming (A), swarming (B), and twitching (C) of Pseudomonas aeruginosa PAO1. Hordenine (b) and DMSO (a) served as positive and negative controls, respectively. The diameters of the swimming (a), swarming (b), and twitching (c) zones were recorded (D). **p < 0.01 and ***p < 0.001 compared to the DMSO group by one-way ANOVA. DMSO, dimethyl sulfoxide.







Effects on gene expression

RT-qPCR was performed to study the effect of PT22 on the transcriptional level of QS-related genes in P. aeruginosa PAO1 (Figure 6). After being exposed to PT22 (1.00 mg/mL) for 20 h, the expression of genes encoding the QS systems (lasI, lasR, rhlI, rhlR, and pqsR) was downregulated extremely by 70.41%, 78.18%, 83.56%, 77.39%, and 86.67%, respectively. QS-related genes included protease (lasA), elastase (lasB), rhamnolipid (rhlA), exotoxin A (toxA), and pyocyanin production (phzM), which presented significant downregulation by 57.79%, 55.49%, 62.16%, 89.97%, and 86.08%, respectively. Exopolysaccharides produced by P. aeruginosa PAO1 mainly including alginate, Pel, and Psl are responsible for biofilm formation. The genes encoding the alginates (algD), Pel (pelA), and Psl (pslA) treated with PT22 were reduced by 88.71%, 90.00%, and 84.41%, respectively. The genes regulated to motility activity (fliC and pilA) were downregulated by 66.58% and 82.15%, respectively. Furthermore, exoS and exoY encoding the ExoS and ExoY effectors secreted by type III secretion system (T3SS) were downregulated by 88.99% and 89.99%, respectively. The expression level of mexB related to the multidrug resistance efflux pump was downregulated by 87.63%. In addition, the expression level of gacA related to the GacS/GacA two-component system (TCS), which is a master regulator of virulence, swarming motility, and biofilm formation, was reduced by 68.14% (Wei et al., 2013). The results indicated that the genes related to QS, T3SS, multidrug resistance efflux pump, and the GacS/GacA TCS were downregulated significantly when exposed to PT22 (1.00 mg/mL) for 20 h.




Figure 6 | Effects of PT22 1.00 mg/mL on the expression of genes in Pseudomonas aeruginosa PAO1. The expression level was versus DMSO control group. The relative expression levels of genes were normalized by the 2−ΔΔCt method. rpsL was used as an internal reference gene to normalize. The relative expression levels of lasI, lasR, rhlI, rhlR, pqsR, lasA, lasB, rhlA, phzR, phzM, pelA, algD, pslA, exoS, exoY, toxA, fliC, pilA, mexB, and gacA were significantly reduced by 70.41%, 78.18%, 83.56%, 77.39%, 86.67%, 57.79%, 55.49%, 62.16%, 77.21%, 86.08%, 90.00%, 88.71%, 84.41%, 88.99%, 89.99%, 89.97%, 66.58%, 82.15%, 87.63%, and 68.14%, respectively. Values are shown as the mean ± SD. ***p < 0.001 compared to the DMSO group by one-way ANOVA. DMSO, dimethyl sulfoxide.







Molecular docking analysis

To confirm the PT22 against the QS system and multidrug resistance efflux pump of P. aeruginosa PAO1, the possibility of PT22 binding interactions with receptor proteins was analyzed by molecular docking. The 3D structures of docking complexes of LasI, LasR, RhlI, RhlR, PqsR, and MexB receptor proteins are shown in Figure 7, and the 2D interaction is shown in Supplementary Figure S4. The results showed that 3-oxo-C12-HSL binds to the auto-inducer secreting protein LasI via hydrogen bonds at Arg30 and Thr145 residues. PT22 binds to LasI via hydrogen bonds at Arg104, Phe105, Val43, and Arg30 residues (Figure 7A). The docking energy between LasI and 3-oxo-C12-HSL is −6.4 kcal/mol, and that between LasI and PT22 is −6.2 kcal/mol (Supplementary Table S3). Residues Trp60, Asp73, Thr75, Ser129, and Tyr56 form hydrogen bonds, which are responsible for the docking complex of LasR and 3-oxo-C12-HSL. PT22 binds to the receptor protein LasR via hydrogen bonds at Tyr56, Tyr64, Asp73, Tyr93, and Ser129 residues (Figure 7B). The docking energy between LasR and 3-oxo-C12-HSL is −8.6 kcal/mol, which is −7.1 kcal/mol between LasR and PT22 (Supplementary Table S3). Hydrogen bonds at Tyr105 and Val138 residues play a major role in C4-HSL binding to RhlI. PT22 binds to RhlI via hydrogen bonds at Val138 and Arg104 residues (Figure 7C). The interaction docking energy between RhlI and C4-HSL, and between RhlI and PT22 are −5.4 kcal/mol and −5.1 kcal/mol, respectively (Supplementary Table S3). C4-HSL binds to RhlR by hydrogen bonds at Tyr64, Ser135, Asp81, and Trp68 residues. PT22 binds to the receptor protein RhlR via hydrogen bonds at Ser135 and Asp81 residues (Figure 7D). The interaction docking energy between RhlR and C4-HSL is −4.4 kcal/mol, and that between RhlR and PT22 is −6.1 kcal/mol. The natural ligand 2-nony-4-quinolone (NHQ) binds to the receptor PqsR via hydrophobic bonds. Residues His204, Ile236, and Gln194 form hydrogen bonds, which are responsible for the docking complex of PqsR and PT22 (Figure 7E). The interaction docking energy between PqsR and NHQ, and between PqsR and PT22 is −7.1 kcal/mol and −5.8 kcal/mol, respectively. There are six hydrogen bonds between MexB and gentamycin formed at Phe617, Asn718, Thr93, Tyr77, and Ser79 residues. Piperacillin binds to MexB via covalent bonds of Thr115, Val64, Gln63, Met69, and Ile127. PT22 binds to MexB via covalent bonds at Leu111 and Thr115 residues (Figure 7F). The interaction docking energy of gentamycin, piperacillin, and PT22 to MexB was −8.5 kcal/mol, −8.6 kcal/mol, and −5.9 kcal/mol, respectively (Supplementary Table S4).




Figure 7 | Interactions between QS receptor proteins and various ligands. (A) LasI binding to 3-oxo-C12-HSL and PT22. (B) LasR binding to 3-oxo-C12-HSL and PT22. (C) RhlI binding to C4-HSL and PT22. (D) RhlR binding to C4-HSL and PT22. (E) PqsR binding to NHQ and PT22. (F) MexB binding to PT22 (a), piperacillin (b), and gentamycin (c). The receptor proteins are indicated in gray, and the interaction sites are indicated in multicolor. The hydrogen bonds are shown as yellow dotted lines. The ligands are shown as green sticks, and the interacted residues are shown as magenta sticks. QS, quorum sensing.



Compared with signaling molecular, PT22 required less docking energy for docking with RhlR but more docking energy for docking with LasR and PqsR, indicating that PT22 can form stable complexes with RhlR as well as exhibit better affinity for RhlR than C4-HSL. There is approximately equal required energy for PT22 and 3-oxo-C12-HSL binding to LasI, and PT22 and C4-HSL binding to RhlI. The lower energy required for the binding of PT22 to LasR compared to RhlR and PqsR suggested that it is easier for PT22 and LasR to form a complex than that of PqsR and RhlR.





Microdilution checkerboard analysis

The effects of the antibiotics (gentamycin and piperacillin) used in combination with PT22 against P. aeruginosa PAO1 were evaluated by FICI values. The FICs of PT22, gentamycin, and piperacillin were 0.50 mg/mL, 4.00, and 4.00 μg/mL, respectively. The FICIs of antibiotics (gentamycin and piperacillin) in combination with PT22 were 0.75, indicating that both gentamycin and piperacillin combined with PT22 have additive interaction against P. aeruginosa PAO1 (Table 1).


Table 1 | Fractional inhibitory concentrations (FICs) and FIC indexes (FICIs) for testing synergy between PT22 and antibiotics against Pseudomonas aeruginosa PAO1.







Inhibition and eradication of biofilm

The biofilm biomass treated with PT22 (0.50 mg/mL, 0.75 mg/mL, and 1.00 mg/mL) was approximately reduced by 27.89%, 47.59%, and 64.74%, respectively, compared with negative control (Figure 8A). Hordenine (1.00 mg/mL) presented significant depletion in biofilms by 75.19%. Furthermore, after being treated with PT22 (0.50 mg/mL, 0.75 mg/mL, and 1.00 mg/mL), the amount of viable cells in the biofilms had a significant reduction compared to the negative control. The inhibition rate was 26.00%, 36.67%, and 46.67% (Figure 8B). The amount of viable cells treated with hordenine (1.00 mg/mL) was reduced by 50.00%. The biofilm biomass exposed to gentamycin (4.00 μg/mL) and piperacillin (4.00 μg/mL) was remarkably decreased by 79.47% and 63.24%, respectively. Interestingly, after exposure to gentamycin (4.00 μg/mL) + PT22 (0.50 mg/mL) and piperacillin (4.00 μg/mL) + PT22 (0.50 mg/mL), the biofilm biomass was significantly reduced by 95.06% and 90.16%, respectively, compared with negative control, as well as reduced by 76.00% and 78.46% compared with gentamycin (4.00 μg/mL) and piperacillin (4.00 μg/mL) alone. The biofilm biomass treated with gentamycin (4.00 μg/mL) was significantly reduced compared with piperacillin (4.00 μg/mL). There is no significant difference in inhibiting biofilm formation between treatments of gentamycin (4.00 μg/mL) + PT22 (0.50 mg/mL) and piperacillin (4.00 μg/mL) + PT22 (0.50 mg/mL) (Figure 8C). Compared with the control, PT22 (0.50 mg/mL), gentamycin (4.00 μg/mL), piperacillin (4.00 μg/mL), gentamycin (4.00 μg/mL) + PT22 (0.50 mg/mL), and piperacillin (4.00 μg/mL) + PT22 (0.50 mg/mL) treatments resulted in reductions in the amount of viable cells in biofilms by 15.91%, 52.27%, 31.81%, 70.45%, and 59.47%, respectively. After being treated with gentamycin (4.00 μg/mL) + PT22 (0.50 mg/mL) and piperacillin (4.00 μg/mL) + PT22 (0.50 mg/mL), the viable cells in biofilms were significantly reduced by 38.10% and 40.55%, respectively, compared with gentamycin (4.00 μg/mL) and piperacillin (4.00 μg/mL) alone (Figure 8D). To assess whether PT22 could enhance mature biofilm sensitivity to antibiotics, the overnight mature biofilms were exposed to PT22 (0.50 mg/mL), gentamycin (4.00 μg/mL), piperacillin (4.00 μg/mL), gentamycin (4.00 μg/mL) + PT22 (0.50 mg/mL), and piperacillin (4.00 μg/mL) + PT22 (0.50 mg/mL) as well as DMSO (negative control) for 24 h. The mature biofilms exposed to gentamycin (4.00 μg/mL) + PT22 (0.50 mg/mL) and piperacillin (4.00 μg/mL) + PT22 (0.50 mg/mL) were dramatically decreased by 93.73% and 90.11% compared with negative control, as well as 82.14% and 80.78% compared with gentamycin (4.00 μg/mL) and piperacillin (4.00 μg/mL) alone, respectively. The mature biofilms treated with gentamycin (4.00 μg/mL) were significantly reduced compared with piperacillin (4.00 μg/mL). There is no significant difference in erasing mature biofilms between those treated with gentamycin (4.00 μg/mL) + PT22 (0.50 mg/mL) and piperacillin (4.00 μg/mL) + PT22 (0.50 mg/mL) (Figure 8E). Compared with the control, the amount of viable cells in mature biofilms exposed to gentamycin (4.00 μg/mL) + PT22 (0.50 mg/mL) and piperacillin (4.00 μg/mL) + PT22 (0.50 mg/mL) was reduced by 61.33% and 50.52% and reduced by 31.06% and 40.58% compared with gentamycin (4.00 μg/mL) and piperacillin (4.00 μg/mL) alone, respectively (Figure 8F). The results suggested that PT22 enhanced the cytosensitivity of mature biofilm to gentamycin and piperacillin.




Figure 8 | Effects of PT22 (0.50 mg/mL, 0.75 mg/mL, and 1.00 mg/mL) on biofilm formation of Pseudomonas aeruginosa PAO1 (A, B). Hordenine and DMSO were served as positive and negative controls, respectively. Additive effects of PT22 (0.5 mg/mL) and gentamycin and piperacillin on inhibition (C, D) and eradication (E, F) of biofilm of P. aeruginosa PAO1. *p < 0.05, ***p < 0.001 and ****p < 0.0001 compared to the DMSO group by one-way ANOVA. DMSO, dimethyl sulfoxide. “ns” means no significance.



The inhibitory effects of PT22 on biofilms were confirmed visually by SEM and CLSM images. The control group formed thick dense and heterogeneous masses while being treated with PT22, and the biofilms became looser, scattered, and broken (Figure 9A). The CLSM results are consistent with the results by SEM (Figure 9B). The biofilms treated with PT22, gentamycin, piperacillin, gentamycin + PT22, and piperacillin + PT22 presented reductions in biofilm formation (Figures 9C, E). The quantity of viable cells and the extracellular substrate of biofilms treated with gentamycin + PT22 were significantly reduced compared with gentamycin alone (Figures 9C c, d, 9E c, d). After being treated with piperacillin + PT22, the quantity of viable cells was significantly reduced, and the bacterial mitosis was blocked, resulting in the formation of filamentous polymers and contraction of the cytoplasm compared with piperacillin alone (Figures 9C e, f and 9E e, f). The same results were observed in which biofilms treated with PT22, gentamycin, piperacillin, gentamycin + PT22, and piperacillin + PT22 presented a reduction in mature biofilm (Figures 9D, F). The results demonstrated that PT22 dramatically enhanced the bactericidal effects of gentamycin and piperacillin on P. aeruginosa PAO1.




Figure 9 | Microscopy images of Pseudomonas aeruginosa PAO1 biofilms treated with PT22. SEM images of biofilms treated with DMSO (a), 0.50 (b), 0.75 (c), and 1.00 mg/mL (d) (A). CLSM images of biofilms treated with DMSO (a), 0.50 (b), 0.75 (c), and 1.00 mg/mL (d) (B). Microscopy images of additive effects on biofilm treated with PT22 (0.5 mg/mL) and gentamycin and piperacillin on biofilm formation (C, E) and biofilm eradication (D, F) of P. aeruginosa PAO1. SEM images of biofilm (C) treated with DMSO (a), PT22 (0.50 mg/mL) (b), gentamycin (c), PT22 + gentamycin (d), piperacillin (e), and PT22 + piperacillin (f) (C, D). CLSM images of biofilms treated with DMSO (a), PT22 (0.50 mg/mL) (b), gentamycin (c), PT22 + gentamycin (d), piperacillin (e), and PT22 + piperacillin (f) (E, F). DMSO, dimethyl sulfoxide; CLSM, confocal laser scanning microscopy.







Cytotoxicity of PT22 in vitro

The cytotoxic effects of PT22 were determined using cck-8 kit with murine macrophage RAW 264.7 cells. The cell viability was measured after 24-h incubation time. PT22 was observed to have cytotoxicity at their working concentrations (0.50 mg/mL, 0.75 mg/mL, and 1.00 mg/mL; Figure 10). This result indicates that PT22 could be further used for subsequent in vivo experiments.




Figure 10 | Cytotoxicity of PT22 in vitro on murine macrophages RAW 264.7 cells. DMSO was used as negative control. “ns” means no significance compared to the DMSO group by one-way ANOVA. DMSO, dimethyl sulfoxide.







G. mellonella survival rates

The G. mellonella larvae were used to evaluate the preservation effect of PT22, antibiotics, and the combination of PT22 and antibiotics on P. aeruginosa PAO1 infection (Figure 11). In the control group, gentamycin monotherapy group, and piperacillin monotherapy group, almost no survival rates were observed in P. aeruginosa PAO1 infected within 36 h. However, the infected larvae treated with PT22 (0.50 mg/mL, 0.75 mg/mL, and 1.00 mg/mL) for 120 h maintained survival rates of 26.67%, 93.33%, and 100%, respectively (Figure 10). For the gentamycin (4.00 μg/mL) + PT22 (0.50 mg/mL), the survival rate for infected larvae was 60.00% for 120 h. The survival rate for infected larvae was 86.67% after exposure to the piperacillin (4.00 μg/mL) + PT22 (0.50 mg/mL) for 120 h. The results suggested that PT22 could increase the survival rates of G. mellonella larvae infected by P. aeruginosa PAO1. The gentamycin combined with PT22 and piperacillin combined with PT22 maintained a survival rate of ≥ 60% and presented a higher survival rate than gentamycin and piperacillin monotherapy.




Figure 11 | Survival rate of Galleria mellonella larvae infected by Pseudomonas aeruginosa PAO1 and recorded the survival rates of G. mellonella larvae in 120 h.








Discussion

Over the past decades, extensive use and even abuse/misuse of antibiotics have resulted in the emergence of various multidrug-resistant (MDR) strains, including P. aeruginosa (Hazlett et al., 2019; Zhang et al., 2021). Troublesomely, the formation of biofilms preserves them from antibiotics, resulting in multidrug resistance (Tan et al., 2015). P. aeruginosa utilizes QS to regulate cell-to-cell communication and biofilm formation (Mukherjee and Bassler, 2019). Thus, inhibiting QS systems should be new targets for alternative or complementary treatments to conventional antibiotics (Hazlett et al., 2019). According to previous reports, meta-bromo-thiolactone (mBTL) inhibits the QS-related production of pyocyanin and biofilm formation, leading to the preservation of Caenorhabditis elegans and human lung epithelial cells from killing by P. aeruginosa (O Loughlin et al., 2013). Therefore, inhibiting the QS system is expected to be a potent strategy for avoiding MDR to P. aeruginosa.

Natural product chemistry is one endless frontier in the QSI field. Endophytic fungi are an under-explored source of bioactive natural products for the discovery of novel QSIs. Researchers have turned their attention to endophytes residing in plants to find new QSIs (Mookherjee et al., 2018). The crude extracts of an endophytic fungus, Alternaria alternata isolated from Carica papaya, possessed anti-QS properties against P. aeruginosa (Rashmi et al., 2018). Two pyran derivatives from the endophytic fungus Lasiodiplodia venezuelensis isolated from Astrocaryum sciophilum were purified as QSIs (Pellissier et al., 2021). In our group, 1-(4-amino-2-hydroxyphenyl)ethanone from endophytic fungus P. liquidambari S47 isolated from Punica granatum showed QS inhibitory activity against P. aeruginosa (Zhou et al., 2021). We also found that actinomycin D from endophyte S. cyaneochromogenes RC1 isolated from A. catechu L. presented great QSI activity against P. aeruginosa PAO1 (Zhou et al., 2018a). Furthermore, in the present work, we found that one alkaloid PT22 (1H-pyrrole-2,5-dicarboxylic acid) from the endophytic fungus P. tephropora FF2 isolated from A. catechu L. could inhibit the quorum sensing signaling molecules, virulence factor production, biofilm formation, motility and expression of QS-related genes, and function as an antibiotic accelerant against P. aeruginosa PAO1 infection. A previous study suggested that PT22 could inhibit IL-1β and TNF-α at 10 μM and 20 μM, respectively (Liu et al., 2024). This is the first report for PT22 as a QSI isolated from A. catechu L. endophytic fungus.

P. tephropora has not been isolated from A. catechu L. before. Although some species in the genus Perenniporia are mostly isolated as wood-inhabiting fungi, there are multiple bioactivities in secondary metabolites of these endophytes (Evans and Holmes, 2003; Pinruan et al., 2010; Wu et al., 2013). However, to our knowledge, no QSI secondary metabolites were reported except laccase from P. tephropora (Ben et al., 2007). The present study showed that PT22 isolated from P. tephropora FF2 impacts the QS of P. aeruginosa PAO1 without suppressing the proliferation at sub-MIC, as is evident from the growth curve analysis (Figure 2). Noticeably, there is significant depletion in the production of auto-inducers 3-oxo-C12-HSL and C4-HSL, which are reduced by 11.55% and 44.12%, respectively, after being treated with PT22 (1.00 mg/mL). It corresponds to the 70.41% and 83.56% reduction of encoded genes lasI and rhlI, respectively. In addition, the lasR and rhlR genes are reduced by 78.18% and 77.39%, respectively. The results indicated that PT22 may impede acylated homoserine lactone (AHL) production, resulting in QSI activity, and presents higher activity in reducing C4-HSL production. The endophytic fungus Bruguiera gymnorhiza purified fraction (BG138) interferes with the P. aeruginosa QS system, resulting in a decrease in QS signaling molecules and transcriptional levels of the QS-related genes (Dahibhate et al., 2022). Similar results were found in which citrinin could downregulate the QS-related genes (lasI, lasR, rhlI, and rhlR) and showed a QSI activity of P. aeruginosa (Ji et al., 2023).

Several QS-regulated virulence factors, such as pyocyanin, alginate, and rhamnolipid, were inhibited after the treatment of PT22. The reductions in lasI/R and rhlI/R expressions after being treated with PT22 were correlated by assessing the activity of las-regulated elastase and protease and the production of rhl-regulated pyocyanin and rhamnolipid. Pyocyanin, one of the pigmented phenazine compounds that relate to host immune response evasion, is a signaling for gene regulation and sustaining the fitness of bacterial cells (Zeng et al., 2020). After exposure to PT22 (1.00 mg/mL), pyocyanin production was reduced by 73.05% (Figure 4A). It appears that the decrease of pyocyanin was also mediated by the downregulation of phzM, which was reduced by 86.08% (Jayaseelan et al., 2014). At sub-MIC (1.00 mg/mL), PT22 caused a significant decrease in rhamnolipid (34.06%), which may correspond to the decrease of rhlA (62.16%). The results suggested that PT22 could inhibit QS-regulated virulence factors of P. aeruginosa PAO1.

Forming biofilms is the key step to chronic infections of P. aeruginosa. The biofilms mainly consist of exopolysaccharides (EPSs), such as alginate, Pel, and Psl, and extracellular DNA (eDNA) (Petrova et al., 2011). Alginate is an essential virulence factor of P. aeruginosa because excessive production results in the clinically relevant mucoid phenotype (Ramsey and Wozniak, 2005). After exposure to PT22 (1.00 mg/mL), alginate production was reduced by 42.02% (Figure 4E), which corresponds to an 88.71% reduction of algD. In addition, the Pel and Psl encoding genes pelA and pslA were reduced by 90.00% and 84.41%, respectively (Figure 6). The quantitative assay of biofilm result indicated that biofilm was approximately decreased by 64.74%. The inhibitory effects of PT22 on biofilms were confirmed visually by SEM and CLSM images. The results indicated that PT22 could inhibit QS-related biofilm formation of P. aeruginosa PAO1.

Motility is important in the biofilm formation of planktonic bacteria onto biotic and abiotic surfaces, which are responsible for chronic infections caused by P. aeruginosa. Therefore, inhibiting motility properties may be a highly potential strategy for controlling the biofilm formation of P. aeruginosa (Khan et al., 2020). Motility depends on the flagellum and the type IV pili in P. aeruginosa, which promote biofilm formation. Flagella encoded by filC propel the bacteria in liquid (swimming motility) and semi-solid surfaces (swarming motility) by hydrodynamic forces. The type IVa pili encoded by pilA is responsible for twitching motility on solid surfaces (Burrows, 2012). After being treated with PT22 (1.00 mg/mL), swimming, swarming, and twitching were reduced by 90.73%, 86.11%, and 73.65%, respectively, which corresponded to the downregulation of filC and pilA. The results demonstrated that PT22 could inhibit the QS-regulated motility of P. aeruginosa PAO1.

The production of enzymes and toxins is a major pathogenicity strategy of P. aeruginosa, which induces cytotoxicity and cell death in the host (Wood et al., 2023). ExoS is a toxin effector secreted by T3SS in P. aeruginosa. The adenosine diphosphate ribotransferase (ADRT) domain of ExoS targets various host proteins, which induces adverse effects on host cells, for instance, inhibition of DNA synthesis, vesicular trafficking and endocytosis, and cell death (Hauser, 2009). ExoY is anther T3SS-secreted toxin effector, which results in a disruption in the actin cytoskeleton and the increase of endothelial permeability (Sánchez-Jiménez et al., 2023). The exoS and exoY genes were downregulated by 88.99% and 89.99%, respectively. The results showed that PT22 may inhibit the T3SS-secreted toxins of P. aeruginosa PAO1. In addition, it is reported that various TCSs regulate the virulence factors of P. aeruginosa (Francis et al., 2017). We found that the expression level of gacA related to the GacS/GacA TCS, which is a master regulator of virulence, swarming motility, and biofilm formation, was reduced by 68.14%. Although there are two types of regulation systems, TCS and QS in P. aeruginosa, which regulate the expression of virulence factors, the relationship or interaction between them needs to be further investigated.

As antibiotics rapidly lose their efficacy, alternative strategies are urgently needed. Synergistic enhancement of antibiotics and sub-MIC QSI is a potentially exciting alternative strategy. Mishra et al (Mishra et al., 2020). reported that 2,4-di-tert-butylphenol from an endophytic fungus, Daldinia eschscholtzii, possesses QSI activity and presents synergism with ampicillin to kill P. aeruginosa. After exposure to gentamycin + PT22 and piperacillin + PT22, the biomass and viable cells in biofilms were significantly reduced compared with those exposed to gentamycin and piperacillin alone, as well as presented a higher survival rate (≥60%) of G. mellonella larvae infected by P. aeruginosa PAO1 than gentamycin or piperacillin alone. The results indicated that PT22 extremely enhanced the bactericidal effects of gentamycin or piperacillin on P. aeruginosa PAO1. Similar research revealed that the QSI resveratrol may act as a potential accelerant of aminoglycoside to enhance the antibiotic sensitivity of P. aeruginosa (Zhou et al., 2018a). PT22 combined with gentamycin or piperacillin could inhibit the biofilm formation and erase the mature biofilm, resulting in increased antibiotic sensitivity of P. aeruginosa PAO1 and the survival rate of G. mellonella larvae infected by P. aeruginosa PAO1.

Molecular docking analysis of receptors with their ligands was performed as binding rigidly to the receptors. The strong interaction between the receptors and the ligands may be due to the binding of specific sites, which makes the conformational changes of the receptor, suggesting that it may act as a potential inhibitor of this protein. PT22 could bind to LasI with the same Arg30 residue and approximately equal affinity energy compared to 3-oxo-C12-HSL, indicating that PT22 may repress the synthesis of 3-oxo-C12-HSL. PT22 could bind to RhlI with the same Val138 residue, suggesting that PT22 also represses the synthesis of C4-HSL. PT22 could bind to LasR with the same Tyr56 and Asp73 residues compared to 3-oxo-C12-HSL, while Ser135 and Asp81 residues are the same residues binding to RhlR between PT22 and C4-HSL. Interestingly, the interaction docking energy between RhlR and C4-HSL is −4.4 kcal/mol, and that between RhlR and PT22 is −6.1 kcal/mol. PT22 required less energy for docking with RhlR, indicating that PT22 exhibits better affinity for RhlR than C4-HSL. The results indicated that PT22 inhibited QS probably through competing with AHL for the binding sites of receptors, especially RhlR, which corresponds with the reduction of AHL production. In the earlier stage of bacterial reproduction, PT22 binds to signaling molecule secreted proteins and occupies key sites involved in signaling molecule synthesis. Additionally, PT22 could bind to MDR efflux pump-related protein MexB (Figure 7F), but its affinity energy is lower than that of gentamycin and piperacillin (Supplementary Table S3). Gentamycin presents a more significant reduction in inhibition of biofilm formation and eradication of mature biofilm than piperacillin (Figures 8C, E). However, after being treated with gentamycin + PT22 and piperacillin + PT22, although both of them present more remarkable depletion compared with gentamycin or piperacillin alone, there is no significance between gentamycin + PT22 and piperacillin + PT22, indicating that PT22 presents more significant accelerating effect on piperacillin rather than gentamycin. It appears that PT22 and piperacillin have similar binding pocket sites, which bind to MexB via the same covalent bonds at Thr115 (Figure 7F). After the combination of PT22 and piperacillin, the efflux pump is suppressed. Then, piperacillin entered and accumulated intracellularly easily. The combination of PT22 and piperacillin could increase the antibiotic sensitivity of P. aeruginosa PAO1 and the survival rate of G. mellonella larvae infected by P. aeruginosa PAO1 compared to PT22 combined with gentamycin (Figure 11). The results demonstrated that PT22 exhibited significant QSI activity and acted as an antibiotic accelerant against P. aeruginosa PAO1 infection.

Additionally, we also investigated the cytotoxicity of PT22 on macrophages RAW 264.7 cells. The cytotoxicity of the compounds is important if they are to be used in animal studies for subsequent drug development. Results indicated that PT22 has no cytotoxicity. The same results suggest that itaconimides as a QSI against P. aeruginosa are not toxic up to 40-µM concentration (Fong et al., 2019). Previous studies have shown that mice treated with QSI afford better survival profiles and lower bacterial count loads when compared to the control (Jakobsen et al., 2013). Still, further studies are needed to qualify the efficacy of PT22 in mouse models for their potential as anti-biofilm agents, as well as their pharmacodynamic and pharmacokinetic profiles.





Conclusion

1H-Pyrrole-2,5-dicarboxylic acid, first isolated from P. tephropora FF2, the endophytic fungus of A. catechu L., could inhibit virulence factors and biofilm formation of P. aeruginosa PAO1. It exhibits potent QSI activity and functions as an antibiotic accelerant against P. aeruginosa PAO1 infection.
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A complex structure known as a biofilm is formed when a variety of bacterial colonies or a single type of cell in a group sticks to a surface. The extracellular polymeric compounds that encase these cells, often consisting of proteins, eDNA, and polysaccharides, exhibit strong antibiotic resistance. Concerns about biofilm in the pharmaceutical industry, public health, and medical fields have sparked a lot of interest, as antibiotic resistance is a unique capacity exhibited by these biofilm-producing bacteria, which increases morbidity and death. Biofilm formation is a complicated process that is controlled by several variables. Insights into the processes to target for the therapy have been gained from multiple attempts to dissect the biofilm formation process. Targeting pathogens within a biofilm is profitable because the bacterial pathogens become considerably more resistant to drugs in the biofilm state. Although biofilm-mediated infections can be lessened using the currently available medications, there has been a lot of focus on the development of new approaches, such as bioinformatics tools, for both treating and preventing the production of biofilms. Technologies such as transcriptomics, metabolomics, nanotherapeutics and proteomics are also used to develop novel anti-biofilm agents. These techniques help to identify small compounds that can be used to inhibit important biofilm regulators. The field of appropriate control strategies to avoid biofilm formation is expanding quickly because of this spurred study. As a result, the current article addresses our current knowledge of how biofilms form, the mechanisms by which bacteria in biofilms resist antibiotics, and cutting-edge treatment approaches for infections caused by biofilms. Furthermore, we have showcased current ongoing research utilizing the CRISPR/Cas9 gene editing system to combat bacterial biofilm infections, particularly those brought on by lethal drug-resistant pathogens, concluded the article with a novel hypothesis and aspirations, and acknowledged certain limitations.
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1 Introduction

It has long been known that microbiological infections exist, and since then, scientists have worked tirelessly to eradicate both established and new infections that cause infectious diseases and create antimicrobial drugs to cure and get rid of the contagious illness. Antimicrobials are a diverse group of substances that can fight a broad range of pathogenic microbes, including bacteria, protozoa, fungi, viruses and parasites (Dutt et al., 2022; Ahmad et al., 2023). From the early 20th century, these substances have been employed to treat infected individuals and they have greatly assisted in reducing the most infectious rates of morbidity and mortality (Dutt et al., 2022). In 1928, penicillin was discovered by Alexander Fleming, and it entered clinical usage in the 1940s at the perfect moment for the second world war (Gaynes, 2017). In just four years of usage, the first strains of penicillin-resistant bacteria, a new species of bacteria appeared, which led to the development of antibiotic resistance. As a result, AMR has quickened and expanded to include more harmful species because of the continuous exposure and indiscriminate use of antibiotics in clinical and farming environments. Numerous modern antibiotics have lost their efficacy because of the development of AMR and scientists are working continuously to comprehend how AMR works to create new antimicrobials (Dutt et al., 2022).

Looking towards bacteria, it feels that the capacity to form biofilm is shared by mostly all the bacteria and it is considered a universal attribute. In biofilms, the extracellular matrix formed by the cells themselves holds the groups of bacteria or multicellular communities together. Different bacteria use different ways to create biofilms, these mechanisms soften depending on the environment in which they are found as well as strain-specific characteristics (Percival et al., 2011). He was Antonie van Leeuwenhoek who first saw “animalcules “on his teeth in the 17th century. The bottle effect was first noted in marine microorganisms in 1940. This demonstrates that germs proliferate more frequently on surfaces (Percival et al., 2011; Dutt et al., 2022).

Then, in 1943, Zobell created biofilms and discovered that the number of bacteria on surfaces was higher than that of the surrounding seawater (Zobell, 1943). Today, in scientific language, we define biofilms as the microbial communities that are attached to a substrate and covered in extracellular polymeric substance (EPS), which is secreted by these bacteria (Costerton et al., 1987; Donlan, 2001; Zuberi et al., 2017b). Microbial biofilms can be found on many surfaces in aquatic environments, damp structures, plant roots, human tooth or dental implants, catheters, medical equipment, sutures, etc. They can even be found in human and animal tissues in pathogenic forms that can release toxins into the surrounding extracellular matrix (Donlan, 2001; Percival et al., 2011). They can evade the human response (Cangui-Panchi et al., 2022, Cangui-Panchi et al., 2023).

In addition, biofilms can be found in symbiotic form in aquatic bodies, wastewater filters and the alimentary canals of humans and animals (Costerton et al., 1981; Dutt et al., 2022). Because of their resistance to antibiotics, biofilms, which are the most common in natural settings, can infect both humans and animals (Mah, 2012; Sinclair, 2019). Thus, it is crucial to comprehend the mechanism of biofilm-led resistance to antibiotics. This review will cover antimicrobial resistance (AMR), specifically the mechanism underlying biofilm-led AMR, possible pharmacological or drug candidates and present modalities that are used to target bacteria within the biofilm. We will also focus on current ongoing research like the CRISPR/Cas9 gene editing system to fight bacterial biofilm infections.




2 Revisiting bacteria biofilm ultrastructural and its antibiotic survival strategies

Bacterial biofilms are groups of sessile microbes that are entrenched and connected to substratum, within the self-generated non-crystalline pool of the extracellular matrix (Zuberi et al., 2017a, Zuberi et al., 2017b). These bacterial communities are distinct from planktonic ones concerning several methods like transcription, gene expression and growth rate since they live in various stressed environments with increased cell density, osmolarity, nutrient shortage, etc (Sharma et al., 2019). Bacterial biofilm is a dynamic three-dimensional structure that is processed by a heterogenous group of bacterial communities and the bacteria living in these dynamic strictures are shielded from many environmental stressors, including desiccation, immune attack, protozoan ingestion, antimicrobial target, etc., hence making them more resistant and superior over the planktonic form of bacteria (Wilkins et al., 2014; Sharma et al., 2019). The process of developing this three-dimensional structure is a multi-step procedure. It begins when bacteria first attach themselves to the surface and create an unbreakable bond that is followed by other bacterial colonization (Sharma et al., 2019). The bacteria that colonize first are called primary colonizers in biofilm and the secondary colonizers are the ones that attach to the primary colonizers (MaChado and Cerca, 2015). This stage led to changes in the expression of genes or proteins by bacteria. The second stage of the exponential growth phase is characterized by the secretion of exopolysaccharides and the creation of water channels by these bacteria, enabling the nutrient supply to mature biofilms. Finally, the cell surface detachment begins the relaunched or recycled biofilm development on the fresh surfaces (Sharma et al., 2019). This detachment step is usually triggered by stress factors such as a limited nutritional environment and antibiotics. Usually, the cells in the inner or deep layers of biofilm become latent or dormant cells, while the ones on the top layers are metabolically active.

Biofilms can host multiple bacterial species and can lead to a complex system that can accommodate bacterial cell densities between 108–1011 cells g-1 wet weight (Morgan-Sagastume et al., 2008). Water makes up to 97% of its matrix major constituents and the other contents include proteins, soluble or gel-forming polysaccharides, extra-cellar DNA (eDNA) and non-soluble elements like cellulose, amyloids, pili, fimbria and flagella that deliver structural and functional properties to these biofilms (Flemming and Wingender, 2010; Flemming et al., 2016).

Because of their increased resistance to antibiotics and disinfectants, bacterial biofilms are a major contributing factor to chronic infections. They can also interfere with phagocytosis and other immune system functions. As a result, microorganisms within biofilms become less vulnerable to various antibiotic medicines, hence posing an imminent challenge in the field of therapeutics (Høiby et al., 2010; Amato et al., 2014; Flemming et al., 2016; Dutt et al., 2022).




3 The elucidation of mechanisms governing bacterial biofilm resistance and its dynamics

The term antimicrobials is used for substances that kill microorganisms, inhibit their growth, and prevent or treat diseases or infections in animals, humans, and plants. They included a wide variety of antivirals, antifungals, and antiparasitics. The capacity of microorganisms to withstand an antimicrobial at a higher dose for an extended duration is known as antimicrobial resistance and is usually measured in terms of its minimum inhibitory concentration (Brauner et al., 2016; Ahmad et al., 2017, Ahmad et al., 2018). In biofilms, antibiotic tolerance or resistance may occur simultaneously. Through the introduction of foreign genetic material that codes for resistance genes by horizontal gene transfer (HGT) between the bacterial cells of the biofilm or through genetic mutation, microorganisms within the biofilm develop antibiotic resistance. As a subset of antimicrobial resistance (AMR), antibiotic resistance (ABR) occurs when bacteria develop resistance to antibiotics despite the drug’s effectiveness against them (Dutt et al., 2022). Usually, antibiotic resistance can be acquired extrinsically, adaptively or intrinsically. The classic example of intrinsically acquired resistance is the susceptibility of gram-positive bacteria against antibiotics like daptomycin or vancomycin over gram-negative bacteria due to the difference in their cell wall composition. Conversely, acquired resistance results from either mutation or horizontal gene transfer (HGT). In addition, during adaptation, the bacteria may quickly modify their pattern of gene expression and translation in response to other environmental conditions or stimuli including stress (Blair et al., 2015; Dutt et al., 2022).

On the other hand, tolerance refers to a microorganism’s capability to endure antibiotics at concentrations greater than their inhibitory effect for a specific period (Arzanlou et al., 2017; Hall and Mah, 2017). For a brief duration, tolerance is a form of adaptation that represents shifts in cellular activity from active to latent state. Like antibiotic entrapment to the extracellular polymeric substance (EPS) in the absence of target attachment induces tolerance and causes bacteria cell dormancy. Persistence is an exceptional form of tolerance, where persisters refer to the tolerant form of cells within that bacterial population that can survive the antibiotics but can be killed at long exposure (Wilmaerts et al., 2019). Biofilm-mediated resistance is a multifaceted type of resistance that necessitates tolerance in addition to the antibiotic resistance mechanism. Furthermore, the state and developmental stage of the biofilm, its growth conditions, and the microbial species present within it also contribute to this process (Hall and Mah, 2017; Dutt et al., 2022). Some of the mechanisms of antimicrobial resistance (AMR) that are related to biofilm-mediated resistance are limiting the permeability or blocking access to antimicrobials; altering the targets of antibiotics through mutations; and breaking down the antimicrobials through enzymatic hydrolysis or chemical alteration. In this review, we tried to discuss each of them under the following headings and they have been vividly illustrated in Figure 1.




Figure 1 | Regulatory pathways controlling biofilm bacterial resistance: Quorum sensing or multispecies interaction, efflux pumps, response to stress and constraints in nutrients, reducing penetration or preventing access and mutations or altering cell walls.





3.1 Quorum sensing and multispecies interaction

Bacterial; cells communicate with each other through a mechanism called quorum sensing that includes the synthesis, section, and reaction in response to the extracellular signalling molecules that are called autoinducers (AIs). As bacterial population density rises, these AIs build up the environment, and the bacterial cell uses this to carry out the actions that are advantageous when carried out by bacterial colonies operating simultaneously (Arevalo-Ferro et al., 2003; Di Cagno et al., 2011; Rutherford and Bassler, 2012; Zuberi et al., 2017b). Bioluminescence, competence, biofilm synthesis and virulence factor synthesis are some of the major processes regulated by QS (Rutherford and Bassler, 2012). To start the process of gene transcription for surface proteins, virulence proteins or proteins related to biofilm formation, these auto-inducers are secreted by bacteria and identified by other bacteria by their cell surface receptors. The main types of autoinducers include the acyl-homoserine lactones (AHL) that are found in Gram-negative bacteria, secondarily modified oligopeptides that are associated with Gram-positive bacteria, and a class of 4,5-dihydroxy-2,3-pentonedione-derived signal molecules termed autoinducer-2 (AI-2) that are found in both Gram-negative as well as the Gram-positive bacteria (Li and Nair, 2012). It has been demonstrated by different studies that the bacteria-bearing genes related to quorum sensing like luxS, lasR, and rhlR are more resistant to the antibacterial treatment (Dutt et al., 2022). The classic example comes from P. aeruginosa biofilms lacking genes rhlR and lasR, which were found more tobramycin-sensitive than their biofilms of the wild type (Bjarnsholt et al., 2005). Similarly, it was found that S. aureus lacking QS-specific agrD was less resistant than its matched wild-type (Yarwood et al., 2004). Moreover, E. faecalis fsrA and gelE mutants for quorum sensing and its controlled protease were less able to produce biofilms when antibiotics like gentamycin or daptomycin were present (Dale et al., 2015).

Multispecies interaction is another factor that drives antibiotic tolerance, for instance, it was found that the polymicrobial biofilms of Finogoldia magna, S. aureus and E. faecalis were twice as resistant as P. aeruginosa mono-species biofilm (Dalton et al., 2011). Similarly, M. catarrhalis released beta-lactamase in a dual-species model that shielded S. pneumonia against amoxicillin (Budhani and Struthers, 1998; Perez et al., 2014). Additionally, research has been done on the relationship that develops among fungi and bacteria in a multispecies biofilm. In C. albicans and S. aureus biofilms, the fungal matrix ingredient beta-1,3 glucan, which is thought to function as a barrier against vancomycin, increased the resistance of Staphylococcus to the antibiotic (Adam et al., 2002; Harriott & Noverr, 2009). Additionally, it was discovered that C. albicans can produce more alcohol, which in turn increases P. aeruginosa biofilm development (Chen et al., 2014).




3.2 Efflux pumps

Nearly all bacterial species contain efflux pumps. Bacterial efflux pumps are grouped into five families depending on attributes such as composition, substrates, energy sources and several transmembrane-spanning regions. They include the resistance-nodulation-division (RND) family, the ATP (adenosine triphosphate)-binding cassette (ABC) superfamily, the major facilitator superfamily (MFS), the multidrug and toxic compound extrusion (MATE) family and the small multidrug resistance (SMR) family (Sun et al., 2014). This process gives bacterial cells resistance because it transfers a drug in and out of the cell despite adhering to an intracellular target (Poole, 2007). According to certain theories, planktonic resistance in P. aeruginosa to low concentrations of ofloxacin is caused by several multidrug efflux pump systems including MaxAB-OprM (Brooun et al., 2000). It is thought that PA1875–1877, a significant multidrug efflux pump, plays a role in the biofilm resistance of P. aeruginosa (Zhang and Mah, 2008). The deletion of PA1875, PA1876 and PA1876 increased the sensitivity of biofilm to certain antibiotic drugs like gentamicin, ciprofloxacin and tobramycin by two to four times; however planktonic cells susceptibility was not significantly impacted (Zhang and Mah, 2008). Likewise, it was also claimed that the MexCD-OprJ or MexAB-OprM efflux pumps were also the cause of P. aeruginosa biofilms resistance to azithromycin (Gillis et al., 2005; Pamp et al., 2008).




3.3 Response to stress and constraints in nutrition

The Gradients of water, nutrients, pH, waste product dispersion and signalling molecules are usually dependent and determined by the three-dimensional dynamic structure and architecture of biofilms (de Beer et al., 1994a; Anderl et al., 2000; Borriello et al., 2004; Stewart and Franklin, 2008; Williamson et al., 2012; Stewart et al., 2016). It is seen that the cells close to the surface of a biofilm microcolonies use up most of the available nutrients, creating an impoverished region deeper down, that develops a variety of psychological states including anaerobic, microaerobic, aerobic and fermentative conditions (Stewart and Franklin, 2008; Flemming et al., 2016; Dutt et al., 2022). This process also affects the growth of those underlying cells and leads to dormant cells due to the scarcity of oxygen and nutrients in the lower layers of biofilm. In the other study, they discovered a unique characteristic when they cultured multidrug resistance E. faecalis strains straight from the biofilm stage after they had been stored at 70°C for 16 to 18 months. According to them, the re-cultured bacterial cells were found only to grow after 60–72 hours of incubation at 37°C and they turned out to be extra resistant to the antibiotics (Borriello et al., 2006). Tolerance to antibiotics that target the protein synthesis process or DNA gyrase like ciprofloxacin or tobramycin is thought to arise from the lower metabolic activity and possible dormancy in cells in the oxygen-deprived area of biofilms (Borriello et al., 2006; Dutt et al., 2022).

It is well known that colistin, which works on the cell membrane, can damage slowly regrowing cells (Haagensen et al., 2007). On the other hand, the observation of colistin-tolerant cells in oxygen-rich locations causes doubts about the relationship between antibiotic tolerance and the slow growth rate of cells (Pamp et al., 2008; Chiang et al., 2012). Yogesh and Anjali investigated this fact in 2021, discovering that colistin did not affect biofilm-forming E. faecalis (Dutt et al., 2022). In regions with high levels of oxygen, observable cellular activity and protein production have also been seen (Walters et al., 2003; Werner et al., 2004). P. aeruginosa can maintain anaerobic conditions through denitrification and fermentation. Supplementing nitrate or L-arginine might boost metabolic activity in nutrient-deprived regions, making them more susceptible to tobramycin as well as ciprofloxacin (Borriello et al., 2006).




3.4 Reducing penetration or preventing access

The structure and makeup of the extracellular matrix (ECM) can significantly impact antibiotic penetration, its entry into cells and ultimately, antibiotic effectiveness through gradients of dispersion (de Beer et al., 1994b). Antibiotic diffusion is also dependent on its interaction with the ECM constituents. Extracellular DNA, for instance, strengths Pseudomonas biofilm resistance to aminoglycosides but not to fluoroquinolones or beta-lactam antibiotics (Mulcahy et al., 2008; Doroshenko et al., 2014; Wilton et al., 2016). Similarly, eDNA strengthens the Staphylococcus epidermis biofilm’s ability to resist glycopeptides. It has been observed that negatively charged aminoglycosides (tobramycin) and glycopeptides (vancomycin) bind to negatively charged eDNA (Doroshenko et al., 2014). Additionally, it has been shown that the interaction between eDNA and vancomycin is 100 times stronger than that between peptides D-Ala-D-Ala and vancomycin in peptidoglycan precursors, that could lead to build-up eDNA in the ECM (Doroshenko et al., 2014). A multi-species biofilm can also contain antibiotic-modifying enzymes that can be released and found in the extracellular matrix (ECM), which other susceptible bacterial species can employ. As an example, Moraxella catarrhalis releases beta-lactamases that shield S. pneumonia and H. sinfluenza from ampicillin and amoxicillin respectively (Armbruster et al., 2010; Perez et al., 2014). Thus, to conclude, the biofilm structure and its architecture can change both the exposure of cells and the diffusion of drugs or antibiotics through them.




3.5 Mutations and altering cell walls via enzymatic process

Genomic mutations can lead to antibiotic resistance, even without strong selective stress or pressure. Mutations occur at a rate of 10-10-10-9 per nucleotide per generation in most bacteria (Woodford and Ellington, 2007; Schroeder et al., 2018). It has been reported that oxidative stress-causing agents can also accelerate the mutation rate, causing multidrug efflux pumps, mutagenesis, and resistance (Van Acker and Coenye, 2017). Defects in mutS, mutL, and uvrD genes can increase mutation frequency up to 100-fold according to the report (Leong et al., 1986; Schaaper and Dunn, 1987). Bacteria when possessing hypermutators, which can gain advantageous mutations under selection stress and may cause antimicrobial resistance, provided an excellent example of evolutionary mutations (Eliopoulos and Blazquez, 2003). This specific phenotype, which is resistant to ciprofloxacin and rifampicin, has also been reported in Pseudomonas biofilms (Driffield et al., 2008). In addition to the previously listed phenotypic traits, hypermutations have also been observed in S. aureus and H. influenza isolates from cystic fibrosis infections, but not in Enterobacteriaceae isolates from acute UTIs; this suggests that hypermutability is preferred in specific contexts (Prunier et al., 2003; Román et al., 2004; Kovacs et al., 2013). For bacteria like E. faecalis and S. aureus to produce biofilms, the dltA genes are essential (Gross et al., 2001; Fabretti et al., 2006). This has been shown by the reduction of vancomycin resistance in the strains of S. aureus following the deletion of the dltA gene. The dltABCD operon, crucial for D-alanylation of teichoic acid in gram-positive species was identified as a biofilm-specific gentamicin tolerance gene in streptococcus mutants, a dental pathogen causing infective endocarditis (Peschel et al., 2000; Neuhaus and Baddiley, 2003; Nilsson et al., 2016).





4 Exploring health conditions linked to the presence and impact of bacterial biofilm resistance

Roughly 80% of recurring and chronic microbial illnesses are caused by biofilms of bacteria. Biofilm-containing microbial cells have demonstrated 10–1000 times greater tolerance to drugs than planktonic cells. Infections linked to biofilms can be widely separated into two categories (Mah, 2012). Either biofilm might grow on the abiotic surfaces that include knee replacements, implants, dental units, catheters, contact lenses, screws, pins or prosthetic valves and joints or they are host tissue related that leads to chronic wounds, endocarditis, cystic fibrosis lings or chronic otitis media (Donlan, 2001; Burmølle et al., 2010). The infections related to the urinary tract and bloodstream are usually caused via a biofilm that initially developed on the medical implants associated with them and the only way to treat such infection is to get rid of those implants that not only raise the price of the therapy, but it also causes other health-related issues to the patients (Costerton et al., 2005; Sharma et al., 2019). Several of the primary infections associated with bacterial biofilms that are responsible for human illness are mentioned in Table 1.


Table 1 | Microorganisms involved in biofilm-associated disease and their adherent surfaces.






5 Understanding the current impact of antibiotic resistance and its governing mechanisms

S. aureus, S. pneumoniae, K. pneumoniae, P. aeruginosa, E. coli and E. faecium are the most persistent and common multidrug-resistant bacteria that are linked to significantly high rates of death and morbidity worldwide (Dutt et al., 2022). Additionally, according to some reports, high levels of antibiotic resistance have also been linked to cancer-related neutropenia. Furthermore, because of biofilm biofilm-forming tendency of antibiotic-resistant bacteria, managing and treating newborn sepsis becomes a challenge in many clinical settings. In healthcare and hospital settings almost all procedures, surgeries, transplantation and intensive care are not typically carried out without antibiotics. However, with the increasing failure of first and second-generation antibiotics, the demands of expensive and time-consuming research for the next generation of antibiotics are increasing. Treating such resistant bacteria-mediated infections is complicated and requires the use of more costly and hazardous alternative treatments or higher doses (Magiorakos et al., 2012; Nesher and Rolston, 2014). Below we discuss some mechanisms that bacteria employ to confer antibiotic resistance:



5.1 Altering or safeguarding targets

Antibiotics are made with the specific intention of binding to their targets with a high degree of affinity and interfering with their regular activities. When targets modify structurally, antibiotics attach to them less effectively. Moreover, mutation also plays an important role in developing resistance by modifying the antibiotic target (e.g. the single nucleotide polymorphism mutation in the gene that codes the target). For instance, Rifampin resistance arises from an amino acid change in the rpoB gene. This mutation results in a decrease in rifampin binding affinity for its target, whereas transcription persists (Munita and Arias, 2016). In other bacteria like streptococcus pneumonia, the secretion of some binding proteins like penicillin-binding proteins (PBPs) lessens their target binding affinity with many beta-lactam antibiotics (Nagai et al., 2002). Moreover, antibiotic resistance can also be attained through post-translational alteration of genes that don’t include any mutation like the 16sRNA methylation in erythromycin ribosome methylase (erm) gene family leads to the modification of the drug binding sites that consequently prevents the binding of macrolides, lacosamide’s or streptogramin with 16sRNA (Kumar et al., 2014). Also, the A2503 residue methylation through chloramphenicol florfenicol resistance genes prevents and inhibits the binding efficiency of antibiotics like oxazolidinones, lacosamide, phenicol’s or stereograms with the target (23S rRNA) (Long et al., 2006).




5.2 Cell membrane or cell wall adaptation/alteration

In the case of Enterobacteriaceae, the bacterial membrane decreased permeability to carbapenems and that results in making them resistant to carbapenems antibiotics. Mosty in this family the resistance mechanism is mediated by the downregulation of porins (OmpC and OmpF) expression or due to its replacement by more selective porins or membrane channels (Baroud et al., 2013). Likewise, the lowered permeability of antibiotics like erythromycin, azithromycin, clarithromycin or azithromycin makes V. cholerae, S. Enteric and P. aeruginosa-like gram-negative bacteria resistant. Furthermore, by using efflux pumps bacteria also force antibiotics out into the extracellular matrix, which stops them from reaching their intended target (Wiese et al., 1999).




5.3 Ribosome protection

Certain bacteria develop a resistance mechanism called ribosome protection. As an inhibitor of bacterial protein synthesis, tetracycline causes the production of ribosome protection proteins by the bacteria, which attach to the ribosome target and stop tetracycline from binding to the ribosome (Roberts, 2005; Dutt et al., 2022). In these situations, the synthesis of ribosome protective proteins allows bacteria to proliferate despite the presence of tetracycline.




5.4 Enzymatic breakdown of antimicrobial substances

Antibiotics can also be rendered inactive by bacteria, which can likewise change their structural makeup and stop them from entering cells. This process is mainly through hydrolysis. Enzymes like chloramphenicol acetyltransferase or carbapenems degrade antibiotics including macrolides, aminoglycosides, phenicol as well as β-lactams (Dutt et al., 2022). Both the extended and early spectrum β-lactamases are active enzymes against β-lactams and oxyimino-cephalosporins (Lynch et al., 2013). TEM-1 β-lactamase and SHV-1 (sulfhydryl variable active site) enzymes, which are expressed by the plasmids in E. coli are good examples of such degrading enzymes that hydrolyse the multiple kinds of extended-spectrum cephalosporins. Furthermore, it is also reported that the modification or changes in the functional group of antimicrobials caused by degrading enzymes also contribute to antibiotic resistance.





6 Present treatment modalities targeting bacteria with biofilm-forming abilities

The fact that biofilm functions as a self-motivation mechanism during the pathogenic process helps to explain it. There have been several approaches and methodologies that have been employed to understand its antibiotic resistance nature and to target its residing bacteria. Some of its common approaches are the use of natural products, plant extracts, surface coatings, antibiotics, hydrogels, peptides, lasers during photodynamic therapy (PDT) and nanomedicines or nanoparticles (Hernández-Sierra et al., 2008; Lonn-Stensrud et al., 2008; Kolodkin-Gal et al., 2010; Hochbaum et al., 2011; Iannitelli et al., 2011; Kulshrestha et al., 2014; Muñoz-Egea et al., 2016; Misba and Khan, 2018; Misba et al., 2019). The dramatic portrayal of these treatment strategies i.e. Photodynamic therapy (PDT), small molecules as polypeptides or quorum sensing inhibitors, antibiotics, hydrogels and nanoparticles are shown in Figure 2.




Figure 2 | Schematic representation showing treatment modalities against biofilm-mediated infections: Photodynamic therapy (PDT), Small molecules as polypeptides or quorum sensing inhibitors, Antibiotics, Hydrogels, nanoparticles and the CRISPR/Cas9.



The present treatment modalities utilize mainly the traditional methods to combat these biofilms that mainly focus on the dispersal of biofilm or its eradication or inhibition through antibiotics, small molecules inhibitors, enzymes, quorum sensing inhibitors, hydrogels etc (Dutt et al., 2022). Table 2 shows the list of potential drug candidates and small molecules that are found effective in the mitigation of biofilm-related infections.


Table 2 | Potential small compounds and drug candidates for biofilm inhibition.



Biofilm growth on implanted medical devices, prosthetic surfaces or biomaterials may be controlled by modifying the attachment surface, like coating the external surfaces. Many coating materials and biomaterials have been established, that make the target surface unfavourable for bacterial attachment. Moreover, the use of therapeutic agents and inhibitors against biofilm formation on dental implants or dental filling material has also demonstrated positive effects in combating biofilm-associated infections (Sharma et al., 2019).

As mentioned earlier too, the bacteria in biofilm form are more resistant and tolerant to antibiotics as compared to their planktonic form. Quorum sensing is a principal pathway that leads to biofilm-mediated bacterial maintenance and survival. Hence certain strategies that lead to the dispersal of biofilm or targeting quorum sensing mechanism have exhibited promising results in addressing biofilm-mediated infections (Lonn-Stensrud et al., 2008; McDougald et al., 2012; Guilhen et al., 2017; Roy et al., 2018; Sharma et al., 2019). Moreover, co-treatment or combination therapy that consists of antibiotics or drugs along with a biofilm dispersal agent has also demonstrated efficacy in these cases but has some limitations due to inappropriate concentration of both components and still research is going on (Barraud et al., 2006; Marvasi et al., 2014; Reffuveille et al., 2015; Roizman et al., 2017).

With the new research development and advancements in technologies, the future proposed methods to combat biofilm-mediated antibiotic infections include the use of nanoparticles, antimicrobial peptides, photodynamic therapy and implementation of gene editing technologies like CRISPR/Cas9 (Figure 2). Antimicrobial peptides are also considered as an alternative to antibiotics in eliminating biofilm-mediated infections, they are well-studied biofilm-eradicating agents (Flemming et al., 2008; Baltzer and Brown, 2011). They are ubiquitous in nature and cationic in nature. They consist of 5–90 amino acids (van Boxtel et al., 2017). Despite their exceptional potential to disrupt cell membranes, their mechanism of action is yet to be studied in the case of biofilms.

As reported, nanoparticles are also promising drug delivery systems that tend to penetrate deep due to their small size. Among all drug carriers, they are one of the most effective and explored drug carriers. In the case of biofilm-mediated infections, these particles enter the cells break the biofilm barrier and increase the availability of drugs or antibiotics to the bacterial cells. They have high efficacy, low toxicity, efficient penetration power and high site-specificity for drug release when they are given along with the drug (Hernández-Sierra et al., 2008; Harris et al., 2009; Kulshrestha et al., 2014).

In studies involving photodynamic therapy, some researchers have demonstrated its notable efficiency in fighting against biofilm-mediated antibiotic resistance, attributed to their tendency to generate reactive oxygen species (ROS) (Misba and Khan, 2018; Misba et al., 2019). On the other hand, considering gene editing technologies, numerous reports highlight the promising data regarding CRISPR/Cas9 and its derivatives like CRISPRi, in thwarting biofilms and their related infections (Zuberi et al., 2017a, Zuberi et al., 2017b; Azam et al., 2020; Zuberi et al., 2022). In the subsequent section, we will aim to delineate the potential avenues for the advancement of CRISPR/Cas9 and its barriers to overcome.




7 Anticipated opportunities, hypotheses and hindrances in utilizing CRISPR/Cas9 gene editing system to target bacterial biofilms

According to reports, CRISPR/Cas9 (Clustered regularly interspaced short palindromic repeat) exists approximately in 50% of bacterial genomes and 87% of archaeal genomes and has been acknowledged as an adaptive immune system in bacteria (Ran et al., 2015; Hille et al., 2018; Watson et al., 2021; Mayorga-Ramos et al., 2023). The CRISPR/Cas9 system has exhibited promising potential in recent years in the advancement and development of next-generation antimicrobial medicines or drugs to fight infections that are bought out by antibiotic resistance bacteria (Getahun et al., 2022; Mayorga-Ramos et al., 2023).

Targeting the genes that confer virulence and antibiotic resistance in bacteria has been a common application of this mechanism. CRISPR/Cas9 can be employed in two different ways: a pathogen-focused strategy and a gene-focused approach, depending on where the target gene is located (Li et al., 2016; Shabbir et al., 2018; Tang et al., 2019). Targeting chromosome regions to cause bacterial cell death is one pathogen-focused method. On the other hand, the gene-focused strategy includes focusing on the plasmids that may carry antibiotic-resistance genes (Palacios Araya et al., 2021; Nie et al., 2022). In such cases, the plasmid is eliminated, and the bacteria becomes antibiotic susceptible. The role of CRISPR/Cas9 has come across many times to target the genes that are implicated in antibiotic resistance (Nie et al., 2022; Tao et al., 2022). A study published by Bikard et al, used CRISPR/Cas9 to target the mecA gene (responsible for methicillin resistance) in USA300, the clinical isolates of S. aureus. His results revealed a marked decrease in the pollution of S. aureus in the mixed bacterial population as compared to the control group (Bikard et al., 2014).

In another research, a mouse skin colonization model was used to demonstrate that CRISPR/Cas9 was successful in specifically decreasing the colonization of Staphylococcus bacteria, in contrast to alternative treatment scenarios (Bikard et al., 2014; Wang et al., 2019). Moreover, in a separate study published by Ates et al., it was illustrated that resistance genes (aacA, grlA, grlB and mecA) in MRSA strains when targeted through CRISPR/Cas9 by designed CRISPR plasmids harbouring specific sgRNA, increase their susceptibility against antibiotics, hence changes their resistance profile (Juszczuk-Kubiak, 2024). Moreover, the use of pCasCure plasmids also came across in reversing the susceptibility of Enterobacteriaceae against carbapenems. pCasCure was reported successful in especially cleaving genes like balKPC, blaOXA-48 and blaNDM and targeting their corresponding plasmids (Hao et al., 2020).

The other team led by Yosef used the CRISPR/Cas9 system to eliminate plasmids containing blaCTXM-15 and blaNDM-1 (beta-lactamase genes) to eradicate E. coli that produce extended-spectrum beta-lactamases (ESBLs) (Yosef et al., 2015). The CRISPR/Cas system that targets are, the virulence factor in E. coli O157:H7 (EHEC), subsequently resulted in a 20-fold drop in viable cell counts, as shown by Citorik et al (Citorik et al., 2014). Rodrigues et al. tried to specifically eliminate the tetracycline (tetM)and erythromycin (ermB) in E. faecalis in both vitro and vivo conditions. His in vivo data demonstrated a considerable reduction in the percentage of antibiotic-resistant E. faecalis within the gut of mice (Rodrigues et al., 2019).

Askoura et al, revealed that S. enterica biofilm development, cell adhesion and cell invasion were impacted by CRISPR/Cas9 system that targeted sdiA (Askoura et al., 2021). Additionally, it’s noteworthy to mention the two of our studies that were published in 2017 manifesting the role of CRISPRi (CRISPR interference: derivative of CRISPR/Cas9) in restraining biofilm-mediated infections that are caused by clinical strains of E. coli. In one study we targeted luxS, the main quorum sensing gene in E. coli and in another article we tried to knockdown fimH gene and targeted bacterial adherence property through CRISPRi (Zuberi et al., 2017a, Zuberi et al., 2017b). Quorum sensing is one of the most important mechanisms that govern bacterial biofilm resistance against antibiotics, while the fimH gene plays a crucial role in bacterial virulence by contributing the fimbriae production. In both of our studies, CRISPRi demonstrated its highest level of effectiveness and exhibited optimal performance in targeting its specific genes and its related mechanisms, hence manifesting its lead role in biofilm-induced infections like urinary tract infections (UTI).

Additionally, in another study published by our group, we illustrated the role of CRISPRi in targeting the bolA gene (Azam et al., 2020). It has been discovered already that curli and fimbria formation have a role in the production of biofilms and are directly related to bacterial pathogenicity. BolA is a conserved protein and a transcriptional factor that is involved in bacterial motility and biofilm formation so by targeting this gene through CRISPR gene silencing we tried to combat these biofilm-mediated infections. We also targeted the OmpR/EnvZ, a two-component regulatory mechanism that is involved in transcriptional regulation when osmolarity changes. The main aim of that study was to elucidate the function of OmpR/EnvZ in controlling biofilm through curli and fimbriae production (Zuberi et al., 2022).

All our studies demonstrated exceptional outcomes and obtained outstanding success regarding the use of CRISPRi against biofilm-mediated infections. Not only this but these findings generated fresh insights and sparked innovative scientific discussion platforms regarding the use of this gene editing technology in combating biofilm-mediated infections, which represents a significant barrier within the realm of antibiotic resistance.

Analogous to the protective mechanism of thorns on a rose this gene editing technology also has certain intrinsic limitations that necessitate scientific scrutiny and consideration like the delivery challenge, which is the primary concern (Mayorga-Ramos et al., 2023). However, recent scientific researchers have suggested and hypothesized several different potential solutions to use this technology, such as employing the use of nanoparticles in conjugation with the CRISPR system (Li et al., 2018; Duan et al., 2021; Wan et al., 2021; Yan et al., 2021). Not only this but some studies have also proposed the concept of direct delivery of CRISPRi-edited bacterial cells to the infection site. This approach may facilitate the transfer of this gene editing mechanism to other virulent or antibiotic-resistant bacterial cells at the site of infection via natural conjugation of horizontal gene transfer mechanism (Ji et al., 2014; Watson et al., 2018; Barrangou et al., 2022).




8 Conclusion and future prospective

It is a known fact that Biofilm complicates the infections that are associated with communicable as well as non-communicable diseases. Other than that, the role of biofilm in post-operative infections, digestive disorders, cystic fibrosis, atherosclerotic arteries and infective endocarditis also has been documented in various studies and reports. Surface adherence is considered the prevailing mode of bacterial growth culminating in biofilm formation. Consequently, the biofilm environment fosters the emergence of antibiotic resistance or antimicrobial resistance. The understanding of how this lifestyle or environment influences the antimicrobial resistance evolution is still limited. Different hypotheses and explanations have emerged in this context like the proximity of bacterial cells in biofilms may facilitate the horizontal transfer and persistence of resistance genes within these bacterial populations.

The role of Biofilms in antibiotic resistance opens avenues and new vistas for repurposing existing drugs targeting biofilm. Forecasting antibiotic resistance by analysing the population of biofilm formers would be helpful in this scenario. Moreover, the use of nanoparticles in biomaterials and different drug delivery modes could also be considered as alternative options. Furthermore, to develop new and effective anti-biofilm agents computational and new sequencing technologies involving bioinformatic tools are also needed.

Currently, most of the studies focus on in silico screening, omics studies, and machine learning to identify the specific targets for anti-biofilm agents. To predicate antibiotic resistance and formulate therapeutic strategies it is essential to address potential protein targets, biofilm formation mechanisms and pathways. Integrated labs and computational science can lead to the development of successful anti-biofilm agents. RNA-Seq, a high-throughput technology, can assay gene regulation and expression, identifying transcriptomic signatures distinct to biofilms and bacterial dispersion.

As mentioned earlier, in addition to the advancements further research in the field of gene editing technology like CRISPR, is essential. It is imperative to address barriers in a CRISPR-like delivery system, as the advantages of utilizing this gene editing technology far outweigh its limitations, provided the delivery issue can be effectively resolved (Mayorga-Ramos et al., 2023). Moreover, through this mechanism, it could also become possible to target various genes associated with other pathways leading to bacterial biofilm formation and antibiotic resistance. For instance, genes responsible for efflux pumps could be the ones that can be specifically targeted, thereby enhancing our ability to combat antibiotic resistance.
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The limited number of available antifungal drugs and the increasing number of fungal isolates that show drug or multidrug resistance pose a serious medical threat. Several yeast pathogens, such as Nakaseomyces glabratus (Candida glabrata), show a remarkable ability to develop drug resistance during treatment through the acquisition of genetic mutations. However, how stable this resistance and the underlying mutations are in non-selective conditions remains poorly characterized. The stability of acquired drug resistance has fundamental implications for our understanding of the appearance and spread of drug-resistant outbreaks and for defining efficient strategies to combat them. Here, we used an in vitro evolution approach to assess the stability under optimal growth conditions of resistance phenotypes and resistance-associated mutations that were previously acquired under exposure to antifungals. Our results reveal a remarkable stability of the resistant phenotype and the underlying mutations in a significant number of evolved populations, which conserved their phenotype for at least two months in the absence of drug-selective pressure. We observed a higher stability of anidulafungin resistance over fluconazole resistance, and of resistance-conferring point mutations as compared with aneuploidies. In addition, we detected accumulation of novel mutations in previously altered resistance-associated genes in non-selective conditions, which suggest a possible compensatory role. We conclude that acquired resistance, particularly to anidulafungin, is a long-lasting phenotype, which has important implications for the persistence and propagation of drug-resistant clinical outbreaks.
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1 Introduction

Although fungi can be part of the natural human microbiome of healthy individuals (Hallen-Adams and Suhr, 2017), they can also be the source of invasive infections that are often fatal in immunocompromised patients (Silva, 2010). Changes related to advances in medical progress such as the extensive use of antibiotics, the aging of the population, or the increased survival of immunocompromised patients have been linked to a growing incidence of fungal diseases (Mason et al., 2012; Gabaldón and Carreté, 2016). Pathogenic yeasts belonging to the polyphyletic genus Candida are the most common cause of life-threatening invasive infections as well as of mucosal infections, such as vulvovaginal candidiasis (Gabaldón et al., 2016; Berman and Krysan, 2020).

Antifungal therapy and prophylaxis are key for reducing the mortality and comorbidity associated with fungal infections. However, they are also primary factors driving progressive epidemiological shifts, including diminishing prevalence of Candida albicans in favor of non-albicans Candida species presenting higher levels of intrinsic and/or acquired resistance, such as Nakaseomyces glabratus (Candida glabrata) (Lamoth et al., 2018). In addition, recent studies report a growing prevalence of clinical isolates that are resistant to multiple drugs, mostly belonging to non-albicans species such as N. glabratus (Beyda et al., 2014; Pham et al., 2014), Candida kefyr (Fekkar et al., 2013), Candida lusitaniae (Asner et al., 2015), and Candida auris (Vallabhaneni et al., 2016). Emergence of drug and multidrug resistance in fungi is particularly worrying given the limited arsenal of antimycotic agents, most of them belonging to one of three major families: azoles, echinocandins, and polyenes (Krysan, 2017). Azoles inhibit ergosterol biosynthesis by binding to one of the enzymes in the pathway (Erg11p), thereby inhibiting cell growth. Polyenes bind directly to ergosterol, which weakens the cell membrane and leads to cell death. Echinocandins block glucan synthase, encoded by FKS genes, thereby inhibiting the biosynthesis of β-1,3-d-glucan, a major component of the fungal cell wall (Ksiezopolska and Gabaldón, 2018). Mechanisms of antifungal drug resistance involve alterations in the sequence or expression of the genes encoding the drug targets, overexpression of drug efflux pumps, and gross chromosomal changes (Cowen et al., 2014; Ksiezopolska and Gabaldón, 2018).

Previous studies have shown that gene copy number variations, including whole-chromosome (Chr) aneuploidies, may contribute to antifungal drug resistance (Coste et al., 2006; Selmecki et al., 2006; Sasse et al., 2012; Yang et al., 2013; Anderson et al., 2017; Yang et al., 2017; Todd et al., 2019; Yang et al., 2019). For instance, in C. albicans, azole resistance was associated with the presence of an isochromosome (5L) which resulted in two extra copies of the left arm of Chr5 (Selmecki et al., 2006), which carry ERG11 and TAC1 (encoding the transcription factor regulating ABC transporter genes CDR1 and CDR2) genes. Furthermore, aneuploidies of Chr3, bearing CDR1 and MRR1 (encoding a transcriptional activator of the major facilitator superfamily transporter MDR1), and trisomy of Chr7 were connected with increased efflux of the drug (Mount et al., 2018). N. glabratus presents a considerable karyotypic variability with many analyzed isolates presenting gross genomic rearrangements, which have been sometimes attributed to a response to antifungal drug treatments (Shin et al., 2007; Muller et al., 2009; Poláková et al., 2009; Healey et al., 2016).

Genomic rearrangements can be advantageous to fungal cells by contributing to rapid responses and adaptation to stress and can represent intermediate evolutionary steps in the acquisition of resistance to unfavorable conditions (Ksiezopolska and Gabaldón, 2018). Supporting this view is the observation that some gross genomic rearrangements, such as aneuploidies, occur at higher rates than specific point mutations, especially under stress conditions (Duesberg et al., 2001; Healey et al., 2016). Hence, they are likely to be the first resistance-conferring alterations that appear spontaneously in an evolving population. Chromosomal aneuploidies result in higher or lower loads of several genes at a time, some of which may be advantageous in specific conditions. However, as they involve the dysregulation of many additional “passenger” genes, they are also expected to have a fitness cost and, consequently, be evolutionarily unstable (Rustchenko, 2007). Considering all this, changes in ploidy can be regarded as a rapidly acquired temporary solution to stress conditions that allows suboptimal survival of the population and facilitates the emergence of fitter, more stable point mutations (Berman, 2016). However, how stable these alterations really are is still poorly investigated.

Persistence of the resistance phenotype has been reported in clinical and in vitro studies (Borst et al., 2005; Imbert et al., 2016; Hatwig et al., 2019). Imbert et al. observed loss of resistance to echinocandins (but not azoles) in multidrug-resistant N. glabratus after 1 month of treatment discontinuation, and the loss was attributed to the disappearance of an FKS mutation. Borst et al. reported the stability of resistance to fluconazole (flz) after 122 days, and Hatwig et al. reported resistance to anidulafungin (ani) and flz after a month of propagation of under no antifungal stress. However, the number of investigated strains was relatively low (one patient, and five and six in vitro evolved strains, respectively), and none of the studies included analysis of the genomic changes involved in the emergence or loss of the resistance phenotypes.

In an earlier in vitro evolution study (Ksiezopolska et al., 2021), we obtained a collection of strains that successfully adapted to different drug treatment regimes and acquired resistance to one or two drugs. The analysis of their genomes identified newly acquired mutations that are likely to drive the resistance phenotype, including different aneuploidies and point mutations. One unexpected result of that study was that 10 out of 11 mutants carrying chromosomal duplications acquired during flz treatment retained this aneuploidy after 18 subsequent passages in ani, suggesting that aneuploidies are long-lived, at least during exposure to ani. This observation prompted us to investigate the stability of the resistance phenotype and the underlying mutations after propagation under optimal growth conditions. To assess this, we propagated a battery of resistant strains representing a diverse set of resistance mechanisms on optimal growth conditions and subsequently tested the presence of the resistance phenotype and some of the underlying mutations. Our results shed light onto the important question of persistence of genetically acquired resistance against fungal drugs.




2 Materials and methods



2.1 Strains

The 70 parental strains for this study are mono- and multidrug-resistant strains obtained from directed evolution under drug exposure in a previous study (Ksiezopolska et al., 2021). Detailed information about the strains and their origin (WT strains) can be found in Supplementary Table S1. For the ease of the interpretation of the results, we decided to avoid naming the samples in the main text. However, in Supplementary Tables S2–S4 and Supplementary Figures S1–S5, one can find names of the original susceptible WT stain (for example CBS138 or EF1620) and the name of the parental strain in the study (samples that were previously evolved in ani (ANI) and then in flz (AinF), flz (FLZ), and then in ani (FinA), and both drugs are the same time (ANIFLZ), the “_YPD” suffix indicating the propagation in YPD in this study, “_rep” indicating the biological replicate). Please note that some of the ani-evolved parental strains (ANI) belong to MDR as they acquired resistance to both ani and flz. In other words, ANI samples in this table correspond to samples evolved in ani and can be included in ANIR samples which are resistant to ani only or MDR samples which are resistant to both drugs. Aneuploid samples (AS) were obtained from 10 FLZ samples and their 10 direct FinA progenies (those that presented and maintained ChrE duplication in the previous study).




2.2 Propagation under no stress

The stability of the resistance in the 70 parental samples was analyzed after regrowing the samples in rich media lacking any antifungal stress. A smear of biomass of each investigated sample was taken from the glycerol stock and inoculated in 500 μl of YPD media. During 8 weeks, every 1–3 days, 50 μl of the sample was passed into a fresh 450 μl of the media. After 35 passages, single colonies were selected and stored in glycerol until further analysis.




2.3 Drug susceptibility test

Drug susceptibilities were obtained using Q-PHAST (Nunez-Rodriguez et al.,)1 where we placed plates with 96 spots on solid media plates on scanners and used a computational pipeline (https://github.com/Gabaldonlab/imageAnalysisPipeline_solid96wellPlates)) to measure and analyze the growth during the time. This python pipeline combines modified versions of colonyzer (Lawless et al., 2010) to measure the growth of the strains in plates, qfaR package (http://qfa.r-forge.r-project.org/) for calculating the fitness and, R scripts to plot and calculate different parameters. Note that the latest version of the pipeline, at the time of publication, is available at https://github.com/Gabaldonlab/Q-PHAST. Briefly, for each mutant, four single colonies were selected and grown overnight in 500 μl YPD medium at 37°C in a 96 deep well plate. The next day, the 3 μl of the saturated culture was diluted in 200 μl of sterile water and 5 μl was spotted on eight agar OmniTray plates. One of these plates contained control YPD medium, and the remaining seven plates contained YPD supplemented with 16 μg/ml, 8 μg/ml, 4 μg/ml, 1 μg/ml, 0.25 μg/ml, 0.0625 μg/ml, and 0.03125 μg/ml of anidulafungin or 256 μg/ml, 128 μg/ml, 64 μg/ml, 32 μg/ml, 16 μg/ml, 8 μg/ml, and 4 μg/ml of fluconazole. Plates were then incubated inside scanners placed in the incubators set up to 37°C, and the scanned images registered growth every 15 min during 24 h.

Fitness and susceptibility to antifungal drugs were calculated with a similar approach described before (Ksiezopolska et al., 2021) (Supplementary Table S2). Briefly, we used the area under the curve (nAUC), generated from the growth curves, of the samples grown at 64 μg/ml of flz and 0.25 μg/ml of ani. Additionally, we used the calculation of the area under the growth curve as the fitness estimates (AUC) for all the samples at all drug concentrations and YPD controls to get Minimum Inhibitory Concentration 50 (MIC50) and relative Area Under the Curve (rAUC). MIC50 values were assessed as the minimum concentration where the AUC relative to the no-drug control was below 50%. Whenever the sample did not present 50% of the inhibition at the highest used concentration, MIC50 was set as double of the maximum assayed concentration. The second used proxy, rAUC, was defined as area under the log2 drug concentration-vs-AUC, normalized by the maximum AUCMAX where there is no change in growth across all the tested concentrations. For a validation of the agar-based method described here by comparison with a liquid-based method, refer to Del Olmo et al. (2023) and Mixão et al. (2023). Outlier replicates that were wrongly detected as growing samples due to a technical issue, which is a reflected light of the corners of the agar plates, were eliminated from the analysis. Since FLZ parental samples were not resistant to ani, we tested their YPD-evolved progenies in all mentioned concentrations of ani only in the first replicates (FLZ_YPD_rep1); hence, MIC50 and rAUC were calculated only for these samples. FLZ_YPD_rep2 and rep3 were only grown on 0.25 μg/ml ani. Qualitative changes (maintained, decreased, or lost) of flz resistance were assessed manually by comparing rAUC, MIC50, and growth spots between YPD-evolved samples, parentals, and WT strains. We assessed the phenotype as the following: resistant for the ranges 0.95–1.6 for rAUC, ≥64 for MIC, >2.7 for nAUC, and when the growth spots were similar to those obtained for flz-resistant strains; decreased for 0.38–0.9 for rAUC, ≤64 for MIC, 1.26–9.22 for nAUC, and when growth spots were less intense; lost for 0.02–0.95 for rAUC, ≥64 for MIC, <3.1 for nAUC, and when there were no growth spots or they were less intense.




2.4 Spot tests

Samples were grown in 5 ml of YPD overnight. The cells were adjusted to an OD (optical density) of 1 and serially diluted 10 × 5 times. 5 μl of the final dilution was spotted on YPD agar plates containing 64 μg/ml fluconazole and on a control YPD-only plate. The growth was registered after 24 h of incubation.




2.5 Number of generations

The number of generations was estimated using the formula g = log2(N/N0), where g is the number of generations, N0 is the number of cells at the beginning of the incubation, and N is the number of cells at the end of the incubation, and mimicking the experimental setup of our in vitro evolution. Briefly, 10 strains (five parental strains: 2C_FLZ, 3H_FinA, 5F_ANI, 9F_AinF, and 10E_ANIFLZ and five evolved progenies: 2C_FLZ_YPD_1, 3H_FinA_YPD_2, 5F_ANI_YPD, 9F_AinF_YPD, and 10E_ANIFLZ_YPD), each in triplicates, were grown to saturation during 3 days. Each sample was then diluted 10×, and the number of cells was measured (N0). Since our experiment involved incubations of 24 h, 48 h, and 72 h between the passages, the samples were left to grow and the cells were measured accordingly (N). Next, the mean and standard deviations of the generation times were calculated for all the samples together for each incubation time and further multiplied by the number of passages of said incubations (11 for 24 h, 4 for 48 h, and 9 for 72 h). Presented is the sum of the number of generations considering also the standard deviations (+/−).




2.6 DNA extraction

A modified protocol from the MasterPure™ Yeast DNA Purification Kit was used to extract DNA. In brief, samples were grown overnight in liquid YPD at 37°C. Cells were pelleted and lysed with RNAse treatment at 65°C for 15 min. After 5 min of cooling down on ice, the samples were purified by the kit reagent by mixing, centrifugation, and removal of the debris, as described in the kit protocol. Furthermore, samples were left at −20°C with absolute ethanol for at least 2 h after which the DNA was precipitated for 30 min at 4°C. The pellet was washed in 70% ethanol and left to dry. TE buffer was used to resuspend the DNA. The Genomic DNA Clean & Concentrator kit (Zymo Research) was used for the final purification.




2.7 Whole-genome sequencing

Firstly, we sequenced genomes of 63 evolved samples: 60 AS samples (three replicates of 10 FLZ_YPD and three replicates of 10 FinA_YPD), and three whose parentals presented other chromosomal duplications (3H_AinF_YPD, 7B_AinF_YPD, 2G_ANIFLZ_YPD). The genomic DNA of these samples were sequenced in a total of 18 pools, and 17 of them were containing N. glabratus strains belonging to different phylogenetic clades (Carreté et al., 2018) (Supplementary Table S3). Secondly, in order to get an accurate genomic information of all samples presenting decrease in flz resistance, we sequenced 39 samples separately (Supplementary Table S3). In addition, note that all samples were pooled with DNA from divergent species and sequenced all together as described in Ksiezopolska et al. (2021), after confirming with Crossmapper (Hovhannisyan et al., 2020) the absence of read cross-mapping in the chosen sequencing design.

Genome sequences were obtained at the ultra-sequencing core facility of the CNAG. The short-insert paired-end libraries for the whole-genome sequencing were prepared with KAPA HyperPrep kit (Roche) with some modifications. In short, 1.0 μg of genomic DNA was sheared on a Covaris™ LE220-plus (Covaris). The fragmented DNA was further size-selected for the fragment size of 220 bp–550 bp with AMPure XP beads (Beckman Coulter). The size-selected genomic DNA fragments were end-repaired and adenylated, and Illumina platform-compatible adaptors with unique dual indexes and unique molecular identifiers (Integrated DNA Technologies) were ligated. The libraries were quality controlled on an Agilent 2100 Bioanalyzer with the DNA 7500 assay for size, and the concentration was estimated using quantitative PCR with the KAPA Library Quantification Kit Illumina Platforms (Roche). The libraries were sequenced on NovaSeq 6000 (Illumina) with a paired-end read length of 2 × 150 bp. Image analysis, base calling, and quality scoring of the run were processed using the manufacturer’s software Real Time Analysis (NovaSeq 6000 RTA 3.4.4).




2.8 Sequencing analysis

To find changing variants and aneuploidies, we analyzed the WGS data for all the samples generated here, sequenced after YPD evolution. In addition, we reanalyzed their FLZ/FinA/ANIFLZ-evolved parentals (resistant strains from Ksiezopolska et al., 2021) to identify changing variants. Furthermore, we reanalyzed the WT parental and the original YPD-evolved parental (strains that never acquired resistance) from Ksiezopolska et al. (2021) to remove background variation unrelated to the in vitro evolution experiment. For all the samples where we did pools of different species, we depooled them as in Ksiezopolska et al. (2021).

In order to evaluate the presence of aneuploidies and changing small variants in these samples, we used perSVade (Schikora-Tamarit and Gabaldón, 2022) for quality control, read mapping, and variant calling. To get high-quality reads, we used the “trim_reads_and_QC” module, which uses Trimmomatic (Bolger et al., 2014) to trim the reads and fastqc (Babraham Bioinformatics - FastQC A Quality Control tool for High Throughput Sequence Data, 2023) for quality control. In addition, we used multiqc (Ewels et al., 2016) to perform an integrated quality control. We then mapped these trimmed reads with the “align_reads” module, which uses bwa mem (v0.7.17, http://bio-bwa.sourceforge.net/bwa.shtml). We used the v_s02-m07-r35 N. glabratus reference genome from Candida Genome Database (Skrzypek et al., 2017). To validate our datasets, we used the “get_cov_genes” module of perSVade (using mosdepth (Pedersen and Quinlan, 2018)) to calculate the coverage per gene, which showed that all our datasets have a median coverage > 100×. Note that the results of “get_cov_genes” were also useful to call aneuploidies and copy-number variants (CNVs) in the pure samples (those that included a single N. glabratus strain).

To call small variants (SNPs and small IN/DELs), we used the “call_small_variants” module of perSVade, with a different strategy for each sample type. First, for pure samples (each with a single strain), we used the arguments “-p 1 –callers HaplotypeCaller,bcftools,freebayes –min_AF 0.9 -c 15”. With this, the module uses GATK HaplotypeCaller (Poplin et al., 2017), bcftools (Li, 2011), and freebayes, with custom filters as in Ksiezopolska et al. (2021), ploidy 1 configuration, and keeping only positions with a coverage >15×. Second, for pooled samples (with several strains from different clades), we used the arguments “–callers freebayes –min_AF 0 -c 2 –pooled_sequencing”. With this, the module uses the “pool” mode from freebayes (v1.3.1 https://arxiv.org/abs/1207.3907), keeping only positions with a coverage >2×. To annotate these variants, we used the “annotate_small_vars” module of perSVade, which uses VEP (McLaren et al., 2016) to annotate the functional effect of each variant. For this functional annotation, we used the gff file corresponding to the reference genome from CGD.

To find aneuploidies in each strain within pooled samples, we measured the coverage of each strain from its unique genomic features (i.e., SNPs found only in that sample) as compared with the other members of the pool. In order to achieve this, we first defined as “private SNPs” of a strain those that were not expected in any of the other samples of the pool. We defined as “expected SNPs” those that were called in the parental WT strains (not subjected to any in vitro evolution). We found that most strains (all non-CBS138 strains) had at least 14,946 positions with such private SNPs. The read depth of each of these SNPs was taken as a proxy for the coverage of the corresponding sample. However, all CBS138 strains had less than three of these, suggesting that considering private SNPs is not enough to resolve the coverage of all strains. To overcome this, we identified “private no SNPs” in a sample as positions without SNPs where all the other members of the pool had some SNP. We calculated the coverage of each “no SNP” as the “total coverage in a position”—”sum of the coverage of each SNPs in the other samples”. This yielded >16,655 “no SNPs” for all CBS138 samples, suggesting that considering “no SNPs” could be useful. In order to avoid errors derived from inaccurate variant calling, we considered as “private SNPs” those that were “high-confidence” in a given strain (called by three algorithms in the parental and with at least 90% of reads of the position supporting that SNP, as in Ksiezopolska et al. (2021), and not called in any of the other members of the pool. Importantly, we validated that most of these “expected” SNPs were also called in the pools (>98.47% in all samples). Similarly, we only considered “private no SNPs” as those positions where the strain had no called SNPs and all the other members had “high-confidence” SNPs. We found that most positions that were expected to include some “no SNP” yielded the expected SNPs in the pooled sequencing (>99.04% in all pools). Taken together, these observations indicate that the combination of “private SNPs” and “private no SNPs” can be useful to measure the read depth of each strain from the pooled sequencing. We thus obtained the coverage of each position as the reads covering the “private SNPs” (or “no SNPs”) of a given sample. We also calculated a “relative coverage” measure by normalizing the coverage of each position by the median coverage across all positions of chromosomes not expected to have aneuploidies in any strain (chromosomes B, C, D, F, G, H, J, K, M). This “relative coverage” was expected to be proportional to the copy number in a given position, and we used it to identify aneuploidies in pooled strains.

To detect aneuploidies in strains within pure samples (with only one strain), we used the per-gene coverage results from perSVade (see above). We calculated a “relative coverage” measure by normalizing the coverage of each gene by the median coverage across all genes of chromosomes not expected to have aneuploidies in any strain (chromosomes B, C, D, F, G, H, J, K, M).

To identify small variants lost during the YPD evolution in pooled samples, we checked whether the expected resistance-conferring mutations of each strain were identified with the pooled calling strategy. We only considered the expected variants around the important genes (FKS2, PDR1, FKS1, ERG11, ERG3, CDR1, CNE1, and ERG4) as defined in Ksiezopolska et al. (2021).

To identify small variants that were lost or acquired during the YPD evolution in pure samples, we analyzed the variants of 39 strains sequenced in pure samples and their parentals (resistant strains and background parentals). Note that 24 of these samples are all those samples that show a decrease in resistance to flz. We defined as “high-confidence” small variants those that passed the filters of the three algorithms with at least 90% of reads of the position supporting that SNP. In addition, we defined as “low-confidence” variants those that were called by any algorithm. For each strain after YPD evolution, we defined “background variants” (all “low-confidence” variant found in any of the WT/YPD pre-in vitro evolution strains) and “resistance variants” (“high-confidence” variants in the resistance parental but absent in the “background variants”). We defined as “new variants” those that were “high confidence” in the after-YPD strain and absent in both the “background variants” and in the “low confidence” variants from the resistance parental. We define as “lost variants” those “resistance variants” that were absent in the “low confidence” variants of the after-YPD strain.

To identify CNVs (deletions and duplications) that were lost or acquired during the YPD evolution in pure samples, we analyzed the per-gene coverage of 39 strains sequenced in pure samples and their parentals (resistant strains and background parentals). To correct for intrinsic coverage biases, we defined the log2cov_vsYPD for each gene as the log2 ratio between the relative coverage and the relative coverage in the background YPD parental strain (from Ksiezopolska et al., 2021). For each strain, we defined genes with “high-confidence” duplications (with log2cov_vsYPD >1 and a relative coverage >1.8) and/or “low-confidence” duplications (with log2cov_vsYPD >0.5 or a relative coverage >1.3) In addition, we defined genes with “high-confidence” deletions (with <50% of the gene covered) and/or “low-confidence” deletions (with <50% of the gene covered or a relative coverage <0.1). We then defined “background CNVs” (deletions or duplications present in all background WT/YPD parentals with “low confidence”) and “resistance CNVs” (“high-confidence” CNVs in the resistance sample absent in the “background CNVs”). Finally, we defined as “new CNVs” those “high-confidence” CNVs from the after-YPD strain that were absent in the “background CNVs” and in the “low-confidence” CNVs from the resistant sample. In addition, we define as “lost CNVs” those “resistance CNVs” that were absent in the “low confidence” CNVs of the after-YPD sample. Note that for duplications, we only considered genes within chromosomes that had no aneuploidies in any strain (chromosomes B, C, D, F, G, H, J, K, M).

Finally, we filtered out variants that appeared to be new (or lost) in multiple strains, as these are likely mapping or variant calling artifacts.




2.9 PCR and Sanger sequencing

The loss of PDR1 mutations and FKS1 after the in vitro evolution was confirmed by PCR and Sanger sequencing. The PCR primers for PDR1 are FWD—TCAAAATGCACCCAGTTCGA and REV—TCTAACGGGTTGGCAATCGA, and those for FKS1 are FWD—TGGTCACCCGGATTTCATCA and REV—TCACCCATACCAGCACCAAT. PCRs were carried out by using Taq DNA polymerase from DongShengBio. The reaction mixture included primers of concentration of 0.4 μM, 20 μl Taq DNA polymerase, 1 μl liquid sample grown for 24 h in YPD, and water up to a final volume of 40 µl. Optimase ProtocolWriter™ was used to develop conditions.





3 Results



3.1 Using in vitro evolution coupled with phenotyping to assess long-term stability of drug resistance

We used an in vitro evolution approach to test the perdurability of acquired resistance in a set of 70 mono- and multidrug-resistant N. glabratus strains (Supplementary Table S1) obtained in a previous study (Ksiezopolska et al., 2021). This set included 18 flz-resistant, 10 ani-resistant, and 42 flz and ani-resistant (MDR) samples obtained from directed evolution experiments. Mutations present in these strains that were acquired under drug exposure have been characterized previously through whole-genome sequencing and potentially represent diverse genetic mechanisms of resistance, including mutations in FKS genes in ani-resistant strains as well as mutations in PDR1, ERG11, or ChrE aneuploidies in flz-resistant strains (Ksiezopolska et al., 2021). In addition, other genes were associated with the resistance phenotype as they accumulated mutations during drug adaptation in independent populations, including ERG3 (confirmed as resistance driver in that study), ERG4, CDR1, or CNE1. To assess the stability of the resistance phenotype and resistance-associated mutations after prolonged growth in the absence of drug exposure, we serially passaged the strains in a rich medium (YPD) free of antifungal agents during 8 weeks, which we estimated to represent 140 ± 20 generations (see Figure 1 and Materials and Methods).




Figure 1 | Schematic representation of the experiment. (A) A battery of resistant strains with characterized resistance-associated mutation is available from a previous study (Ksiezopolska et al., 2021). (B) These strains were propagated in non-selective conditions for 2 months (35 passages). (C) Changes in susceptibility phenotypes, and the presence of previously or newly acquired genetic alterations was assessed. Created with biorender.com.



We placed a particular focus on 20 strains carrying ChrE duplications (10 flz-evolved samples and their 10 progenies further evolved in ani, which showed persistent chromosomal alteration mentioned in the introduction), which will be further referred to as aneuploid samples (AS), and for which we carried out the experiment in triplicates. In total, 110 YPD-evolved strains resulting from 70 resistant parental strains were analyzed (50 non-aneuploid samples plus triplicates of 20 AS samples).

We evaluated the susceptibility of the evolved samples by spot test and image-based quantification of colony growth (Materials and Methods). For this, we first used agar plates supplemented with seven increasing concentrations of the drugs and a no-drug control plate, spotted them with the samples, and registered the growth with scanners. Image analysis was used to calculate growth curves, minimal inhibitory concentrations (MIC50, drug concentration at which 50% inhibition of the growth is observed as compared with growth on the plate without the drug), areas under the growth curve (nAUC) for different concentrations, and the relative area under the curve (rAUC). rAUC has been previously proposed as a quantitative proxy for susceptibility that is more robust than MIC50 (see Ksiezopolska et al. (2021) for a detailed explanation) and is defined as the area under the drug concentration-versus-relative fitness curve (AUC), normalized by the maximum AUCMAX where there is no change in fitness across the entire range of concentrations (Supplementary Figure S1). Additionally, we visually examined growth spots. Finally, these different susceptibility measures (MIC50, rAUC, nAUC, visual assessment of spot growth) for the parental (resistant) and evolved strains were compared which provide a qualitative assessment of “maintenance,” “loss,” or “decrease” of the resistance phenotype (Materials and Methods). The overall results are shown in Figures 2, 3 and in Supplementary Table S2.




Figure 2 | Summary of phenotypic evolution. Summary of phenotypic evolution of resistant strains after propagation in non-selective conditions for ani-resistant strains, flz-resistant strains without ChrE duplication, and flz-resistant strains with ChrE duplication, in this order. Maintenance or resistance correspond to the corresponding drug (ani for ani-resistant and flz for flz-resistant). Created with biorender.com.






Figure 3 | Analysis of changes in flz resistance and aneuploidies in AS samples. From left to right: Growth spot assays, areas under the growth curves (nAUC) of parentals and evolved replicates of the AS samples grown at 64 μg/ml of flz; stability of the resistance phenotype and the chromosomal duplications in YPD-evolved replicates.






3.2 Acquired drug resistance is long-lived in non-selective conditions

Strikingly, our results show that all 52 ani-resistant samples retained the ani resistance phenotype after evolution in YPD (Figure 2, Supplementary Figures S2–S4). Interestingly, the evolution of flz resistance in YPD was markedly different depending on the presence of ChrE aneuploidies. Susceptibility to flz in non-AS increased in only three YPD-evolved samples (3/41, 7%) (Figure 2 and Supplementary Figures S4, S5), as compared with 36.8% (21/57) in the AS set (Figure 3, Supplementary Figure S3). This almost five fold difference in the propensity to diminish resistance indicates a higher plasticity of the aneuploidy-aided resistance as compared with resistance based on point mutations. Interestingly, one-third of the AS samples that decreased in flz susceptibility (7/21) retained intermediate levels of susceptibility, still higher than their original native WT drug-susceptible ancestors.




3.3 Loss of chromosome E duplicates is common but largely uncoupled to loss of flz resistance

To gain a mechanistic understanding on the causes of resistance loss and to assess the overall stability or previously acquired resistance-conferring mutations, we selected samples for individual or pooled whole-genome sequencing. To increase the number of analyzed strains with the available budget, we used a pool-sequencing strategy in which DNA from several N. glabratus strains belonging to genetically different clades (therefore with identifiable SNP patterns) were pooled in equal proportion and a single sequencing library was prepared for each pool (Supplementary Table S3). The analysis of the relative coverage of strain-specific alleles in the different chromosomes enabled us to identify the aneuploidies present in each pooled strain (see Materials and Methods). We could calculate the coverage for at least 882 genomic positions with clade-specific variants in all aneuploid chromosomes. We confirmed the results in 39 samples that were also sequenced separately and concluded that our strategy resolves the presence of aneuploidies in an accurate and cost-effective manner. The presence of aneuploidies was investigated in such a way in all 60 YPD-evolved AS samples and in four additional samples, including three samples whose parentals presented other types of aneuploidies. The final set included 55 samples that presented alterations only in ChrE, four in ChrE and ChrI, one in ChrE and ChrL and one in ChrA (Figure 4).




Figure 4 | Aneuploidy assessment from depth of coverage of strain-specific SNP coverage. Relative coverage (as compared with the median of non-aneuploid chromosomes) plots for several genomic positions before (black) and after (colored) 8 weeks of growth in YPD. We log2-normalize the data by the coverage in the YPD-evolved sample (of the corresponding strain (see Ksiezopolska et al. (2021)) to correct strain-specific biases. Coverage of YPD-evolved lines (colored) was measured from the sequencing of pooled samples (see Materials and Methods). This approach only allowed the calculation for some positions, which explains why there are gaps in these figures. Each panel corresponds to one aneuploid chromosome in a strain. (A) Shows the AS samples (10 FLZ samples with their 10 FinA progenies (parentals of this study) with three YPD-evolved replicates. (B) Shows the four additional samples for which we investigated chromosomal alterations that also included changes in other chromosomes.



Our results (Table 1) revealed diverse combinations of chromosome loss and decrease of resistance that suggest a non-deterministic relationship between the two events. The duplicated ChrE was lost in 41 (41/63, 65%) of the investigated strains, but only in 12 (12/41, 29%) of these the aneuploidy loss was accompanied by a decrease in resistance to flz. In addition, this decrease was intermediate for four of these strains. Thus, in the majority of the samples that lost the duplicated ChrE, this loss was not accompanied by a corresponding loss of flz resistance, suggesting the retention of the other (more likely) genetic drivers (identified in (Ksiezopolska et al., 2021)). Conversely, we also observed the maintenance of the ChrE duplication in 11 strains that nevertheless showed a decrease in resistance, suggesting that other genetic alterations may have driven the increase of susceptibility. The single strain harboring ChrL aneuploidy maintained it, whereas aneuploidies affecting ChrI and ChrA were always lost. Loss of ChrI aneuploidy only resulted in increased susceptibility in a single strain where ChrE was also lost. Overall, loss of ChrE was more associated with the maintenance, rather than the loss, of the resistance phenotype, and there was no statistically significant association between ChrE loss and loss of resistance (p-value 0.163, Fisher exact test). Altogether, our results suggest that ChrE duplications tend to be lost during evolution in YPD, but that this only sometimes leads to increased flz susceptibility. Hence, other mutations present in the resistant parental strains that initiated the experiments are likely playing a more important role in the drug resistance phenotype, as compared with ChrE duplications.


Table 1 | Analysis of changes in flz resistance vs. chromosomal alterations.






3.4 High stability of resistance-associated mutations

Given the potentially higher phenotypic relevance of point mutations noted above, we mined our sequencing data for the presence of resistance-related point mutations in FKS1, FKS2, ERG11, ERG3, ERG4, PDR1, CDR1, and CNE1 genes (see Materials and Methods). Given the recurrent presence of non-synonymous mutations appearing during drug exposure, these seven genes have been previously considered relevant for drug adaptation (Ksiezopolska et al., 2021), and we consider them here as resistance-associated without necessarily implying that they are causative of the resistance. All examined samples, except three (59/62, 95%), retained the relevant mutations acquired during drug adaptation, indicating a much higher stability of point mutations as compared with aneuploidies. Unexpectedly, all three samples that lost the resistance-associated point mutations are progenies of the same WT strain (BG2). One lost mutation involved a missense mutation (L280F) in PDR1, another one lost an insertion (V339/VE) in PDR1, and the remaining one lost a STOP codon (Q1230*) in FKS1. In all these cases, the mutated positions reverted to the wild-type configuration. The two samples where mutations in PDR1 gene were lost showed a decrease in flz resistance, despite the retention of a ChrE aneuploidy in one of them, suggesting a larger effect of the PDR1 mutation on the phenotype. Targeted sequencing surrounding the mutated positions in PDR1 in all 12 BG2 progenies confirmed the whole-genome sequencing results and showed no other changes in the investigated regions in any of the tested samples. We investigated the loss of the STOP codon (Q1230*) in more detail by visually inspecting read alignments. In the sample mentioned above, TAA (STOP) reversed to CAA (Gln), and we found that another YPD-evolved replicate of the same parental sample had a different mutation in the same codon, TAA changed to TCA (Ser), also resulting in the loss of the premature stop codon. None of these mutations impacted the susceptibility to ani, likely because all strains retained FKS2 missense mutations, which were present in the parental strains in addition to the FKS1 truncation. The fact that the four cases that lost previously acquired genetic alterations are descendants of BG2 may indicate that gain of function mutations in PDR1 or truncating mutations in FKS1 have a fitness cost in the tested growth conditions and, specifically, in the BG2 genetic background, irrespective of their role in flz or ani resistance.

To increase our genotyping resolution and gain further insights on possible genetic mechanisms driving the increase in flz susceptibility, we individually sequenced the whole genome of all 24 samples presenting changes in the resistance phenotype (Supplementary Table S4). Four of the investigated samples (4/24) lost previously acquired nonsynonymous mutations: one lost changes in PDR1, PEX17, and CAGL0E06182g, one in PDR1 only, one in FKS1, and one in RPD3. Losses in PDR1 and FKS1 were confirmed by Sanger sequencing as mentioned before. Importantly, we also identified newly appearing mutations in the resistance-associated genes, which were more common. We observed that 13/24 samples presented new protein-altering mutations in PDR1 and 2/24 in CDR1 which we suspect to have the largest impact on the loss of resistance. The acquisition of these mutations happened regardless of the loss or maintenance of ChrE duplication: six samples that lost the duplication presented new PDR1 mutations, and nine that maintained it showed new mutations in PDR1 (seven samples) or CDR1 (two samples). Hence, these protein alterations are likely to explain the loss of resistance in these 15 samples.

For the nine remaining samples that lost flz resistance, the relationship between the observed mutations and the increase of susceptibility is less obvious. Two samples (both from EF1620 WT background) did not present any new protein-altering mutation, but they had lost ChrE duplication, pointing to a possible role of the aneuploidy in this phenotype. Four other strains that lost ChrE duplications presented other mutations, and therefore, there is not a direct link between the mutation and the loss of resistance: one had a new protein-altering mutation in EPA7, encoding an adhesin; one acquired a new mutation in the ortholog of S. cerevisiae LAM6, involved in intracellular sterol transfer, and lost the previously acquired one in RPD3 (discussed above); one had a new mutation in the ortholog of S. cerevisiae LRE1, involved in control of cell wall structure and stress response; and the other one had no protein-altering mutation but suffered a concomitant loss of ChrI. Two other samples that retained the ChrE duplication but lost the resistance may point to new mechanisms involved in the phenotype loss: one presented new protein-altering mutations in the ortholog of S. cerevisiae FMO1, encoding a monooxigenase involved in protein folding and ER localization, and TBF1, a telomere repeat binding factor; the remaining one did not present any new protein-coding alteration, suggesting that non-coding mutations may be involved. Finally, one sample whose parental did not have any chromosomal alterations acquired new mutations in GAL11A (Q477H and Q478*), a gene encoding a protein with a critical role in regulation of multidrug resistance in N. glabratus (Thakur et al., 2008) which we suspect to impact on the decrease in susceptibility to flz. Lastly, we also individually sequenced the whole genome of 16 YPD-evolved samples that maintained susceptibility to flz. We observe that only one (1/16) of these samples presented a new variation in the (S447W) PDR1 gene.





4 Discussion

Resistance to antimicrobials is growing due to the ability of microbes to adapt to drugs through the acquisition of genetic alterations. However, how long-lived these alterations and the resulting resistant phenotypes are is still poorly understood. This study aimed to assess the stability of secondarily acquired resistance phenotypes and their genetic drivers in N. glabratus after cultivation under non-selective growth conditions. For this, we used a unique combination of in vitro evolution, high-throughput phenotyping, and whole-genome sequencing and took advantage of the availability of a well-characterized collection of 70 mono- and multidrug-resistant strains previously obtained by directed evolution (Ksiezopolska et al., 2021).

Overall, we observed a high stability of the resistance phenotype, particularly for ani, which was retained in all samples, as opposed to 83% for flz. A higher stability of the ani resistance phenotype is consistent with our earlier observation that ani-resistant isolates showed similar fitness values in antifungal-free conditions as their wild-type parentals, whereas growth on YPD of flz-resistant isolates was more impaired (Ksiezopolska et al., 2021). This may imply a higher fitness cost (in optimal growth conditions) of flz resistance as compared with ani resistance, resulting in a higher propensity to be lost. In contrast, in that previous study (Ksiezopolska et al., 2021), we observed that, when ani-resistant strains were exposed to flz, ani resistance was lost in 8.4% of all tested samples, whereas flz resistance was more likely to be retained in cells exposed to ani (lost in 2.1% of the tested samples). This trend is opposite to what we observed here in optimal growth conditions. On a similar note, the samples that lost resistance to the first drug when treated with a second one in our previous study all maintained the resistance phenotype when evolved in YPD in this study. Finally, our previous study identified flz cross-resistance in ani-evolved samples carrying ERG3 mutations. In this study, all these samples maintained this cross-resistance after evolution in YPD. All these observations highlight that the propensity for maintaining or losing the resistance phenotype is dependent on the environmental conditions, likely due to context-dependent fitness cost of the underlying mutations. Intriguingly, these results also suggest that the fitness cost of flz-resistance associated mutations may be lower under exposure to ani, which reinforces the cross-talk between ani and flz resistance. Further studies may explore how such processes contribute to the relatively high rate of multidrug resistance observed in N. glabratus (Arendrup and Patterson, 2017).

Aneuploidies are often observed after drug exposure (Marichal et al., 1997; Perepnikhatka et al., 1999; Yang et al., 2019; Ksiezopolska et al., 2021) and are generally considered a transient mechanism to cope with drug stress. We observed that chromosomal aneuploidies were often lost in optimal conditions, reinforcing their suggested temporary role in adaptation to drug resistance (Rustchenko, 2007). Nevertheless 22 samples (35%) retained ChrE aneuploidy after 2 months of growth in non-selective conditions, which is not negligible and would suggest that aneuploidy-aided flz resistance could persist for long periods of time in N. glabratus populations in untreated patients or in the environment. Again, this observation made in optimal growth conditions contrasts with observations of nearly 100% retention under ani exposure for a similar period of time (Ksiezopolska et al., 2021). This suggests a higher stability of aneuploidies under a stress condition imposed by ani treatment, even though this stress is different from the one that originated the aneuploidy. In clinical settings, this would mean that the acquired duplications could be also stable after the change of drug regime. Importantly, however, in our experiment ChrE loss and loss of flz resistance were largely uncoupled. This may be explained because all of our aneuploid parental strains bear also PDR1 sequence alterations, which were often retained. This suggests a transient and less determinant role of ChrE duplications in flz resistance, at least after PDR1 mutations have appeared, and highlights the importance of PDR1 mutations in driving flz drug resistance. Additionally, we observed that 62.5% of the YPD-evolved samples that decreased in resistance to flz presented reversions or new protein-altering mutations in PDR1 or CDR1 genes, strongly suggesting these were responsible for the phenotypic change. Overall, our results support a more determinant role of PDR1 point mutations in stable flz resistance phenotype, and a less determinant role of the commonly observed ChrE aneuploidies, which likely play a transient role and allow a quick, initial but incomplete adaptation to the stress exerted by the drug. Other mutations associated with the loss of resistance may hint to novel mechanisms related to drug-adaptation and the resulting fitness costs. Although a direct association is difficult with our data and requires further research, some working hypotheses can be contemplated. These include the potential involvement of GAL11A, a gene involved in transcriptional regulation and which has been already related to drug resistance (Thakur et al., 2008), the orthologs of S. cerevisiae LAM6, involved in intracellular sterol transfer, LRE1, involved in control of cell wall structure and stress response, and FMO1, with roles in protein folding and ER localization.

Importantly, our findings of a significant number of new mutations appearing in key resistance genes such as PDR1, CDR1, and FKS1 during the evolution under non-selective conditions suggests a fitness cost of the previously acquired resistance-conferring mutations in these genes. Importantly, this cost would not always be linked to the resistance phenotype, as most of the newly acquired mutations did not lead to a loss in this phenotype. Finally, our experiment included strains from broadly different genetic backgrounds—e.g., different N. glabratus clades sensu (Carreté et al., 2018)—and we observed some trends in this regard, such as a tendency to revert or compensate for mutations in PDR1 and FKS1 in the BG2 background. Overall, our observations underscore the complex relationships between phenotype, genotype, and environment.

Altogether, our results indicate a relatively long-lasting stability of acquired resistance in the absence of selective conditions. Of note, our study is limited to in vitro conditions and therefore cannot consider external factors that may influence fitness of resistant strains, including activity of the host immune system, or exposure to clinical settings (e.g., use of disinfectants). Nevertheless, our results are consistent with previous, smaller-scale studies (Borst et al., 2005; Imbert et al., 2016; Hatwig et al., 2019) and extend these by providing a more comprehensive, quantitative, and mechanistic understanding of the process based on a large number of distinct samples in strictly controlled conditions. The implications of these observations are of major clinical relevance. For instance, high stability of the resistance phenotype could explain the expansion of resistant clones through non-exposed environments such as untreated patients, doctors, hospital devices, or non-clinical environments. Understanding factors that promote retention or loss of resistance phenotypes will be important for the design of efficient therapies and the implementation of measures to contain outbreaks caused by resistant strains. Future studies should ideally consider alternative clinically relevant conditions and explore other related phenotypes such as tolerance.
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Introduction

The rapid spread of COVID-19 worldwide within 2 months demonstrated the vulnerability of the world’s population to infectious diseases. In 2015, the Global Antimicrobial Resistance and Use Surveillance System (GLASS) was launched to combat antimicrobial resistance (AMR). However, there has been no comprehensive assessment of the decade-long global battle against AMR based on GLASS data.





Methods

South Korea established Kor-GLASS (Korean-GLASS) to proactively monitor data quality and enable international collaborations. A unique feature of Kor-GLASS is the quality control center (QCC), which uses network hubs and ensures standardized, high-quality data through interlaboratory proficiency testing (IPT) and external quality assessment (EQA). In addition, the QCC multifaceted endeavors for integrated data quality management.





Results

Since 2020, high-quality AMR data have indicated fluctuating antibiotic resistance rates in South Korea. This trend does not align with the decrease in antibiotic usage seen in humans but coincides with non-human antibiotic sales, indicating a need for greater monitoring of non-human antibiotic resistance. Comprehensive and robust management taking account of the intricate interplay among humans, animals, and the environment is essential. Kor-GLASS has been expanded into a “One Health” multiagency collaborative initiative.





Discussion

Although a standardized solution is not suitable for all countries, it must align with the local context and international standards. A centralized top-down management structure such as that of the QCC is essential to ensure continuous data quality coordination. Sustained efforts and surveillance systems are crucial for monitoring and managing AMR and safeguarding human health.
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Introduction

In 2014, the O’Neill report highlighted the global threat posed by antimicrobial resistance (AMR) (O’Neill, 2014). Subsequently, in 2015, during the 68th World Health Assembly, the Global Antimicrobial Resistance and Use Surveillance System (GLASS) was established as a worldwide action plan by the World Health Organization (WHO) (Organization WHO, 2014). The rapid and widespread outbreak of COVID-19 in 2019, affecting over 200 countries within a span of two months, demonstrated the vulnerability of the world’s population to infectious diseases (Lim, 2021). This experience underscores the importance of robust surveillance systems for managing public health threats.

South Korea has been actively involved in AMR management since 1997, prior to the establishment of GLASS (Supplementary Figure S1, Supplementary Table S1). In 2016, South Korea launched the Korean Global Antimicrobial Resistance Surveillance System (Kor-GLASS), which is based on the GLASS platform but incorporates additional features aimed at enhancing data quality and management. Kor-GLASS operates under a “One Health” approach (KDCA, 2017-2021; Lee et al., 2018; Liu et al., 2019), which integrates human, animal, and environmental health sectors to comprehensively address AMR.

The primary objective of Kor-GLASS is to provide standardized, high-quality data that can be used for further analysis, interpretation, and actions by various stakeholders. The system includes key components such as external quality assessment (EQA) and interlaboratory proficiency testing (IPT) to ensure data quality. The Quality Control Center (QCC) plays a central role in managing these components and maintaining the integrity of the data collected.

This study aims to provide a detailed overview of the Kor-GLASS system, highlighting its unique features, innovative approaches, and contributions to the global fight against AMR. By comparing Kor-GLASS with other national AMR surveillance systems, this paper seeks to emphasize the system’s unique contributions and improvements, and to discuss its potential impact on AMR management.





Methods




Network organization of Kor-GLASS

Kor-GLASS was established to collect standardized AMR surveillance data in accordance with the GLASS guidelines, toward the construction of a global database. This initiative is steered by the Korea Disease Control and Prevention Agency (KDCA), a government agency. To ensure advancement of the AMR surveillance system, the government has appointed experts within a hierarchical framework. Kor-GLASS is based on four principles: representativeness, specialization, harmonization, and localization (Lee et al., 2018). The system is divided into five stages (Figure 1), systematically integrating specimen collection, data generation, and data quality assessment. Testing methods and results are standardized across all centers, and these uniform results are uploaded to the Kor-GLASS database (https://is.kdca.go.kr/). The operational framework for each hub ensures a consistent flow of specimens and data, with detailed processes outlined in Figure 2 and Supplementary Table S2.




Figure 1 | Organizational structure, relationships, and government and international institutions within Kor-GLASS. WHO, World Health Organization; GLASS, Global Antimicrobial Resistance and Use Surveillance System; KDCA, Korea Disease Control and Prevention Agency; IPT, interlaboratory proficiency testing; EQA, external quality assessment. Figures were created with BioRender.






Figure 2 | Flowchart of Strain Collection and Data Flow. The flowchart illustrates the process of strain collection and data flow, following two primary pathways: one from the collection center to either the analysis center or the quality control center, covering processes from identification to test management, and another from the analysis center to KDCA for strain preservation. Data collected by each center is uploaded to the Kor-GLASS database (https://is.kdca.go.kr/) in the designated format. This data is managed by KDCA, which reports the annual results to WHO in the GLASS format, ensuring precise tracking and reporting for high data integrity and quality control. Figures were created with BioRender.







Quality control center

A distinctive feature of Kor-GLASS is the establishment of a national-level Quality Control Center (QCC), which is independent of the GLASS system. This centralized QCC bridges gaps between network hubs, ensuring the generation of standardized, high-quality AMR surveillance data through unified criteria, and facilitating rapid improvements and issue resolution across the system.

Designated by the KDCA, the QCC operates independently of collection and analysis centers. It is a tertiary hospital laboratory with expertise in analysis, staffed with a dedicated on-site microbiology expert, and holds ISO 9001:2015 certification, ensuring adherence to stringent international standards. The QCC standardizes processes among analysis centers and manages the collected data, striving for network-wide consistency (Figure 3).




Figure 3 | Role of the quality control center in antibiotic-resistant surveillance in Korea. Figures were created with BioRender.



Additionally, the QCC ensures rigorous data quality management through IPT and EQA. Unlike other national AMR surveillance systems in countries such as the United States (Robillard et al., 2024), the United Kingdom (Bennani et al., 2021), and Australia (Coombs et al., 2024), the centralized QCC of Kor-GLASS operates autonomously, maintaining high standards across multiple centers.




Initial integrated data quality management: IPT and EQA

Monitoring of the seven analysis centers responsible for generating species-specific AMR data under the guidance of the QCC is essential for integrated data quality management. Antibiotic susceptibility testing (AST) is performed using disk diffusion or broth microdilution methods in accordance with the recommendations of the Clinical Laboratory Standard Institute and the European Committee on Antimicrobial Susceptibility Testing (Matuschek et al., 2014; Wayne and Clinical and Laboratory Standards Institute, 2016). For data quality management, the QCC has implemented bidirectional management through IPT and EQA, ensuring comprehensive data quality control.

IPT is typically conducted on a monthly basis for samples delivered from analysis centers to the QCC. The QCC evaluates the error rate by performing AST on randomly selected isolates (5% for all species) from the strains collected from each analysis center. Errors are categorized as major, involving misclassification of resistant strains as susceptible or vice versa, or minor, involving intermediate classifications. The accepted threshold for major errors is < 3%, and the categorical agreement for the classification of susceptible, intermediate, and resistant strains should be > 90%. In cases where major errors exceed 3% or categorical agreement falls below 90%, an additional 5% of randomly selected strains for the specified period are tested at the QCC. Causes of errors are investigated, and corrective actions are implemented.

EQA is conducted on a quarterly basis and involves the distribution of fully identified strains from the QCC to each analysis center. Five strains are selected from the QCC strain bank, and analysis centers undertake testing within a predefined scope, encompassing tasks such as species identification and AST. The QCC assesses the data generated by the analysis centers, presenting the results as percentages, with a weight of 5 assigned to the degree of agreement with the identification results. If the error rate exceeds 10%, causes of the errors are investigated, and corrective actions are implemented.





Enhanced data quality management

The AMR data provided by the seven analysis center hubs, which conform to uniform testing criteria and quality standards, are aggregated within the Disease Control and Prevention Integrated Management System database, which is managed by the KDCA (Kor-GLASS database: https://is.kdca.go.kr/). Access to this database is restricted to designated personnel within the Kor-GLASS network hubs. The QCC uploads findings from its oversight activities, ensuring high-quality national AMR data are reported to the WHO annually through the KDCA. Furthermore, comprehensive AMR management data are disclosed transparently and are accessible for public scrutiny via the KDCA platform (https://nih.go.kr/nohas/common/main.do).





Multifaceted endeavors for data quality management: training and education

To minimize errors made during specimen collection and testing, the QCC provides ongoing education and develops guidelines for standardized collection methods. Biannual visits to participating laboratories are conducted to assess infrastructure and techniques, followed by training to address identified issues. The QCC also educates on updated molecular microbiology testing techniques, which are incorporated into standardized experimental guidelines.

For new participant laboratories, it evaluates adherence to guidelines, provides the necessary training, and conducts EQA testing. The QCC meticulously characterized the phenotypic and genetic resistance profiles for the scrutiny of reference strains. Subsequently, QCC leverages preserved reference strains for ongoing research endeavors and proficiency assessments, such as EQA, among laboratories involved in the management of resistant bacteria.

This process involves the use of matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) and 16S rRNA sequencing techniques for species identification. In certain challenging cases, Acinetobacter strains are identified through additional sequencing of the nuc and rpoB genes. SCCmec typing and analysis of Staphylococcus aureus strains involves examining the mecA and SCCmec genes using 18 primers. Additional tests include TSST-1 gene identification, analysis of eta and etb genes, multilocus sequence typing, spa typing, and whole-genome analysis using Pacific Biosciences equipment.

To develop strains for extended-spectrum beta-lactamase or carbapenemase proficiency testing, several genes are evaluated. In particular, TEM, SHV, and CTX genes are examined for extended-spectrum beta-lactamases, while CMY, DHA, and CIT genes are tested for plasmid-mediated AmpC β-lactamases. For carbapenemases, the KPC, GES, VIM, IMP, and NDM genes are analyzed. Additionally, mcr-1 PCR and sequence analysis, along with multilocus sequence typing, are performed.







Results




Outcomes of integrated data quality management by the QCC




IPT implementation and findings

IPT is the most important responsibility of the QCC because it ensures quality assurance and standardization of data generated by the analysis centers. The frequency of IPT implementation varies across centers depending on the number of collected specimens. Between 2020 and 2021, the following specimens underwent AST testing and analysis of species-specific bacterial-antimicrobial combinations through IPT:

− For E. coli, 1,464 of 19,568 specimens underwent AST, resulting in the testing of 29,500 bacterial-antimicrobial combinations.

− For Klebsiella pneumonia, 364 of 4,608 specimens underwent AST, resulting in the testing of 6,973 bacterial-antimicrobial combinations.

− For S. aureus, 156 of 1,506 specimens underwent AST, resulting in the testing of 2,214 bacterial-antimicrobial combinations.

− For Enterococcus faecium, 94 of 761 specimens underwent AST, resulting in the testing of 1,119 bacterial-antimicrobial combinations.

− For Enterococcus faecalis, 62 of 447 specimens underwent AST, resulting in the testing of 802 bacterial-antimicrobial combinations.

− For Acinetobacter baumannii, 103 of 412 specimens underwent AST, resulting in the testing of 1,468 bacterial-antimicrobial combinations.

− For Pseudomonas aeruginosa, 69 of 442 specimens underwent AST, resulting in the testing of 925 bacterial-antimicrobial combinations.

During this period, no species identification errors occurred in any of the centers. As depicted in Figure 4, the majority of bacterial species were subjected to monthly IPT. The AST results demonstrated categorical agreement within 90%, and no instances where major error rates exceeded 10%. However, some analysis centers had minor error rates > 10%, resulting in categorical agreement < 90%. In particular, minor error rates > 10% were noted in the results for A. baumanni in February and October 2021, as well as for P. aeruginosa in January 2022. These errors were attributed to inaccurate in determination of the size of inhibition zones according to EUCAST guidelines (EUCAST, 2024); subsequent education and retesting were performed to rectify these errors (See Supplementary Figure S2 for error photos in Disk diffusion test across various strains.). In subsequent IPTs, the error rate had stabilized within an acceptable range, confirming the production of consistently high-quality data.




Figure 4 | Three-Year Management Outcomes of the Quality Control Center: Ensuring Consistent Data Quality in Each Analysis Center. (A) EC/KP (Escherichia coli/Klebsiella pneumoniae) - Management outcomes of Escherichia coli and Klebsiella pneumoniae in the center; (B) SA (Staphylococcus aureus) - Management outcomes of Staphylococcus aureus in the center; (C) EN (Enterococcus) - Management outcomes of Enterococcus faecalis and Enterococcus faecium in the center; (D) AC/PA (Acinetobacter spp./Pseudomonas aeruginosa) - Management outcomes of Acinetobacter spp. and Pseudomonas aeruginosa in the center.



For centers with a lower volume of collected specimens, including SL/SP, CD, and CA centers where IPT procedures were performed every 3 months, the numbers of specimens that underwent IPT between 2020 and 2021 were as follows: 63 for Candida spp., 54 for Clostridium difficile, 41 for Salmonella spp., and 20 for Streptococcus pneumoniae. Notably, no errors or major discrepancies were observed in species identification among these specimens. For Candida spp., minor error rates were consistently low (average of 0.18%). Similarly, Salmonella spp. displayed a modest average error rate of 1.0%. However, S. pneumoniae showed a slight increase in minor identification errors during the initial half of 2021, with an average rate of 10.5%.





EQA performance and data quality

EQA is conducted quarterly and involves the distribution of fully identified strains from the QCC to each analysis center. The results of the EQA are presented as percentages. The error rates for all tested species were consistently low, indicating reliable data quality.





AMR trends in South Korea

A comprehensive analysis of AMR fluctuations in South Korea revealed distinct patterns among various strains. High levels of AMR were observed in critical priority pathogens (Organization WHO, 2017), including A. baumannii, P. aeruginosa, and multiple Enterobacteriaceae (including K. pneumoniae, E. coli, Serratia, and Proteus), indicating the need for continuous monitoring and management (Figure 5). Notably, the detection rate of extensively drug-resistant P. aeruginosa surged from 20.87% in 2020 to 26.61% in 2021, remaining high at 18.63% in 2022. Similarly, the proportion of extensively drug-resistant K. pneumoniae increased from 5.75% in 2020 to 9.72% in 2021, slightly decreasing to 8.87% in 2022. Considering that Kor-GLASS gathers data from medium to large hospitals with 500-1000 beds, the sudden surge in antibiotic resistance witnessed in 2021 cannot dismiss the potential for a temporary shift linked to COVID-19 in the respiratory intensive care units (La et al., 2022).




Figure 5 | Distribution of categories of resistance among strains in blood. (A) Acinetobacter baumannii, (B) Acinetobacter spp., (C) Pseudomonas aeruginosa, (D) Escherichia coli, (E) Klebsiella pneumoniae, (F) Enterococcus faecium, (G) Enterococcus faecalis, and (H) Staphylococcus aureus. PDR, pan drug resistance; XDR, extensive drug resistance; MDR, multi-drug resistance; DR, drug resistance; DS, drug-sensitive.







Expansion into one health initiative

High-quality AMR data revealed that the AMR rate in Korea displayed marked fluctuations. Conversely, data from the Health Insurance Review and Assessment Service (HIRA, 2017-2021) indicated a gradual decline in antibiotic utilization in hospitals and pharmacies over the years. This decline is measured in terms of the daily dose per 1,000 Inhabitants per day (DID), which was 23.65 in 2017, 26.92 in 2018, 26.51 in 2019, 20.93 in 2020, and 19.58 in 2021. In contrast to these declining trends, Kor-GLASS verification data revealed fluctuating patterns, rather than the expected decrease in antibiotic resistance rates.

The antibiotic sales volume data provided by the Animal and Plant Quarantine Agency (2017-2021) revealed a fluctuating pattern: 1,003,678 kg in 2017, 960,663 kg in 2018, 903,476 kg in 2019, 894,999 kg in 2020, and 1,035,850 kg in 2021. The observed fluctuations in AMR rates within the Kor-GLASS data can be attributed to the increasing antibiotic use in non-human sectors.

Antibiotics are used for humans, animals, and the environment. Consequently, bacteria with antibiotic resistance can spread across the entire ecosystem, transcending boundaries (McEwen and Collignon, 2018; Collignon and McEwen, 2019; White and Hughes, 2019). In response, Kor-Glass expanded its AMR surveillance in 2019 to encompass organisms found in humans, animals, and the environment, operating as a One Health platform to monitor resistant strains across these domains [Korea Disease Control and Prevention Agency (KDCA), 2017-2021]. Kor-GLASS has thus evolved into a comprehensive “One Health” multiagency collaborative initiative (Figure 6). This approach ensures seamless data sharing and collaborative efforts across the human, animal, and environmental health sectors.




Figure 6 | Collaboration with Seven Ministries in the One Health Antibiotic Resistance Multisectoral Response Project. The Korea Disease Control and Prevention Agency has embraced a One Health approach, forming partnerships with seven ministries. This collaborative initiative involves multidisciplinary research and development across human, animal, and environmental domains, addressing antibiotic resistance comprehensively. The project has set up an integrated network among the participating ministries to ensure coordinated management in line with research targets and objectives. Furthermore, each ministry maintains its own self-management system, with all data and management overseen by the quality control center. Figures were created with BioRender.



The KDCA adopted a One Health approach, collaborating with seven ministries, including the Ministry of Science and ICT, Ministry of Agriculture with the Animal and Plant Quarantine Agency, Ministry of Environment, Ministry of Oceans and Fisheries, Ministry of Food and Drug Safety, and the Rural Development Administration. This collaborative initiative involves multidisciplinary research and development across human, animal, and environmental domains.

Currently, this initiative is in its early stages, undergoing a systematization process similar to Kor-GLASS, with collection centers and analysis centers being established in the animal and environmental sectors. One Health analysis centers include laboratories within regional universities, where the QCC also conducts IPT and EQA. All ministries hold quarterly working-level meetings to monitor antibiotic resistance trends and publish biannual reports discussing future policy changes and budget allocations.







Discussion

The findings presented in this study underscore the critical importance of data quality management in AMR surveillance systems, specifically within the framework of Kor-GLASS. By expanding upon the One Health approach, Kor-GLASS has integrated data from human, animal, and environmental sectors, ensuring a comprehensive understanding of AMR trends. This integrated system, supported by a robust QCC, enables seamless data sharing and collaborative efforts among various health sectors, thereby enhancing the overall efficacy of AMR surveillance.

Kor-GLASS distinguishes itself from other national AMR surveillance systems (Bennani et al., 2021; Coombs et al., 2024; Robillard et al., 2024), through its centralized QCC. This unique feature ensures the standardization and high quality of AMR data across multiple centers. The QCC operates autonomously, providing rigorous oversight through IPT and EQA. This approach not only maintains high standards but also facilitates the rapid identification and resolution of any discrepancies or issues in the data. A recent report on the policy design, implementation, monitoring, and evaluation of national AMR action plans across 114 countries noted the absence of processes that guarantee the acquisition of standardized, high-quality data (Patel et al., 2023). This gap in systematization might explain why, even after a decade of GLASS operation, conducting a comprehensive analysis of the global AMR situation based on the available data remains challenging (Diseases, 2023).

The adoption of the One Health approach by Kor-GLASS marks a significant advancement in AMR surveillance, aligning with recent trends (Ruckert et al., 2024; Sabbatucci et al., 2024). Through this expansion, collaboration among all government departments involved in antibiotic use is ensured, enabling a comprehensive and multidisciplinary response to AMR. This collaboration facilitates the integration of diverse data sets and promotes a holistic understanding of AMR dynamics across different ecosystems.

A key strength of Kor-GLASS lies in its rigorous process and data level standardization, including the standardization of testing panels. Detailed protocols and procedures for IPT and EQA have been established and are consistently followed across all participating centers. The standardized operational framework ensures that specimen collection, data generation, and quality assessment are conducted uniformly, enhancing the reliability and comparability of the data. Additionally, the adoption of standardized data formats, ontologies, and semantics supports robust data management practices and facilitates international comparisons. The commitment to consistency and reliability is further underscored by the uniform implementation of species identification using MALDI-TOF and AST using disk diffusion methods, as detailed in Supplementary Table S2. This ensures that all analysis centers adhere to the same high standards.

While the client-server architecture employed by Kor-GLASS database may appear traditional, it offers several advantages, including centralized control, enhanced data security, and streamlined data quality management through the QCC. These benefits are crucial for maintaining the integrity and consistency of AMR data. The centralized approach allows for efficient oversight and rapid response to any data quality issues, ensuring that the system remains robust and reliable. Although the client-server model has limitations, such as potential scalability issues and reliance on a central point of control, these are mitigated within the Kor-GLASS framework through rigorous data validation and real-time monitoring capabilities, ensuring continuous system performance and reliability.

Since the first antibiotic was developed in the 1960s, only six new antibiotics have been introduced for clinical use (Walesch et al., 2023). As antibiotic development has reached its limits, the appropriate utilization and management of existing antibiotics are essential. Preventing AMR and protecting human health require sustainable efforts and surveillance systems. It is imperative to optimize the enhancement and utilization of GLASS data globally and prioritize overcoming this grave threat through concerted efforts across academia, commerce, public health, and policy sectors (Pallett et al., 2024). Amid slow antibiotic development and the relentless threat of superbugs, there is a need to comprehensively manage the complex interactions between humans, animals, and the environment while supporting robust data management practices. Therefore, continuous efforts to reduce AMR and strengthen global surveillance are necessary to create a sustainable future.

In conclusion, while economic and political disparities, as well as resource limitations among countries, must be taken into account when developing a global AMR management framework (Charani et al., 2023; Diseases, 2023), the enhanced functionalities of the Kor-GLASS system—particularly the integration of the One Health approach and the establishment of a centralized QCC—represent substantial advancements in the field of AMR surveillance. By addressing the critical aspects of data and process standardization, Kor-GLASS provides a model for high-quality, comprehensive AMR monitoring that can inform policy decisions and public health strategies. The ongoing collaboration among multiple ministries and the rigorous data quality management practices ensure that Kor-GLASS remains at the forefront of AMR surveillance, contributing valuable insights to the global effort to combat antimicrobial resistance.
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Background

Aminoglycoside-modifying enzymes (AMEs) play an essential role in bacterial resistance to aminoglycoside antimicrobials. With the development of sequencing techniques, more bacterial genomes have been sequenced, which has aided in the discovery of an increasing number of novel resistance mechanisms.





Methods

The bacterial species was identified by 16S rRNA gene homology and average nucleotide identity (ANI) analyses. The minimum inhibitory concentration (MIC) of each antimicrobial was determined by the agar dilution method. The protein was expressed with the pCold I vector in E. coli BL21, and enzyme kinetic parameters were examined. The whole-genome sequence of the bacterium was obtained via the Illumina and PacBio sequencing platforms. Reconstruction of the phylogenetic tree, identification of conserved functional residues, and gene context analysis were performed using the corresponding bioinformatic techniques.





Results

A novel aminoglycoside resistance gene, designated aph(3’)-Ie, which confers resistance to ribostamycin, kanamycin, sisomicin and paromomycin, was identified in the chromosome of the animal bacterium Citrobacter gillenii DW61, which exhibited a multidrug resistance phenotype. APH(3’)-Ie showed the highest amino acid identity of 74.90% with the functionally characterized enzyme APH(3’)-Ia. Enzyme kinetics analysis demonstrated that it had phosphorylation activity toward four aminoglycoside substrates, exhibiting the highest affinity (Km, 4.22 ± 0.88 µM) and the highest catalytic efficiency [kcat/Km, (32.27 ± 8.14) × 104] for ribomycin. Similar to the other APH(3’) proteins, APH(3’)-Ie contained all the conserved functional sites of the APH family. The aph(3’)-Ie homologous genes were present in C. gillenii isolates from different sources, including some of clinical significance.





Conclusion

In this work, a novel chromosomal aminoglycoside resistance gene, designated aph(3’)-Ie, conferring resistance to aminoglycoside antimicrobials, was identified in a rabbit isolate C. gillenii DW61. The elucidation of the novel resistance mechanism will aid in the effective treatment of infections caused by pathogens carrying such resistance genes.
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Introduction

Since the discovery and isolation of the first aminoglycoside antibiotic, streptomycin, from soil bacteria in 1944 (Jones et al., 1944), aminoglycoside antibiotics have been widely used as important anti-infection drugs (Zárate et al., 2018). They usually have good intrinsic activity against gram-negative and some gram-positive bacteria, killing them by binding to bacterial ribosomes and inhibiting normal protein synthesis (Kudo and Eguchi, 2016). Previous studies have shown that bacterial resistance to aminoglycoside antibiotics is usually driven by three main mechanisms: inactivation of the drug by aminoglycoside-modifying enzymes (AMEs), efflux, and targeted modification (e.g., by methylases) (Dozzo and Moser, 2010; Bastian et al., 2022).

Aminoglycoside O-phosphotransferases (APHs) are AMEs that utilize ATP or GTP to mediate the catalytic transfer of a phosphate group to an aminoglycoside molecule and make the antimicrobials inactivated. There are 35 functionally characterized APHs in the database CARD, and they are classified into 7 subfamilies [APH (2”), APH(3’), APH(3”), APH(4), APH(6’), APH(7”) and APH(9)] (Alcock et al., 2023). Located over chromosomes and plasmids, they are sometimes associated with mobile genetic elements (MGEs), such as transposons, integrons and conjugative elements, which made them spread between bacteria of different species or genera by means of horizontal gene transfer (Toth et al., 2010).

Including 21 species, Citrobacter is a genus of the family Enterobacteriaceae. The bacteria of this genus have been clinically reported to cause central nervous system infections and sepsis in neonates and immunocompromised hosts (Doran, 1999). The species Citrobacter gillenii (type strain ATCC 51117 = CCUG 30796 = CIP 106783 = DSM 13694) of the genus was characterized by DNA hybridization and biochemical analysis in 1999 (Brenner et al., 1999). In the recent years, it has been increasingly isolated from aquaculture animals, where it has been found to carry multidrug resistance (MDR) genes which became a challenge for the treatment of farmed animals (Duman et al., 2017; Concha et al., 2021; Türe et al., 2022).

In this study, based on the whole genome sequencing, a novel aminoglycoside O-phosphotransferase gene, designated aph(3’)-Ie, was identified in the chromosome of an animal isolate C. gillenii DW61, and its molecular and functional characteristics were further investigated.





Materials and methods




Bacteria and plasmids

C. gillenii DW61 was isolated from an anal swab of an Oryctolagus cuniculus f. domesticus from a farm in Wenzhou, Zhejiang Province, China. The anal swab sample was streaked onto a standard Luria–Bertani agar plate, and single colonies were then isolated and purified by the same method. Species classification was first performed by 16S rRNA gene homology comparison (Wachino and Arakawa, 2012) and then confirmed by average nucleotide identity (ANI) calculations (Lindsey et al., 2023) and DNA-DNA hybridization (isDDH) analysis (Meier-Kolthoff et al., 2014). The strains and plasmids used in this study are listed in Table 1.


Table 1 | Strains and plasmids used in this work.







Drug susceptibility testing

The minimum inhibitory concentration (MIC) was tested by the plate dilution method using Mueller–Hinton (MH) agar (Thermo Fisher Scientific Inc. Beijing, China) in accordance with the most recent M100 performance standards for antimicrobial susceptibility testing by the Clinical and Laboratory Standards Institute (CLSI, 2024). After 16-20 h of constant incubation at 37°C, the results were interpreted following the CLSI M100 performance standards and the guidelines of the European Committee on Antimicrobial Susceptibility Testing (EUCAST, 2022). Escherichia coli ATCC 25922 was used for a quality control. The experiments were conducted in triplicate.




Genome sequencing, assembly, annotation, and bioinformatics analysis

The bacterial genomic DNA was extracted using the Universal Genomic DNA Purification Mini Spin Kit (Beyotime Biotechnology Co., Ltd., Shanghai, China). DNA sequencing was performed by using the Illumina NovaSeq 6000 and PacBio Sequel II platforms by Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China). The Illumina short reads were assembled by SKESA v2.4.0 (Souvorov et al., 2018). The long reads from PacBio Sequel II were hybrid assembled with short reads in a short-read-first manner using Unicycler (v0.4.8) (Wick et al., 2017) and then polished by Pilon (v 1.23) (Walker et al., 2014). The prediction and annotation of the open reading frames (ORFs) were performed using prokka (Seemann, 2014) against UniProtKB/Swiss-Prot (http://web.expasy.org/docs/swiss-prot_guideline.html), and further annotation was performed by comparison with the NCBI nonredundant (nr) protein database using DIAMOND (v2.0.14) (Buchfink et al., 2021). MAFFT (v7.407) (Rozewicki et al., 2019) was used to perform multiple-sequence alignment. To construct a phylogenetic tree, IQ-TREE v2.2.2.3 (Minh et al., 2020b) was used to select the model that minimized the Bayesian information criterion (BIC) score, employing the log-likelihood method (Minh et al., 2020a). CD-search (Marchler-Bauer and Bryant, 2004) was used to predict the protein domains of APH(3’)-Ie by comparison with the Conserved Domain Database (CDD) (Wang et al., 2023). Clinker (v.0.0.25) (Gilchrist and Chooi, 2021) was used to perform genetic context analyses of aph(3’)-Ie and other related sequences.





Cloning of the aph(3’)-Ie gene

PCR was performed using primers to amplify the ORF of aph(3’)-Ie with its upstream promoter region predicted by BPROM (www.softberry.com) (Table 2). The PCR product was subsequently inserted into the T-Vector pMD™19 using T4 ligase (Takara Biomedical Technology Co., Ltd.). The recombinant plasmid in the ligation mixture was then transformed into competent E. coli DH5α cells by chemical transformation (Koppel et al., 2017). After screening colonies using an agar plate containing 100 μg/mL ampicillin, the sequence of the cloned fragment was verified by Sanger DNA sequencing (Shanghai Sunny Biotechnology Co., Ltd., Shanghai, China).


Table 2 | Primers used in this study.







Expression and purification of APH(3’)-Ie

APH(3’)-Ie was expressed according to previously described methods with minor modifications (Qing et al., 2004; Sha et al., 2023). The ORF of the aph(3’)-Ie gene with the thrombin cleavage site was PCR-amplified (Table 2) and then ligated into the pCold I vector, and the recombinant plasmid pCold I-aph(3’)-Ie was subsequently transformed into E. coli BL21 (Table 1). To obtain APH(3’)-Ie, recombinant BL21(pColdI- aph(3’)-Ie) was grown to an OD600 of 0.5 in 100 mL of LB at 37°C. Then, 1 mM isopropyl-β-D-thiogalactopyranoside was added, and the mixture was incubated at 16°C for 16 h. Bacteria were collected by centrifugation at 10,000 × g for 4 min, resuspended in 4 mL of nondenatured lysate, and immediately sonicated for 10 min. The lysis products were subsequently centrifuged at 10,000 × g for 30 min at 4°C. The supernatant was collected and re-equilibrated with nickel-nitrilotriacetic acid (Ni-NTA) agarose resin (Beyotime Biotechnology, Shanghai, China). The mixture was gently agitated for 10 h at 4°C. Standard Ni-NTA affinity chromatography was used to isolate the His-tagged recombinant protein, and the His tag was removed using thrombin for 6 h at 37°C. The purified protein APH(3’)-Ie was validated using SDS-PAGE, and the protein concentration was determined with the BCA Protein Assay Kit (Beyotime Biotechnology, Shanghai, China).






Enzyme kinetics analysis

The kinetic parameters of APH(3’)-Ie were measured in accordance with the previously reported methodology (Lu et al., 2021; Sha et al., 2023), with minor modifications. In brief, coupling between the production of ADP resulting from aminoglycoside phosphorylation and NADH oxidation was achieved through the use of pyruvate kinase (PK) and lactate dehydrogenase (LDH). The mixing volume for the entire reaction was 250 μL, which included 1 mM phosphoenolpyruvate (Beijing Solarbio Science & Technology Co., Ltd.), 600 μM NADH, 1 mM ATP, 100 mM HEPES (pH 7.0), 1 mM MgCl2, 2 mM KCl, a commercial mixture of PK and LD (Sigma P0294; 18-26 U/mL PK and 25-35 U/mL LDH, final concentrations), 30-40 nM APH(3′)-Ie and an aminoglycoside substrate at various concentrations. The ADP production rate was determined by monitoring the decrease in absorbance at 340 nm using a SpectraMax M5 multifunctional microplate reader (Molecular Devices, CA, United States) at 25°C. The experiments were conducted in triplicate. The velocities at steady state were determined by analyzing the linear phase of the reaction progress curve and then plotted as a function of the substrate concentration. The Michaelis-Menten equation was used to fit the data through nonlinear regression, with velocity as a function of substrate. GraphPad Prism 8.0.2 (GraphPad Software, CA, United States) was used for curve fitting and calculation of the dynamic parameters Km and kcat.




Data availability

The nucleotide sequences of the C. gillenii DW61 genome have been submitted to GenBank under accession numbers CP151088 for the chromosome, CP151089 for the plasmid pDW61, and PP596862 for the aph(3’)-Ie gene.







Results and discussion




Identification of the novel resistance gene and classification and molecular characterization of the isolate DW61

To elucidate novel resistance mechanisms exhibited by bacterial isolates from local animals in response to antimicrobial agents, a total of 576 bacteria isolated from anal fecal swabs of domestic avians and livestock and environment in Wenzhou, China, were subjected to sequencing analysis (Feng et al., 2022; Gao et al., 2022; Zhao et al., 2023). Annotation of the genome data revealed the presence of resistance genes against various classes of antibiotics. Notably, among the predicted genes were some putative aminoglycoside antibiotic resistance genes, including but not limited to aph(3’)-Ia, ant(9)-Ia, aadA5, aph(6)-Ic, aac(3)-IIIb, aac(6’)-Iaa, aph(6)-Id, and aac(2’)-IIb homologues. These genes shared amino acid sequence identities below 80.0% with functionally characterized aminoglycoside resistance genes. Some of the genes were randomly selected and further cloned, and their resistance functions were determined. Ultimately, a novel aph(3’)-Ia homologous gene (designated aph(3’)-Ie in this work) that confers resistance to several aminoglycoside agents was identified from an isolate named DW61.

DW61 was isolated from the anal feces of a rabbit, and it showed high MICs of ≥ 16 µg/mL for 76.7% (33/43) of the antibiotics tested, particularly for aminoglycosides (Table 3). For the 10 aminoglycosides tested, except for amikacin, which had an MIC of 4 µg/mL, the MICs were ≥ 32 µg/mL. The MICs of ribostamycin, paromomycin, kanamycin and streptomycin were > 4096, > 2048, > 1024 and > 1024 µg/mL, respectively (Table 3).


Table 3 | MIC results of the recombinants and control strains (µg/mL).



The genome of DW61 consists of a chromosome and a plasmid (designated pDW61-191). The chromosome is approximately 4.93 Mb in length and encodes 4,639 ORFs, and pDW61 is approximately 191.6 kb in length and encodes 237 ORFs (Table 4). 16S rRNA gene homology analysis revealed that the 16S rRNA gene of DW61 showed the highest identity (99.61%) with that of C. gillenii (AF025367.1). The genome-wide ANI analysis showed that the strain shared the highest identity (98.71%) with C. gillenii MBT-C3 (GCF_003429605.1) (Figure 1). Further DNA-DNA hybridization (DDH) indicated 87.80% identity between DW61 and C. gillenii MBT-C3 (GCF_003429605.1). This bacterium was thus classified as C. gillenii and designated C. gillenii DW61. The genome size of C. gillenii DW61 (5.13 Mb) was similar to that of three C. gillenii genomes (C. gillenii MBT-C3, GCA_003429605.1, 4.92 Mb; C. gillenii UMG736, GCA_013337685.1, 4.93 Mb; and C. gillenii AF64-5pH9A, GCA_027681665.1, 5.17 Mb) available in the NCBI genome database.


Table 4 | General features of the DW61 genome.






Figure 1 | The genome map of C. gillenii DW61. The circles 1-4 from inside to outside represent the GC skew, GC content, and genes encoded in the forward and reverse strands of the chromosome of C. gillenii DW61, respectively. The red line on the bottom indicates the location of the novel resistance gene aph(3’)-Ie.







Functional analysis of the novel aminoglycoside 3’-phosphotransferase gene aph(3’)-Ie

The recombinant strain carrying aph(3’)-Ie showed >256-, 64-, 32-, 8-, and 2-fold greater MICs for ribostamycin, kanamycin, paromomycin, sisomicin, and neomycin, respectively, compared with the control strain (pMD19-T/DH5α). It did not show resistance to streptomycin, gentamicin, tobramycin, amikacin or netilmicin. This resistance phenotype is generally consistent with that associated with the aph(3’)-I class genes. The four close relatives of aph(3’)-Ie [aph(3’)-Id, aph(3’)-Ib, aph(3’)-Ia and aphA15] were previously reported to be resistant to kanamycin, neomycin, ribostamycin and paromomycin, similar to the resistance phenotype of aph(3’)-Ie. Moreover, these four aph genes also conferred susceptibility to gentamicin (except aph(3’)-Ia) or to amikacin (except aphA15) (Siregar et al., 1995; Riccio et al., 2001; Arcari et al., 2023; Sha et al., 2023).

The aph(3’)-Ie gene is 816 bp in length and encodes a 271-amino-acid protein with a theoretical pI of 5.19. Notably, the comparison of APH(3’)-Ie with the functionally characterized proteins in the CARD database revealed that the proteins with the highest identities to the novel aminoglycoside 3’-phosphotransferase APH(3’)-Ie were APH(3’)-Ia (74.90%), APH(3’)-Ib (57.20%), APH(3’)-IIc (40.0%) and APH(3’)-IIa (35.97%). Phylogenetic analysis of APH(3’)-Ie with APH(3’)s revealed that it is also located closest to APH(3’)-Ia (Figure 2; Supplementary Table S1). This finding further confirmed that this protein is an aminoglycoside 3’-phosphotransferase (GenBank accession no. cd05150).




Figure 2 | A phylogenetic tree showing the relationships of APH(3’)-Ie with other functionally characterized APH(3’)s. APH(3’)-Ie is highlighted in red. The accession numbers of these proteins are listed in Supplementary Table S1.







Kinetic parameters and structural characterization of APH(3’)-Ie

The phosphotransferase activities of APH(3’)-Ie were generally consistent with the MIC results (Table 5). Among the six aminoglycoside substrates tested, APH(3’)-Ie exhibited phosphorylation activity toward ribomycin, kanamycin, neomycin and paromomycin but not gentamicin or streptomycin. It exhibited the highest affinity (Km, 4.22 ± 0.88 µM) and the highest catalytic efficiency [kcat/Km, (32.27 ± 8.14)^104] for ribomycin.


Table 5 | Kinetic parameters of APH(3’)-Ie.



APH(3’)-Ia showed a similar affinity for kanamycin with APH(3’)-Ie (Km, 19.7 ± 2.5 vs. 20.99 ± 1.84 µM), but the catalytic efficiency of APH(3’)-Ia was much greater than that of APH(3’)-Ie [kcat/Km, 8.5 × 107 vs. (5.08 ± 0.44) × 104 M -1/s-1], which was attributed to the much greater substrate transfer rate of APH(3’)-Ia for kanamycin than that of APH(3’)-Ie (kcat, 102 ± 14 vs. 1.06 ± 0.05 s-1) (Siregar et al., 1995). In contrast to APH(3’)-Ia, APH(3’)-IIa showed lower affinities for kanamycin and neomycin than did APH(3’)-Ie, with Km values of 3 vs. 20.99 ± 1.84 µM for kanamycin and 6 vs. 12.07 ± 0.40 µM for neomycin, respectively, but its catalytic efficiencies for both substrates were greater than those of APH(3’)-Ie [with kcat/Km of 1.3 × 106 vs. (5.08 ± 0.44) × 104 M -1/s-1 for kanamycin and 1.8 × 106 vs. (1.36 ± 0.13) × 105 M -1/s-1 for neomycin, respectively]. This was also because the substrate transfer rates of APH(3’)-IIa for these two substrates were greater than those of APH(3’)-Ie (with kcat of 4 vs. 1.06 ± 0.05 s-1 for kanamycin and 11 vs. 1.65 ± 0.23 s-1 for neomycin, respectively) (Siregar et al., 1994).

To analyze the structural conservation of the protein, the amino acid sequences of 5 APH(3’) proteins (including the one from this study) with close evolutionary relationships were compared. APH(3’)-Ie contained all 30 active residues of the conserved APH protein domain family (GenBank accession no. cd05150), including 15 residues of the ATP-binding site and 12 residues of the antibiotic-binding site (Fong and Berghuis, 2002; Nurizzo et al., 2003; Stogios et al., 2013) (Figure 3).




Figure 3 | Multiple-sequence alignment of APH(3’)-Ie with its close relatives. The numbers on the right represent the corresponding amino acid sequence lengths. The red frames represent the residues of the conserved APH protein domain family. The exclamation marks indicate the residues of the ATP-binding sites, and the asterisks indicate the 12 residues of the antibiotic-binding site. The conserved residues are shown in dark blue, while the relatively conserved residues are shown in light blue. Gaps are represented using hyphens.







Distribution of the aph(3’)-Ie genes and structural characterization of the aph(3’)-Ie-related sequences

To analyze the distribution of the aph(3’)-Ie gene and its close relatives, the amino acid sequence of APH(3’)-Ie was used as a query to search for homologous protein-encoding nucleotide sequences using the tBLASTn program against the NCBI nucleotide collection (nt) database (Figure 4), and a total of 28 sequences showing ≥ 98.15% amino acid sequence identity with APH(3’)-Ie were found in the database. The three strains with the highest identities (100.0%) were all C. freundii strains (including C. freundii RHBSTW-00714, CP056333.1; C. freundii RHBSTW-00006, CP056910.1; and C. freundii RHBSTW-00334, CP056597.1). Among the remaining 25 sequences, one was from the uncultured bacterium pJM6 from a metagenomic library of an environmental sample (FJ537710.1, identity 98.89%) and one was from Citrobacter werkmanii NBRC 105721 (LR699014.1, identity 98.15%), while the other 23 genes were also from C. freundii. Of the 28 genes, one was from a metagenomic library of an environmental sample, while the other 27 were from strains isolated from different sources, including animals (92.59%, 25/27), the environment (3.70%, 1/27) and humans (3.70%, 1/27) (Supplementary Table S2).




Figure 4 | Genetic background of the aph(3’)-Ie gene and the aph(3’)-Ie homologous genes. Regions with an amino acid identity of ≥ 80% are in blue. hp, hypothetical protein. The aph(3’)-Ie and aph(3’)-Ie-like genes (similarity > 98.15%) are shown in red. The aph(3’)-Ia gene is shown in green, and the hypothetical protein-encoding genes are shown in blue.



Further analysis of the sequences with lower identities revealed that of the 100 sequences with identities ≥ 70.94%, which included the 28 sequences mentioned above, 72 sequences had identities between 74.91% and 70.94%, and no sequence with an identity between > 74.91% and < 98.15% was present. Notably, of these 72 sequences with identities ranging from 70.94% to 74.91%, three sequences were from Klebsiella pneumoniae, including two encoded on plasmids (pBWH77 of K. pneumoniae 5214773, NG_047431.1, and pBWH77 of K. pneumoniae, X62115.1) and one in the chromosome (K. pneumoniae GDKA1, NG_047441.1), while the others were from other orders of bacteria, cloning vectors or synthetic constructs (Supplementary Table S2).

When analyzing the structure of the aph(3’)-Ie gene-related sequences, a nucleotide sequence approximately 20 kb in length with the aph(3’)-Ie gene at the center from the C. gillenii DW61 chromosome was used as a query to search for homologous sequences in the NCBI nucleotide database. A total of 28 sequences with identities ≥ 80.0% were retrieved, and they were all from the genus Citrobacter. Of these 28 sequences, 27 carried one aph(3’)-Ie(-like) gene each and were from C. freundii, except one from C. werkmanii, MGYG-HGUT-02535 (LR699014.1, identity 98.41%). One sequence free of an aph(3’)-Ie-like gene was from another species, Citrobacter ructae SNUWT2 (CP038469.1), and it shared a lower identity (81.62%) with that of C. gillenii DW61. No mobile genetic elements (MGEs) were detected within these 20 kb fragments.






Conclusion

In this study, a novel aminoglycoside phosphotransferase gene, designated aph(3’)-Ie, was identified in the chromosome of the MDR Citrobacter gillenii isolate DW61, which showed high MICs (≥ 16 μg/mL) for 76.7% of the 43 antibiotics tested. This novel resistance gene conferred resistance to some aminoglycosides, such as ribostamycin and kanamycin, and was present in C. gillenii from different sources, including some of clinical significance. The discovery of new antimicrobial resistance mechanisms is helpful for effective clinical treatment of bacterial infectious diseases.
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Background

The emergence of ESBLs producing cephalosporin-resistant Escherichia coli isolates poses a threat to public health. This study aims to decipher the genetic landscape and gain insights into ESBL-producing E. coli strains belonging to the high-risk clone ST410 from pediatric patients.





Methods

29 E. coli ST410 isolates were collected from young children and subjected to antimicrobial susceptibility testing, Whole-genome sequencing (WGS), serotype analysis, MLST, ESBL genes, virulence genes, and plasmid profiling.





Results

Antimicrobial susceptibility testing demonstrated a high level of resistance to cephalosporins followed by aminoglycoside, sulfonamide, carbapenem and penicillin group of antibiotics. However, n=20/29 shows MDR phenotype. Phylogenetic group B2 (n=15) dominated, followed by group D (n=7), group A (n=4), and group B1 (n=3). Serotyping analysis identified O1:H7 (n=8), O2:H1 (n=6), O8:H4 (n=5), O16:H5 (n=4), and O25:H4 (n=3). Other serotypes identified included O6:H1, O15:H5, and O18:H7 (n=1 each). The most commonly detected ESBL genes were blaCTX-M, (n=26), followed by blaTEM (n=23), and blaSHV (n=18). Additionally, blaOXA-1 (n=10), blaOXA-48 (n=5), blaKPC-2 (n=3), blaKPC-3 (n=2), blaNDM-1 (n=4), blaNDM-5 (n=1), blaGES-1 (n=2), blaGES-5 (n=1), and blaCYM-1 (n=3). Notable virulence genes identified within the ST410 isolates included fimH (n=29), papC (n=24), hlyA (n=22), and cnf1 (n=18), among others. Diverse plasmids were observed including IncFIS, IncX4, IncFIA, IncCol, IncI2 and IncFIC with transmission frequency ranges from 1.3X10-2 to 2.7X10-3.





Conclusion

The ST410 clone exhibited a complex resistance profile, diverse serotypes, the presence of specific resistance genes (ESBL genes), virulence gene repertoire, and diverse plasmids. The blaCTX-M was the most prevalent ESBL gene detected.





Keywords: pediatric patients, antimicrobial susceptibility, WGS, cephalosporin resistance, international high-risk clone ST410, E. coli, ESBL





Introduction

The emergence and widespread dissemination of extended-spectrum β-lactamases (ESBLs) in Escherichia coli (E. coli) pose a significant global public health threat (Antimicrobial Resistance Collaborators, 2022). These enzymes confer resistance to a wide range of β-lactam antibiotics, including cephalosporins, thereby compromising their effectiveness in clinical settings (Bush and Bradford, 2020). Of particular concern is the rapid spread of ESBL-producing strains belonging to high-risk clones, such as E. coli sequence type 410 (ST410), which have been associated with multidrug resistance phenotypes (Mazumder et al., 2021). Understanding the genetic landscape and resistance patterns of these strains is crucial for effective surveillance, prevention, and treatment strategies. Our previous studies have reported on the prevalence and characteristics of ESBL-producing E. coli strains, highlighting the growing concern over their impact on public health specifically the pediatric population. Our previous findings revealed a significant increase in the proportion of ESBL-producing strains over the period, emphasizing the urgent need for targeted interventions to control their spread (Patil et al., 2023c; Patil et al., 2019b). Furthermore, studies focusing on high-risk clones, such as ST410, have provided valuable insights into their prevalence and associated resistance mechanisms. Smith et al., conducted a study that reported a high prevalence of ESBL genes, including blaCTX-M and blaTEM, among ST410 E. coli isolates collected from various clinical sources (Smith et al., 2010). Additionally, a study gives initial suggestions for recent interspecies transmission of a new successful clone of ST410 E. coli between wildlife, humans, companion animals and the environment (Schaufler et al., 2016). These findings highlight the importance of understanding the specific resistance mechanisms driving the spread of ESBLs within this clone. While previous research has shed light on the prevalence and resistance patterns of ESBL-producing E. coli, there remains a limited understanding of the molecular characteristics and resistance profiles of ST410 isolates obtained from young children. Young children represent a vulnerable population, and their increased susceptibility to infections, coupled with limited treatment options due to antimicrobial resistance (Medernach and Logan, 2018; Patil et al., 2023b), necessitates a focused investigation into the dynamics of ESBL-producing ST410 isolates in this age group. ST410 is a high-risk clone that has gained attention due to its association with multidrug resistance and its ability to disseminate ESBL genes (Roer et al., 2018). It has been identified as a globally prevalent clone, implicated in various healthcare-associated infections and community-acquired infections (Mazumder et al., 2021). This strain has been reported in China from the food market and hospital wastewater (He et al., 2023; Ju et al., 2023), best of our knowledge this is the first report from pediatric clinical cases in China. Therefore, this study aims to comprehensively analyze ESBL-producing E. coli ST410 isolates obtained from young children, investigating their genetic and phenotypic characteristics, including serotype distribution, ESBL genes, plasmid profiles, and antimicrobial susceptibility patterns. By expanding our understanding of the molecular epidemiology and resistance mechanisms of these strains, we can inform targeted interventions and improve patient outcomes. In this study, WGS allowed us to obtain detailed genomic information, facilitating the determination of phylogenetic relationships, identification of serotypes, and detection of ESBL genes within the 29 E. coli ST410 isolates. Serotyping enabled the characterization of the diverse range of serotypes present among the ST410 isolates, providing insights into the genetic heterogeneity within this high-risk clone. This knowledge will enable the development of targeted interventions to mitigate the spread of multidrug-resistant strains and ensure effective treatment outcomes for infected individuals.





Materials and methods

This study adhered to the principles outlined in the Declaration of Helsinki and was granted approval by the Institutional Ethics Committee (reference number: 2018 [013], dated September 3, 2018) in accordance with international ethical standards. All experimental procedures were conducted in compliance with the biosafety regulations established by the hospital. Escherichia coli isolates were obtained from various clinical samples, including urine (n=20), blood (n=3), abdominal secretion (n=3), stool (n=2), and pus (n=1) (Table 1). The isolates were collected between June 1, 2021, and June 30, 2022, from the central microbiology laboratory of Shenzhen Children’s Hospital as part of routine hospital investigations. Given the retrospective nature of the study, the Ethics Committee of Shenzhen Children’s Hospital determined that obtaining patients’ or guardians’ consent was not required. To ensure patient confidentiality and comply with the principles of the Declaration of Helsinki, personal identifiers such as names were not used for research purposes. All data were treated as confidential and handled according to ethical guidelines. Therefore, written consent was not obtained.


Table 1 | Demographic and clinical characteristics ESBL-Producing Cephalosporin-Resistant Escherichia coli ST410.






Clinical sampling and identification of isolates

A total of 29 unique isolates were included in this study, with each isolate obtained from a different patient. Relevant demographic information such as gender, age, and hospitalized department was retrieved from the electronic data record room. These strains do not represent all E. coli clinical strains isolated during this time but specifically those producing ESBLs with focus on ST410 is due to its clinical significance and contribution to the high ESBL rate observed in our hospital. Specimens were cultured on blood agar and MacConkey’s agar to facilitate bacterial growth. Identification of the isolates was performed using the VITEK®2 compact system (BioMerieux, France). Confirmatory identification was carried out using the API-20 test and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF/MS) with the Microflex Biotyper® LT instrument (Bruker Daltonik GmbH, Bremen, Germany) (Patil et al., 2019b). ATCC 29522 E. coli was used as the control strain. The isolates were stored in 40% glycerol at -80°C for further studies.





Antimicrobial testing and detection of ESBLs and MBLs

The antimicrobial susceptibility test (AST) was conducted on all 29 confirmed E. coli isolates using the VITEK®2 compact system (BioMerieux, France) with the standard AST09 card (software version 9.01). Additionally, the minimum inhibitory concentrations (MICs) for various antimicrobial agents were determined using the broth dilution method. The tested antimicrobial agents included aminoglycosides (amikacin, tobramycin); aminopenicillin (amoxicillin-clavulanate); cephalosporins (2nd generation- cefuroxime, cefoxitin; 3rd generation ceftazidime, ceftriaxone, cefoperazone/sulbactam; 4th generation cefepime; 5th generation ceftolozane/tazobactam); carbapenems (imipenem, ertapenem); fluoroquinolones (levofloxacin); phosphonic group -(Fosfomycin); nitrofurantoin group (nitrofurantoin); sulfonamide group (trimethoprim/sulfamethoxazole); penicillins plus β-lactamase inhibitors (piperacillin-tazobactam, ticarcillin/clavulanate), and glycylcycline (tigecycline). The AST results were accurately interpreted based on the Clinical and Laboratory Standards Institute (CLSI) (M100Ed34 | Performance Standards for Antimicrobial Susceptibility Testing, 34th Edition, n.d.). The multidrug-resistant (MDR) phenotype was classified according to the criteria defined by Magiorakos et al., where MDR was defined as resistance to at least one agent in three or more antimicrobial groups, and extensively drug-resistant (XDR) was defined as resistance to at least one agent in all but two antimicrobial categories (Magiorakos et al., 2012). The production of ESBL was initially determined using the VITEK®2 compact system. However, for enhanced accuracy and precision, the results were confirmed using a double-disc synergy test (DDST) and Metallo-beta-lactamase (MBL) production was assessed using the MBL-E-test (IPM-EDTA; AB Biodisk) specifically for ESBL-producing E. coli as per our laboratory’s standardized procedure (Patil et al., 2023a). A positive control strain, which had been previously characterized in our laboratory and confirmed to exhibit the desired traits, was employed as a reference for the experiments (Patil et al., 2019b). In addition, E. coli ATCC 25922, a well-established negative control strain widely used for comparative purposes, was included in the study.





Whole-genome sequencing and analysis

Genomic DNA extraction from the E. coli isolates was carried out using the
QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. Subsequently, the Nextera XT DNA Library Prep Kit (Illumina, San Diego, CA, USA) was utilized to prepare the whole-genome sequencing libraries. Multiplexed paired-end sequencing was conducted on an Illumina MiSeq instrument using the MiSeq Reagent V3 Kit (2×300 cycles). To assemble the sequence reads, SPAdes 3.9 software on the ARIES Galaxy server (https://w3.iss.it/site/aries/, accessed on April 14, 2023) was employed for de novo assembly. MLST analysis was performed based on the E. coli MLST website scheme (https://enterobase.warwick.ac.uk/species/index/ecoli, last accessed on April 18, 2023). To analyze E. coli ST410 isolated from a children’s hospital globally, we collected data from the Sequence Read Archive (SRA) at NCBI (https://www.ncbi.nlm.nih.gov/sra/) spanning the years 2009 to 2021 (Supplementary Table 1). Our analysis was based on reports and databases that identified the sequences as ST410. Our objective was to construct a comprehensive global distribution map for E. coli ST410, focusing exclusively on human-origin isolates and excluding isolates from other sources. In silico analysis of the assembled contigs was performed utilizing the available tools at the CGE server. Serotype Finder was employed to predict the serotype of the isolates. Plasmid Finder and ResFinder tools were used to screen the contigs for plasmid and resistance gene content, respectively, at the CGE server. For plasmid subtyping, the replicon allele at the plasmid MLST site was assigned, and the plasmid types were identified using the plasmid MLST database (https://pubmlst.org/plasmid/, accessed on April 21, 2023). Virulence gene identification related to ESBL-E. coli was performed using VirulenceFinder at CGE. Phylogenetic group analysis was performed following the Clermont method (Clermont et al., 2013), which utilizes a triplex PCR approach to classify E. coli into phylogenetic groups A, B1, B2, and D. The specific genetic markers chuA, yjaA, and the DNA fragment TspE4.C2 were targeted to assign the isolates to the respective groups. This method was chosen due to its accuracy and wide acceptance in the scientific community. The detailed protocol is referenced in Patil et al. (2019).





Horizontal gene transfer

We conducted an experiment to investigate the transfer of resistance genes through broth mating, focusing on the genetic environment of (ESBLs)-encoding-cephalosporin resistance genes. Plasmid transfer frequency was calculated. We used streptomycin-resistant E. coli C600 as the recipient strain. Donor and recipient strains were mixed in a 1:1 ratio and incubated at 37°C for 18-24 hours. Transconjugants were selected on Muller–Hinton agar containing 4µg/ml cefotaxime. To confirm the ESBL phenotype in the transconjugants, an E-test was performed followed by PCR assay and sequencing. The primers and protocol were adopted from our lab as outlined in our previous work (Patil et al., 2019a).






Results

A total of 29 unique isolates were included, Among the isolates, there were (n=18) isolates from female patients and (n=11) isolates from male patients, resulting in a gender distribution. The median age of the patients was 3 months, with an interquartile range (IQR) of 10.66 years, minimum age was 1 month, and the maximum age was 15 years (Table 1). E. coli isolate colonies appeared round, and medium-sized and exhibited
β-hemolysis with ranged from light pink to reddish on the blood agar. The color pink to dark pink, dry and doughnut-shaped colonies on MacConkey agar. The analysis revealed that each of the 29 isolates was positively confirmed through the API 20 E-test (Supplementary Table 2). The MALDI-TOF/MS results showed high confidence scores indicating the presence of E. coli in all 29 isolates, confirming their identification.




Antimicrobial susceptibility

The antibiotic susceptibility profile of the clinical isolates was evaluated for commonly used antibiotics in clinical practice. The observed resistance patterns among the isolates indicated substantial rates of resistance, particularly to cephalosporins, followed by aminopenicillin, fluoroquinolones, the sulfonamide group, and aminoglycosides. Specifically, resistance rates of 100% (n=29) were noted for 2nd generation cefuroxime, 3rd generation ceftriaxone, cefoperazone/sulbactam, and amoxicillin-clavulanate from the aminopenicillin group. However, 96.55% (n=28) exhibited resistance to 5th-generation cephalosporin ceftolozane/tazobactam, followed by 3rd-generation ceftazidime at 65.51% (n=19), 2nd-generation cephalosporin cefoxitin, and sulfonamide group trimethoprim/sulfamethoxazole at 55.17% (n=16) each. Additionally, 51.72% (n=15) resistance was observed for 4th generation cephalosporin cefepime, aminoglycosides amikacin, and fluoroquinolones levofloxacin each. For penicillins plus β-lactamase inhibitors, piperacillin-tazobactam and ticarcillin/clavulanate exhibited 37.93% resistance (n=11). Carbapenems showed resistance of 31% (n=9) for imipenem and 27.58% (n=8) for ertapenem. Although it is uncommon for E. coli to exhibit higher resistance to imipenem than to ertapenem, our data, confirmed through double-checking, indicate this pattern in strains 21380, 22684, and 21501. Further investigation into the resistance mechanisms in these strains may provide insights into this unusual observation (Figure 1). Glycylcycline showed a resistance of 20.68% (n=6), while nitrofurantoin exhibited resistance in 10.34% (n=3) of the cases. Notably, the isolates demonstrated 100% sensitivity to fosfomycin and tobramycin (Figure 1). Overall, the results indicate widespread resistance among the clinical isolates, particularly against cephalosporins. Out of the total 29 isolates, 68.96% (n=20) exhibited a Multidrug-Resistant (MDR) phenotype, indicating resistance to multiple classes of antibiotics (Figure 1). ESBL production was verified in all isolates through the DD-Synergy test. Specifically, 100% of the isolates (n=29) exhibited ESBL production (Figure 1). Additionally, among these isolates, further analysis identified 10 isolates as MBL producers, accounting for approximately 34.48% (n=10) of the total isolates tested (Figure 1). This highlights a noteworthy subset of isolates within the studied population that possess the MBL phenotype in conjunction with ESBL production.




Figure 1 | Global Distribution of E. coli ST410 Isolates from Human Origin (2009-2021). This map illustrates the reported presence of sequence type 410 (ST410) across different countries. The data represented in this figure are derived from sequence archives and published reports. The data are sourced from external reports and databases. Limitations include potential biases and gaps in the sequence archives, which may affect the accuracy of the global prevalence and distribution depicted.







Genomic phylogenic analysis

MLST analysis based on the E. coli MLST website scheme revealed that all 29 isolates in our study belonged to sequence type (ST) 410. This indicates a clonal relationship among the isolates, suggesting a common evolutionary lineage. ST410 is an important sequence type associated with E. coli infections. The consistent identification of ST410 among our isolates suggests a potential endemicity or dissemination of this particular sequence type in our study population. Our dataset comprises 607 E. coli ST410 isolates, with representation from various regions: with the highest representation observed in Thailand (n=98), followed by the United States (n=82), China (n=78), Australia (n=56), Israel (n=56), France (n=52), Germany (n=30), Niger (n=15), Canada (n=19), Qatar (n=18), Switzerland (n=15), Denmark (n=14), Pakistan (n=9), Singapore (n=9), Saudi Arabia (n=8) and others between 2009-2021. The distribution of isolates from other regions is visualized in Figure 2. Phylogenetic group analysis revealed that the majority of the isolates belonged to group B2 51.72% (n=15), indicating a higher association with extraintestinal pathogenic E. coli (ExPEC) strains. Group D accounted for 24.14% of the isolates (n=7), followed by Group A at 13.79% (n=4) and Group B1 at 10.34% (n=3). The serotyping analysis identified multiple serotypes among the isolates. The most frequently identified serotype was O1:H7 at 27.59% (n=8), followed by O2:H1 at 20.69% (n=6), O8:H4 at 17.24% (n=5), O16:H5 at 13.79% (n=4), and O25:H4 at 10.34% (n=3). Other serotypes identified by 10.34% included O6:H1 (n=1), O15:H5 (n=1), and O18:H7 (n=1) (Figure 3). These findings highlight the distribution and prevalence of phylogenetic groups and serotypes among the isolates in our study population. We established a comprehensive correlation between serotype, phylogenetic group, and specimen sources, as illustrated in Figure 3. While we observed a diverse distribution of serotypes within phylogenetic group B2, including O1:H7, O2:H1, O16:H5, and O15:H5. our analysis did not reveal a clear or consistent association between specific serotypes and specimen origins. The D group exhibited a distinct serotype profile, comprising O8:H4, O18:H7, and O6:H5. Remarkably, specimens originating from blood, urine, pus, and stool were associated with this phylogenetic group. Phylogenetic group A demonstrated a specific serotype pattern, with isolates exhibiting O2:H1 and O16:H5, all sourced exclusively from urine specimens. Additionally, isolates in phylogenetic group B1 displayed the O25:H4 serotype, with specimens originating from both blood and urine sources. Despite these observations, no definitive pattern of serotype distribution relative to specimen source was established. These results indicate that while trends in serotype distribution were noted, a significant correlation between specific serotypes and specimen types was not evident. Further investigation may be necessary to better understand the factors influencing serotype distribution and specimen associations.




Figure 2 | Antibiotic Susceptibility Profile and Phenotypic Characteristics of ESBL-Producing Cephalosporin-Resistant Escherichia coli ST410. The heatmap was generated using https://www.chiplot.online/. Last accessed on 15 January 2024.






Figure 3 | Correlation between Serotype, Phylogenetic Group, and Specimen Source. The figure illustrates the distribution of serotypes across different phylogenetic groups (A, B1, B2, D) and their association with specimen sources (blood, urine, pus, stool). The Sankey Diagram was visualized by RAWGraphs 2.0.1 (https://www.rawgraphs.io), an open-source data visualization framework. Each serotype is represented with its corresponding phylogenetic group, and the distinct specimen origins are indicated by color-coded symbols. This correlation analysis provides insights into the stereotypic diversity and specimen-specific associations within the bacterial population.







Drug resistance genes

The most commonly detected ESBL genes among the isolates were blaCTX-M 89.65% (n=26), indicating the higher presence of extended-spectrum β-lactamase enzymes. The specific types identified were blaCTX-M-15 34.48% (n=10), blaCTX-M-14 20.69% (n=6), blaCTX-M-27 17.24% (n=5), blaCTX-M-1 13.79% (n=4), and blaCTX-M-140 3.45% (n=1). In addition to blaCTX-M, other ESBL genes detected included blaTEM 79.31% (n=23) and blaSHV 62.07% (n=18), which are also associated with β-lactam resistance. The detailed breakdown of ESBL types is as follows: 12 strains with TEM-type ESBLs, 8 strains with SHV-type ESBLs, and 6 strains with CTX-M-type ESBLs. Among the 29 strains, TEM and SHV enzymes were detected; however, these are not classified as ESBLs stricto sensu unless they confer resistance to third-generation cephalosporins, which can be confirmed by a positive double-disc synergy test. Specifically, three strains showed a positive double-disc synergy test but did not harbor any CTX-M enzymes. The detailed breakdown of ESBL types is as follows: 12 strains with TEM-type ESBLs, 8 strains with SHV-type ESBLs, and 6 strains with CTX-M-type ESBLs. Furthermore, the following antibiotic resistance genes were identified in the isolates: blaOXA-1 34.48% (n=10), blaOXA-48 17.24% (n=5), blaKPC-2 10.34% (n=3), blaKPC-3 6.89% (n=2), blaNDM-113.79% (n=4), blaNDM-5 3.45% (n=1), blaGES-1 6.89% (n=2), blaGES-5 3.45% (n=1), blaCYM-1 1.34% (n=3). To provide a comprehensive overview, of the percentage of isolates carrying each resistance gene. In addition, other antibiotic resistance genes were identified as aminoglycoside resistance genes aac(6’)-Ib 55.17% (n=16), aac(3)-IIa 10.34% (n=3); fluoroquinolone resistance genes qnrB 20.69% (n=6), and qnrS 13.79% (n=4); chloramphenicol resistance gene catA1 21.14% (n=7), glycylcycline resistance gene tet(X3) 13.79% (n=4) (Figure 4; Supplementary Table 3).




Figure 4 | Correlation Heatmap of Resistance, Virulence, and Biofilm-Associated Genes. The heatmap visually represents the correlation between antibiotic resistance genes, virulence genes and biofilm-associated genes among the ESBL-Producing Cephalosporin-Resistant Escherichia coli ST410. Color intensity and direction indicate the strength and nature of the correlation, respectively. The correlation heatmap was visualized on the image processing website Chiplot (https://www.chiplot.online, accessed on 15 January 2024). Resistance, Virulence, and Biofilm-Associated Genes -Among Correlative degree low, middle and high. *, low, **, middle, ***, high.







Virulence and biofilm genomics

Virulence genes were categorized into attachment, biofilm formation, and cellular toxicity/lysis. We analyzed their associations with serotypes and phylogenetic groups, despite the limited sample size. No significant association patterns were observed, suggesting a complex distribution of virulence factors across different serotypes and phylogenetic groups. Among the detected genes, the most prevalent virulence gene was fimH, which encodes the type 1 fimbriae adhesin, found in 100% (n=29) of the isolates, indicating its universal presence among the ST410 strains. The papC gene, which encodes P fimbriae facilitating bacterial adherence to host cells, was detected in 82.76% (n=24) of the isolates. The hlyA gene, associated with hemolysin production, was found in 75.86% (n=22) of the isolates. The cnf1 gene, which was identified in 62.07% (n=18) is associated with cytotoxic necrotizing factor production, which can lead to cellular damage while the eaeA gene was present in 41.38% (n=12) of the isolates. This gene is associated with the formation of attaching and effacing lesions and is commonly found in enteropathogenic E. coli strains. The stx1 and stx2 genes, which encode Shiga toxins, were detected in 27.59% (n=8) and 20.69% (n=6) of the isolates, respectively (Figure 4). These toxins are known to be involved in the development of severe gastrointestinal symptoms. In addition to virulence genes, the presence of genes associated with biofilm formation was investigated. The bap gene, associated with biofilm-associated protein production, was found in 10.34% (n=3) of the isolates. Genes involved in curli fiber production, including csgA, csgD, and csgE, were detected in 17.24% (n=5), 13.79% (n=4), and 10.34% (n=3) of the isolates, respectively (Figure 4). These results highlight the presence of various virulence/toxin genes and biofilm-associated genes in the studied isolates. The detection of these genes suggests the potential pathogenicity of the isolates and their ability to cause severe gastrointestinal symptoms and cellular damage. Furthermore, the presence of biofilm-associated genes indicates the ability of the isolates to form biofilms, which can enhance bacterial survival and contribute to antimicrobial resistance. In addition to characterizing the antibiotic resistance and virulence profiles, we conducted an in-depth analysis of the correlation between resistance genes, virulence genes, and biofilm-associated genes. The correlation heatmap, presented in Figure 4, provides a visual representation of the associations between various resistance genes, virulence factors, and biofilm-producing genes. The correlation heatmap elucidates potential relationships between these gene categories, offering valuable insights into the co-occurrence patterns. This comprehensive analysis enhances our understanding of the interconnectedness of resistance, virulence, and biofilm formation in the studied isolates.





Plasmid and conjugations

Diverse plasmids were observed among the ST410 isolates, representing a range of plasmid types. The most commonly identified plasmid IncFIS plasmid, known for its broad host range and association with antibiotic resistance genes, was detected in 93.10% (n=26) of the isolates. The IncX4 plasmid, often associated with the spread of multidrug resistance, was found in 72.41% (n=21) of the isolates. The IncFIA, IncCol, IncI2, and IncFIC plasmids, known to carry various resistance determinants, were identified in 65.51%, 51.72%, 44.82% and 41.37% (n=19), (n=15), (n=13), and (n=12) of the isolates, respectively. These plasmids exhibited varying transmission frequencies, with ranges from 1.3X10-2 to 2.7X10-3 (Figure 5). The presence of multiple plasmid types suggests the potential for horizontal gene transfer and the dissemination of resistance and virulence genes among the ST410 isolates.




Figure 5 | Diversity of Incompatibility type of Plasmids dissemination in ESBL-Producing Cephalosporin-Resistant Escherichia coli ST410. The figure illustrates the diverse plasmids identified among ST410 isolates, showcasing a variety of plasmid types. The figure was generated using https://www.chiplot.online/. Last accessed on 15 January 2024.








Discussion

The present study focuses on the emergence of a hypervirulent MDR clone of E. coli ST410. The genetic characterization of ST410 E. coli strains is of utmost importance for several reasons. Firstly, ST410 is considered an international clone that has been associated with various types of infections worldwide (Feng et al., 2019). By studying this clone at the genetic level, we can gain insights into its transmission dynamics, and clinical implications. Understanding the genetic relatedness and evolutionary history of ST410 strains can help elucidate the routes of dissemination and the potential for the spread of antimicrobial resistance and virulence traits. ST410 E. coli strains have demonstrated a remarkable ability to acquire and maintain resistance genes, leading to multidrug-resistant phenotypes (Mohamed et al., 2022). Genomic surveillance conducted on carbapenem-resistant E. coli (CREC) in Chinese hospitals spanning from 2017 to 2021 uncovered a shift in the predominant sequence type (ST). Notably, ST410 emerged as the most frequently isolated CREC ST during this period, surpassing previously reported prevalent types such as ST167, ST131, and ST617. The prior surveillance studies from 2015 to 2017 had identified ST167, ST131, and ST617 as the most common sequence types, indicating a dynamic shift in the epidemiology of carbapenem-resistant E. coli in Chinese hospital settings (Li et al., 2021; Zhang et al., 2017). Investigating the genetic determinants of resistance in these strains can provide crucial information on the mechanisms underlying their resistance profiles. This knowledge is essential for designing effective strategies to combat antimicrobial resistance and preserve the efficacy of antimicrobial agents. Furthermore, our understanding of their virulence potential, emphasizes their pathogenicity and ability to cause severe infections. Additionally, molecular epidemiology aids the development of typing methods and diagnostic tools for rapid identification and surveillance. E. coli ST410 strains investigating at the genetic level is crucial for understanding their international clonal nature, antimicrobial resistance patterns, virulence potential, and evolutionary dynamics. Such studies contribute to the broader understanding of E. coli pathogenesis and provide valuable information for the development of effective prevention and control strategies. Our study focused on investigating the antimicrobial resistance patterns and genetic characteristics of ST410 E. coli isolates. The findings of our research provide valuable insights into the epidemiology and clinical significance of this sequence type. We have established the important study and its contribution to the existing knowledge on ST410 E. coli. Phylogenetic group analysis provided that the majority of the isolates belonged to group B2 which is commonly associated with ExPEC strains. Group B2 strains have been frequently implicated in urinary tract infections, sepsis, and other invasive infections while group D is commonly found in the gastrointestinal tract, This observation aligns with previous studies, which report variable distributions of phylogenetic groups across different specimen types (Patil et al., 2019b). Further investigations with larger sample sizes are needed to draw more definitive conclusions. The presence of different phylogenetic groups within the ST410 clone suggests a degree of genetic diversity and highlights the adaptability of this clone to various ecological niches. The presence of diverse serotypes within the ST410 clone suggests the potential for variations in virulence and host tropism among the isolates. Antimicrobial resistance is a global public health concern, and our study revealed significant rates of resistance among the E. coli ST410 isolates, particularly against cephalosporins and carbapenems. These findings are consistent with previous studies, demonstrating the persistent and widespread resistance among ST410 E. coli strains (Zhong et al., 2022). The high resistance rates observed in our study indicate the urgent need for alternative treatment strategies to combat infections caused by these strains. Among the cephalosporins, a high resistance rate of 100% was observed among the ST410 isolates. Resistance to amoxicillin and carbapenem antibiotics was also prevalent among the isolates. These resistance patterns are of great concern, as cephalosporins and carbapenems are vital antibiotics in clinical practice for the treatment of serious bacterial infections (Vasikasin et al., 2023). The emergence and dissemination of ESBL genes play a significant role in cephalosporin resistance (Mitman et al., 2022). In our study, the most commonly detected ESBL gene was blaCTX-M, present in 89.65% of the isolates. Among the specific types identified, blaCTX-M-15 was the predominant variant, detected in 34.48% of the isolates. This finding is consistent with other studies that have reported the dominance of blaCTX-M-15 in ST410 E. coli strains (Hans et al., 2023). The presence of blaTEM and blaSHV genes, associated with β-lactam resistance, was also notable, with prevalence rates of 79.31% and 62.07% respectively. Carbapenem resistance is a major concern, as these antibiotics are considered last-resort treatments for multidrug-resistant infections. Our study revealed the presence of carbapenem resistance genes, including blaOXA-1, blaKPC-2, blaKPC-3, blaNDM-1, and blaNDM-5, among the ST410 isolates. These genes have been associated with various mechanisms of carbapenem resistance, including the production of carbapenemases but enzymes such as CMY-1 hydrolyze carbapenems at very low levels. They are not comparable to carbapenemases like KPC and NDM, enzymes in terms of carbapenem resistance (Li et al., 2021; Sewunet et al., 2022). The detection of these resistance genes underscores the potential dissemination of carbapenem resistance mechanisms in ST410 E. coli strains. The high prevalence of the aac(6’)-Ib gene suggests a significant resistance to aminoglycosides. While the detection of qnrB and qnrS genes indicates the potential for fluoroquinolone resistance, these genes were found in only 30% of the strains. This suggests that other resistance mechanisms likely play a more prominent role in conferring resistance to fluoroquinolones in these strains. The observed 0% susceptibility to levofloxacin highlights the complex interplay of multiple resistance mechanisms beyond just the presence of qnr genes. In addition to antimicrobial resistance, our study explored the presence of virulence and biofilm-associated genes in the ST410 isolates. The identification of virulence genes provides insights into the potential pathogenicity of these strains. Among the detected genes, fimH, encoding the type 1 fimbriae adhesin, was universally present in all 100% of the isolates (Foroogh et al., 2021), highlighting its crucial role in the colonization and persistence of ST410 E. coli strains. The papC gene, associated with P fimbriae-mediated adherence, was detected in 82.76% of the isolates. The hlyA gene, involved in hemolysin production, was found in 75.86% of the isolates. The cnf1 gene, associated with cytotoxic necrotizing factor production, was identified in 62.07% of the isolates. These virulence genes contribute to the pathogenic potential of ST410 E. coli, enabling them to cause severe infections and clinical manifestations (Jomehzadeh et al., 2022). Biofilm formation is another important attribute of bacterial pathogenicity and can contribute to antimicrobial resistance (Qian et al., 2022). In our study, we investigated the presence of biofilm-associated genes in the ST410 isolates. The bap gene, associated with biofilm-associated protein production, was found in 10.34% of the isolates. Genes involved in curli fiber production, including csgA, csgD, and csgE, were detected. The presence of these biofilm-associated genes suggests the ability of ST410 E. coli strains to form biofilms, which can enhance their survival and contribute to persistent infections and antimicrobial resistance (Ogasawara et al., 2011). Comparing our results with recently published data, our study provides valuable insights into the epidemiology and clinical implications of ST410 E. coli strains. Our findings align with previous studies, highlighting the persistent antimicrobial resistance and virulence characteristics of ST410 isolates. The high rates of resistance against cephalosporins and carbapenems underscore the need for effective infection control measures and the development of alternative treatment strategies (Mahazu et al., 2021). Studying the transfer dynamics and stability of these plasmids would provide insights into their role in the dissemination of genetic traits within the bacterial population. The results of this study revealed the presence of diverse plasmids among the high-risk clone ST410 isolates. The most commonly identified plasmids, IncFIS and IncX4 are known for their broad host range and association with antibiotic-resistance genes (Patil et al., 2023a; Zhong et al., 2018). This finding suggests that the ST410 isolates have a high potential for carrying and disseminating antibiotic resistance determinants. The varying transmission frequencies of the identified plasmids further highlight their potential for horizontal gene transfer. Horizontal gene transfer plays a crucial role in the spread of antibiotic resistance and virulence determinants among bacterial populations (Sun et al., 2019). The findings of this study are consistent with previous research demonstrating the association between specific plasmids and antibiotic resistance in various bacterial strains (San Millan, 2018). Despite the significant contributions of our study, some limitations should be acknowledged. First, our research was conducted on a limited number of isolates from a specific population, and thus, the generalizability of the findings may be limited. Future studies involving larger sample sizes and diverse populations would enhance the representativeness of the results. Additionally, our study focused primarily on genotypic characterization, and further investigations incorporating phenotypic assays, such as biofilm formation assays and in vivo studies, would provide a more comprehensive understanding of the pathogenicity and clinical impact of ST410 E. coli.





Conclusion

Our study sheds light on the antimicrobial resistance, virulence, and genetic characteristics of ST410 E. coli isolates. The widespread resistance patterns observed, particularly against cephalosporins and carbapenems, highlight the urgency to implement appropriate infection control measures and develop alternative therapeutic options. The presence of virulence and biofilm-associated genes further emphasizes the potential pathogenicity and persistence of ST410 strains. Our findings contribute to the existing knowledge of ST410 E. coli and provide valuable insights for the management and control of infections caused by these strains.
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Introduction

Methicillin-resistant Staphylococcus aureus (MRSA) sequence type (ST) 45 is a major global MRSA lineage with huge strain diversity and a high clinical impact. In Hainan and Guangzhou of China, the ST45-MRSA was mainly associated with t116.





Methods

The MRSA strain SA2107 was isolated from the sputum of a 5-year-old child with pneumonia. The whole genome of SA2107 was sequence using Illumina (Novaseq 6000) and PacBio (Sequel IIe) sequencers, and the sequences were assembled using hybrid assembly. The carriage of antibiotic resistance genes, virulence genes, and mobile genetic elements were identified using bioinformatics tools. The comparative genomic analyses of MRSA strain SA2107 with other MRSA strains worldwide were performed.





Findings

The genome size of ST45-SCCmec IVa (2B)-t116 MRSA strain SA2107 was ~2.9 Mb. Mobile genetic elements analysis of SA2107 revealed two plasmids (30,064-bp pSA2107-1 and 8,033-bp pSA2107-2), three prophages, two integrative and conjugative elements (ICEs), and two insertion sequences (ISs, IS431 and IS1272). The SCCmec IVa (2B) carried by SA2107 contained the class B mec gene complex (IS431-mecA-ΔmecR1-IS1272) and type 2 ccr gene complex (ccrA2 and ccrB2). Besides mecA, another beta-lactam resistance gene blaZ was found to located on six copies of bla complex (blaZ, blaR1, and blaI) on the chromosome of SA2107. Three kinds of virulence factors were detected on the chromosome of SA2107, including genes encoding toxins, exoenzyme, and immune-modulating protein. Notably, the three prophages harbored by the chromosome of SA2107 all carried virulence genes.





Conclusion

Thus far, only three complete genomes available for ST45-SCCmec IVa (2B)-t116 strain from United States, Germany, and Australia, respectively. The strain SA2107 was the first complete genome data (CP104559) from China for ST45-SCCmec IVa (2B)-t116 MRSA.
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1 Introduction

Staphylococcus aureus, an important Gram-positive pathogen, can cause various infectious diseases including bacteremia and pneumonia (Bashabsheh et al., 2024). It represents a growing public health burden owing to the emergence and spread of antibiotic-resistant clones, particularly within the hospital environment (Kholaseh et al., 2023). Based on data from the China Antimicrobial Surveillance Network (CHINET), in 2022, S. aureus was the third most common clinical bacterial isolate, comprising 9.5% of all clinical bacterial isolates, and it had the highest detection rate in Gram-positive clinical bacteria (https://www.chinets.com/). Methicillin-resistant S. aureus (MRSA) is major causative agent for nosocomial infections and has become a difficult problem in treatment of infections (Lee et al., 2018).

S. aureus ST45 is a major global MRSA lineage with different regions, hosts, antimicrobial susceptibility, and clinical manifestations, which frequently causes severe invasive disease, such as bacteremia (Effelsberg et al., 2020). S. aureus ST45 was originally identified in Berlin in 1993 (Witte et al., 2001) and now widely distributed worldwide (Peng et al., 2024). Epidemiological surveillance has shown that ST45-MRSA was mainly associated with t116 in Hainan and Guangzhou of China, with 70% and 66.7%, respectively (Ge et al., 2019; Li et al., 2019).

The cause of MRSA resistance to beta-lactam antibiotics is mecA and its homologues (mecB, mecC, and mecD) carried by MRSA (Lakhundi and Zhang, 2018). The mec genes are widely disseminated among staphylococcal species due to the acquisition and insertion of the staphylococcal cassette chromosome mec (SCCmec) element into the chromosome of susceptible strains, which is responsible for conferring the broad-spectrum beta-lactam resistance (Lakhundi and Zhang, 2018; Uehara, 2022). The SCCmec is a mobile genetic element (MGE) composed of mec complex, ccr complex and J region (Wang et al., 2022b). SCCmec elements were classified into different types based on the combination of mec gene complex (five classes) (Liu et al., 2016) and ccr gene complex (nine classes) (Wu et al., 2015). To date, 15 SCCmec types (types I-XV) have been officially reported (Wang et al., 2022b). Notably, subtypes of type IV SCCmec vary more than other types, with the main subtypes as follows: IVa, IVb, IVc, IVd, IVg, IVh, IVi, IVj, IVk, IVl, IVm, IVn,and Ivo (Uehara, 2022).

The aim of the study was to report the whole-genome sequence of a MRSA ST45-t116 strain SA2107 harboring SCCmec type IVa, which was isolated from the sputum of a 5-year-old child with pneumonia in China.




2 Materials and methods



2.1 Bacterial isolate and antimicrobial susceptibility testing

This sample was obtained from the sputum of a 5-year-old child with pneumonia at Zhuhai People’s Hospital, Guangdong Province, China. Strain identification was performed using the VITEK-2 Compact system (bioMérieux, France), which was also confirmed by sequencing of the entire 16S rRNA gene. Antimicrobial susceptibility testing was measured by the VITEK 2 COMPACT system, which used the following 15 antimicrobial agents: clindamycin, daptomycin, gentamicin, levofloxacin, moxifloxacin, rifampicin, teicoplanin, vancomycin, ceftaroline, erythromycin, linezolid, oxacillin, penicillin, sulfamethoxazole/trimethoprim, and tigecycline. The results of other antimicrobial agents were interpreted according to the Institute of Clinical and Laboratory Standards (CLSI M100–S33) (CLSI, 2023).




2.2 Genome sequencing, assembly, and annotation

Whole-genome sequencing (WGS) of strain SA2107 was conducted by Genewiz Biotechnology Co. Ltd. (Suzhou, China). Genomic DNA was extracted from the strain SA2107 using a genomic DNA extraction kit (provided by Genewiz) according to the manufacturer’s instructions. WGS was performed using paired-end sequencing with Novaseq 6000 (Illumina, 2×150 bp paired-end reads) and long sequencing with PacBio Sequel IIe (Pacific Biosciences, 10-15 Kb insert whole-genome shotgun libraries). PacBio reads were assembled using Hifiasm (version 0.13-r308) (Cheng et al., 2021) and Canu (version 2.2) (Koren et al., 2017). Genome assembly polishing was performed with Pilon (version 1.22) (Walker et al., 2014) using Illumina reads. The assembled genome of S. aureus SA2107 was submitted to the NCBI GenBank database (Benson et al., 2018) and annotated using the NCBI Prokaryotic Annotation Pipeline (PGAP) (Tatusova et al., 2016).




2.3 Bioinformatics analysis

Acquired antibiotic resistance genes (ARGs) of the genome of SA2107 were identified using ResFinder 4.1 software (Bortolaia et al., 2020), with a minimum identity of 90% and a minimum coverage of 60%. The PointFinder software (Zankari et al., 2017) was used to detect the chromosomal gene mutations mediating antimicrobial resistance. Virulence genes of the genome of SA2107 were identified using VirulenceFinder 2.0 (Joensen et al., 2014). Multilocus sequence typing (MLST) of SA2107 was performed using MLST 2.0 (Larsen et al., 2012). Plasmid replicon types were determined using PlasmidFinder 2.1 (Carattoli et al., 2014). SCCmec typing was performed using the web-based SCCmecFinder version 1.2 (Kaya et al., 2018). spa typing was performed using the wed-based SpaFinder version 1.0 (Bartels et al., 2014). MGEs of SA2107, including genomic islands and prophage, were identified by the VRprofile2 (Wang et al., 2022a). Sequence similarity searching was performed using MegaBLAST (Morgulis et al., 2008) scans against the GenBank non-redundant (nr) database. Easyfig software (Sullivan et al., 2011) and BLAST Ring Image Generator (BRIG) software (Alikhan et al., 2011) was used to compare and visualize the sequences.





3 Results



3.1 Identification and antimicrobial susceptibility results of the strain SA2107

The strain SA2107 was identified as S. aureus using the VITEK 2 COMPACT system, and BLASTN analysis against rRNA_typestrains/16S_ribosomal_RNA database indicated that the entire 16S rRNA gene of SA2107 showed highest similarity with that of S. aureus strain S33 R (GenBank accession NR_037007, 100% coverage and 99.87% identity). Based on the results of the antibiotic susceptibility test, strain SA2107 exhibited resistance to oxacillin, penicillin, clindamycin, and erythromycin as well as intermediate-level resistance to rifampicin (Supplementary Table S1).




3.2 Genomic characteristics of the strain SA2107

Genome sequencing and analysis revealed that SA2107 contained one 2.83 Mb chromosome (CP104559) and two plasmids with sizes of 30,064 bp (pSA2107-1, CP104560) and 8,033 bp (pSA2107-2, CP104561), respectively. Results of PlasmidFinder indicated that plasmid pSA2107-1 contained two replicons (rep16 and repUS5), whereas the plasmid pSA2107-2 consists of repB family plasmid replication initiator (coordinate: 4572.5429). MLST analysis indicated that S. aureus strain SA2107 belonged to sequence type (ST) 45. spa typing indicated that SA2107 displayed spa-type t116.

ResFinder results indicated that SA2107 carried two kinds of beta-lactam resistance genes (mecA and blaZ), which only located on the chromosome of SA2107, the mecA gene is known to confer resistance to methicillin in MRSA isolates and the blaZ is the structural gene of the staphylococcal penicillinase. It’s worth noting that SA2107 was found to harbor six copies of bla complex (blaZ, blaR1, and blaI) on its chromosome, with coordinates as 283131.286210, 477278.480357, 893462.896541, 2018600.2021679, 2036382.2039461, and 2548907.2551986, respectively. PointFinder results indicated that the rifampin resistance of SA2107 may be due to H481N mutation in RpoB. However, no ARG or chromosomal point mutation linked to clindamycin and erythromycin resistance was found. By the way, PointFinder software also detected many unknown point mutations (Supplementary Table S2), some of which might be associated with resistance to clindamycin and erythromycin. VirulenceFinder results indicated that different virulence factors were also detected on the chromosome of SA2107 (Table 1), including toxins (hlgA, hlgB, hlgC, sec, seg, sei, sel, sem, sen, seo, and seu), exoenzyme (aur), and genes encoding immune-modulating protein, i.e., hostimm (sak and scn). However, neither ARG nor virulence gene was detected on the two plasmids of SA2107.


Table 1 | Virulence genes harbored by the chromosome of SA2107.



Results of VRprofile2 indicated that three prophages, two integrative and conjugative elements (ICEs) and one SCCmec were identified on the chromosome of SA2107 (Table 2). Notably, the three prophages were found to carry the virulence genes (Table 2), indicating their role in the horizontal transfer of these virulence genes.


Table 2 | MGEs carried by the chromosome of SA2107.



Based on the result of SCCmecFinder, the strain SA2107 carried the SCCmec type IVa (2B) on its chromosome. The SCCmec type IVa (2B) of SA2107 contained the class B mec complex, in which mecA and the truncated mecR1 gene encoding the signal transducer protein (ΔmecR1) were flanked by IS431 and IS1272, forming the structure IS431-mecA-ΔmecR1-IS1272 (Figure 1). In addition, the type 2 ccr gene complex (ccrA2 and ccrB2) was found in the SCCmec type IVa (2B) of SA2107 aligned with S. aureus JCSC1968, and other staphylococci species reference genomes (Figure 1). Notably, based on the results of the BLAST search hit from the nr database of GenBank, the whole SCCmec type IVa (2B) detected in strain SA2107 was not only present in the S. aureus, but also in the Staphylococcus caprae, Staphylococcus schleiferi, Staphylococcus epidermidis, Staphylococcus argenteus, and Staphylococcus warneri (Figure 1; Supplementary Table S3).




Figure 1 | Comparative analysis of the SCCmec type IVa (2B) carried by the ST45-t116 MRSA strain SA2107 with other methicillin-resistant staphylococci generated by Easyfig.






3.3 An overview of ST45 SCCmec type IVa global strains

NCBI blast search of SCCmec type IVa (2B) of SA2107 against S. aureus (taxid: 1280), hit a total of 301 strains of S. aureus with complete genomes harboring SCCmec type IVa, which was widely present in more than 30 different STs of S. aureus (Figure 2). The most common ST amongst the SCCmec type IVa was ST8 (58.1%, n=175), followed by ST1 (7.6%, n=23), ST5 (7.3%, n=22), and ST59 (5.6%, n=17) (Figure 2). SA2107 in our study was the first report on the complete genome of the SCCmec type IVa (2B) in S. aureus ST45 in China (Figure 3). Another three strains of S. aureus ST45 with complete genomes containing the SCCmec type IVa (2B) were found in the United States (CP029084, AR464), Germany (CP047803, UP_1097), and Australia (CP127579, C331), respectively (Figure 3). The distribution of MGEs (prophages, ICEs, and SCCmec type IVa) carried by SA2107 was explored in other three S. aureus ST45 harboring SCCmec type IVa (Figure 4). Two prophages harboring virulence genes carried by SA2107, prophage2 (seg, sen, seu, sei, sem, seo) and prophage3 (scn, sak), were found to distributed in all other three ST45-SCCmec IVa strains. However, the prophage1 harboring sec and sel was only found in SA2107 and AR464. In addition, the ICE1 (coordinate: 1215357.1357201) carried by SA2107 was also found to distributed in all other three ST45-SCCmec IVa strains.




Figure 2 | An overview of the ST types among the 301 of MRSA strains harboring the SCCmec type IVa. Histogram about number of the SCCmec type IVa distributed in different ST types of MRSA was drawn. * alleles with less than 100% identity found.






Figure 3 | Geographic distribution of the MRSA strains with complete genomes harboring the SCCmec type IVa. ST types of different countries/regions were displayed by pie chart except the USA. ST types of the USA were displayed by columnar stacking diagram. * alleles with less than 100% identity found.






Figure 4 | Comparative analysis of the MGEs, including the prophages, ICEs, and SCCmec type IVa (2B), carried by SA2107 with other three S. aureus ST45 harboring SCCmec type IVa (2B) generated by BRIG. Prophages, ICEs, and SCCmec are shown in red, green, and black arcs, respectively. GC Skew (+): the relative content of G is greater than C; GC Skew (-): the relative content of G is less than C.







4 Discussion

The ST45-t116 MRSA strain SA2107 was found to contain the SCCmec type IVa (2B) on its chromosome. The SCCmec type IV has the combination of class B mec gene complex and a type 2 ccr gene complex (Hiramatsu et al., 2001), just as the “IS431-mecA-ΔmecR1-IS1272” and “ccrA2 and ccrB2” carried by the MRSA strain SA2107 in this study. The SCCmec type IVa was first reported in S. aureus CA05 (JCSC1968) isolated from the joint fluid of a patient with septic arthritis and osteomyelitis (Ma et al., 2002). Interestingly, only four strains of MRSA ST45-SCCmec IVa-t116 with complete genome worldwide harbor SCCmec type IVa, and SA2107 is the first report with complete genome in China.

For the SCCmec type IVa of MRSA SA2107, the mecA-ΔmecR1 was flanked by IS431 and IS1272. IS431, a staphylococcal insertion sequence (IS)-like element related to IS26 from Proteus vulgaris, was first described in 1987, which has been implicated in the transfer of antimicrobial resistance genes (e.g., mecA conferring methicillin resistance) (Barberis-Maino et al., 1987; Kobayashi et al., 2001). For the five classes of mec gene complexes have been described to date in MRSA (Liu et al., 2016), four were found to contain the IS431, including the class A mec gene complex (mecI-mecR1-mecA-IS431) (Ito et al., 2001; Liu et al., 2016), class B mec gene complex (IS431-mecA-ΔmecR1-IS1272) (Hiramatsu et al., 2001), the class C mec gene complex (IS431-mecA-ΔmecR1-IS431) (Katayama et al., 2001) and the class D mec gene complex (IS431-mecA-ΔmecR) (Liu et al., 2016). IS1272 was first described in Staphylococcus haemolyticus isolated in the United States in 1996 (Archer et al., 1996), has disseminated to other staphylococcal species and is prevalent in multi-resistant isolates (Wolska-Gębarzewska et al., 2023).

In this study, six copies of bla complex (blaZ, blaR1, and blaI) were found on the chromosome of SA2107. The beta-lactamase gene blaZ was the structural gene of the staphylococcal penicillinase, and the bla complex was necessary for penicillinase production (Massidda et al., 2006). The blaR1 gene encoded a signal-transducing membrane protein, and the blaI gene encoded a repressor protein (Hackbarth and Chambers, 1993). The expression of blaZ was regulated by the two adjacent genes, blaI and blaR1, the first being a blaZ transcription repressor, and the second an anti-repressor (Lowy, 2003).

Three categories of virulence genes were identified in the genome of SA2107, including toxin genes, exoenzyme genes, and hostimm genes. Until now, more than 24 staphylococcal enterotoxin (SE) genes have been identified from different outbreaks of staphylococcal food poisoning, clinical cases and strains isolated from animals (Lefebvre et al., 2022; Cieza et al., 2024). Eight SE genes (sec, seg, sei, sel, sem, sen, seo, and seu) were found in SA2107 and six genes (seg, sei, sem, sen, seo, and seu) were found on prophage2 of the SA2107. Schwendimann et al. reported that these six genes were also found on the S. aureus genomic island vSaβ (Schwendimann et al., 2021).




5 Conclusion

This study describes the genomic characteristics of a ST45-t116 MRSA strain SA2107 harboring SCCmec type IVa (2B), which is the first complete genome data (CP104559-CP104561) from China for ST45-SCCmec IVa (2B)-t116, and can be the reference genome for ST45-SCCmec IVa (2B)-t116 MRSA.
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E. faecium

% R Hermosillo % R Cd. Obregon

Ampicillin 47 43 0.76
Ciprofloxacin 34 38 0.71
Streptomycin-H 0 0 1
Gentamicin-H 0 0 1
Levofloxacin 26 29 0.82
Linezolid 6 5 0.87
Tetracycline 74 48 0.02*
Vancomycin 15 0 0.06
Ciprofloxacin 9 ‘ 26 0.0001*
Clindamycin 21 33 0.0002*
Daptomycin® 6 7 0.63 ‘
Erythromycin 20 33 0.0001%
Gentamicin 6 8 0.26
Levofloxacin 7 26 0.0001*
Linezolid 2 2 0.54 ‘
Moxifloxacin 6 24 0.0001*
Nitrofurantoin 1 1 0.51
Oxacillin 17 29 0.0001*
Tetracyclin 5 4 0.45
TMP/SXT 3 7 0.01*
Vancomycin 9 6 0.19
Ampicillin/Sulbactam 39 56 0.0004*
Cefepime 60 81 0.0001%
Cefotaxime 63 81 0.0001*
Ceftazidime 62 81 0.0001*
Ceftriaxone 64 81 0.0001* ‘
Ciprofloxacin 60 81 0.0001*
Gentamicin 33 2 0.02*
Meropenem 53 79 0.0001*
TMP/SXT 60 83 0.0001* ‘
Amikacin 8 8 0.84
Cefepime 16 14 0.59
Cefotaxime 31 31 0.94

‘ Ceftazidime 29 29 0.95

‘ Ceftriaxone 34 32 0.64

‘ Cefuroxime 37 36 » 0.95
Cefuroxime axetil 37 36 0.95
Ciprofloxacin » 25 25 0.95
Ertapenem 10 10 0.87
Gentamicin 16 11 0.25
Meropenem 6 6 ' 0.95
Nitrofurantoin 20 32 0.01*
TMP/SXT 24 24 0.92
Amikacin 4 4 093
Ampicilina/Sulb 34 48 0.0001*
Cefepime 14 15 0.36
Cefotaxime 31 47 0.0001*
Amikacin 4 4 093
Ceftazidime 22 31 ' 0.0001*
Ceftriaxone 31 47 » 0.0001*

| Cefuroxime 34 51 0.0001*
Cefuroxime axetil 34 51 0.0001*
Ciprofloxacin 34 51 0.0001%
Ertapenem » 3 6 0.001*
Gentamicin 18 36 0.0001*
Meropenem 2 5 0.003*

I Nitrofurantoin 21 | 29 I 0.0009*
TMP/SXT 38 45 0.01*
Amikacin 21 32 0.0006*
Cefepime 19 31 0.0001*
Ceftazidime 23 35 0.0001*
Ciprofloxacin 30 41 0.0008*
Gentamicin 14 21 0.006*
Meropenem 34 38 0.12

% R, Resistance percentage; Streptomycin-H y Gentamicin-H, High-level resistance to
aminoglycosides. ®For daptomycin, S. aureus isolates are classified as non-susceptible.
*p <0.05 indicates statistical difference (bold Font). TMP/SXT, Trimethoprim/sulfamethoxazole.
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E. faecium

% R % R
14-2015 2019-2020
Ampicillin 46 48 0.85
Ciprofloxacin 47 25 0.03*
Gentamicin-H 25 0 0.001*
Levofloxacin 37 17 0.03*
Linezolid 0 4 0.5
Tetracycline 42 71 0.007*
Vancomycin 3 6 0.44

S. aureus

Ciprofloxacin 12 8 0.009*
Clindamycin 29 20 0.0001*
Daptomycing 12 6 0.009*
Erythromycin 24 21 0.17
Gentamicin 4 5 047
Levofloxacin 10 18 027
Linezolid 2 2 0.67

V Moxifloxacin 4 7 0.008*
Nitrofurantoin 2 2 0.43
Oxacillin 12 16 0.04*
Tetracycline 8 6 0.09*
TMP/SXT 8 2 0.0001*
Vancomycin 9 11 049

Acinetobacter baumannii

Ampicillin/Sulbactam 35 38 0.69
Cefepime 32 42 0.23
Cefotaxime 100 47 0.0002*
Ceftazidime 71 45 0.07
Ceftriaxone 38 41 0.77
Ciprofloxacin 34 43 0.33
Gentamicin 34 34 0.95
Meropenem 75 28 0.0001*
TMP/SXT 40 41 V 0.96

E. cloacae

Amikacin 11 6 0.18
Cefepime 26 9 0.0009*
‘ Cefotaxime 48 21 0.002*
| Ceftazidime 45 23 0.01%
‘ Ceftriaxone 39 28 0.07
Cefuroxime 77 28 0.0001*
Cefuroxime axetil 19 ¥5: 0.47
Ciprofloxacine 7 10 047
Ertapenem 22 5 0.0001*
Gentamicina 12 8 0.28
Meropenem 24 20 0.48
Nitrofurantoin 29 11 0.001*
TMP/SXT 11 6 0.18

Amikacine 3 5 0.06
Ampicillin/Sulbactam 35 31 0.23
Cefepime 25 12 0.0001*
Cefotaxime 25 28 0.48
Amikacin 24 22 0.52
Ceftazidime 27 29 0.49
Ceftriaxone 39 31 0.05*
Cefuroxime 14 31 0.0001*
Cefuroxime axetil 3 2 0.69
Ciprofloxacin 19 11 0.0006*
Ertapenem 4 2 0.03*
Gentamicin 22 19 024
Meropenem 30 35 0.06
Nitrofurantoin 3 5 0.06
TMP/SXT 3 5 0.06

Pseudomonas aeruginosa

Amikacin 37 26 0.0003*
Cefepime 37 21 0.0001*
Ceftazidime 65 24 0.0001*
Ciprofloxacin 43 30 0.0001*
Gentamicin 29 13 V 0.0001*
Meropenem 39 36 0.36

% R, Resistance percentage; Streptomycin-H y Gentamicin-H, High-level resistance to
aminoglycosides. ®For daptomycin, S. aureus isolates are classified as non-susceptible. *p <
0.05 indicates statistical difference (bold Font). TMP/SXT, Trimethoprim/sulfamethoxazole.
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Sample Isolates rcentage
Urine 1180 26
Bronchial 632 14
Blood 516 11.3
Pharynx 386 8.5
Wound 305 ‘ 6.7
Secretion 219 4.8
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Others 197 43
Unspecified 151 33
Catheter 147 | 312
Stool 95 21
V Vagina 85 i 1.8
Total 4545
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S.No. R.Time Score Compound Name Exact Observed Mass
Mass Mass Diff
1. 1.27 0.978 1,10-Phenanthroline monohydrate Ci,HgN, 180.068 179.1104 0.96
2 6.29 0.957 Adenosine CyoH3N504 267.096 263.1652 3.93
3. 10.32 0979 | D-erythro-Dihydrosphingosine C,5H3NO, 301.298 305.1769 -3.88
4. 14.95 0935 Scoulerin CysH,NO, 327.147 323.1966 3.95
5. 15.36 0.928 Methyl Jasmonate C13H003 224.141 224.1574 -0.02
6. 17.72 0.934 DL-Dihydrozeatin CyoH5NsO 221.127 224.1236 -3
7. 18.16 0.978 Etidronic acid C,HgO,P, 205.974 203.0679 291
8. 18.50 0.975 L-Carnosine CoH4N,O5 226.23 229.1514 -2.92
9. 19.42 0.592 1-Isothiocyanato-8-(methylsulfinyl)-octane CyoH1sNOS, 233.09 235.1915 2.1
10. 19.66 0676 | Melatonin C13H,eN,0, 232,121 2352590 3.4
11 23.10 0.902 Riboflavin-5’-monophosphate sodium salt hydrate Cy7H2N4,O0P 456.104 459.2601 -3.16
12. 23.17 0.887 peonidin-3-o-beta-d-glucopyranoside C22H23011 463.124 459.3276 38
13. 23.72 0.685 Hydroxypyruvic acid dimethyl ketal phosphate tri CsHy OgP 230.019 329.2370 -99.22
(cyclohexylammonium) salt
14. 27.91 0767  n-Butyryl coenzyme A lithium salt hydrate CasHioN,0,,P5S 837.157 8347177 244
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Amphotericin B ltraconazole Fluconazole Ketoconazole

el (0.002-32 ug/mL) (0.002-32 pg/mL) (0.002-32 pg/mL) (0.002-32 pg/ml)

Strong biofilm producers

CA-KF1 4 8 64 4
CA-KF2 16 8 16 4
CA-KF3 8 16 32 32
CA-KF4 4 4 32 16
Average MIC VALUE 8 9 36 14

Intermediate biofilm producers

CA-KF18 125 0.256 2 0.128

CA-KF06 1 0.5 2 0.25
CA-KF05 175 0.5 4 0.256
CA-KF07 175 025 8 1
CA-KF13 15 0.5 8 0.50
CA-KF14 125 025 8 0.25
CA-KF15 1.75 025 4 1
CA-KF16 125 0.25 2 0.50
CA-KF17 1.0 0.50 2 0.50
Average MIC VALUE 1.389 0.362 » 4.444 0.487

Weak biofilm producers

CA-KF10 0.064 0.064 0.50 0.016
CA-KF08 0.016 0.008 0.25 0.008
CA-KF09 0.064 0.004 0.128 0.004
CA-KF11 0.008 0.064 0.064 0.002
CA-KF12 0.256 0.008 0.25 0.004
Average MIC value 0.082 0.030 0.238 0.007

Values in bold indicate average MIC values.
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0.05

IPseudomonas aerugionosa strain GZB16/CEES1 16 S ribosomal RNA, partial sequnce*

aoils Posoeudomonas aeruginosa strain DSM 50071 16S ribosomal RNA, partial sequence
Posoeudomonas aeruginosa strain NBRC 12689 16S ribosomal RNA, partial sequence
Pseudomonas aeruginosa strain ATCC 10145 16S ribosomal RNA, partial sequence
0.00 0.01 _oo Pseudomonas resinovorans strain LMG 2274 16S ribosomal RNA, partial sequence
Pseudomunas resinovorans strain ATCC 14235 16S ribosomal RNA, partial sequence
-~ Posoeudomonas citronellolis strain NBRC 103043 16S ribosomal RNA, partial sequence
gﬂsﬂeudomonas citronellolis strain ATCC 13674 16S ribosomal RNA, partial sequence
0.01 n.ml:seudomonas citronellolis strain DSM 50332 16S ribosomal RNA, partial sequence
ocold Pseudomonas alcaligenes strain ATCC 14909 16S ribosomal RNA, partial sequence
1 Pseudnmnnas alcaligenes strain NBRC 14159 16S ribosomal RNA, partial sequence
o5 = L Pseudomcnas alcaligenes 16S ribosomal RNA, partial sequence
:; Pseudomonas alcaligenes strain IAM 12411 16S ribosomal RNA, partial sequence
odo oot Pseudomonas oleovorans strain ATCC 8062 16S ribosomal RNA, partial sequence
001 001 Pseudomonas mendocina strain NCIB 10541168 ribosomal RNA, partial sequence
Pseudomonas aeruginosa strain DSM 50071 16S ribosomal RNA, complete sequence
—

0.020
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Logio CFU/g of tissue

MRSA P. aeruginosa
Untreated control 523 + 0.054 5.38 + 0.063
Control (base) 5.12 + 0.086 5.23 + 0.082
| D.anethifolia ointment (5%w/w) 3.25 + 0.092%* 5.09 + 0.085™°
D.anethifolia ointment (10%w/w) 2.04 + 0.024%* 4,78 + 0.092**
* Antibiotic 1.24 + 0,046 1.82 + 0.054*

* Antibiotic-mupirocin (2%) for the MRSA-infected group and gentamicin (0.1%) for
P. aeruginosa-infected group. Data are mean * SEM, n=6,"*P<0.01;***P<0.001 in
comparison to the control (base); “Non significant.
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S.No. R.Time Score Compound Name Observed

Mass
1. 1.23 0.757 D(-)-Gulono-gamma-lactone CeH,006 178.047 181.1687" " 178.05
2 1.30 0467 | Galactinol Dihydrate Ci:H5 041 342,116 3753669 -3325
3. 1.57 0752 | Chlorogenic acid Hemihydrate C16H,505 354.095 357.2455 -3.15
4. 1.91 0.938 R-2-hydroxy-3-butenyl glucosinolate (progoitrin) C11H1oNO oS 389.045 389.2364 -0.19
5 6.17 0.926 Lignoceric Acid C24Hy50, 368.365 367.2005 116
6. 6.38 0914 Gluconasturtiin C15H,NOGS, 423.065 423.1850 012
7. 7.26 0976 Sebacic acid C1oH1504 202.12 201.0433 1.08
8. 7.37 0799 | 6-(gamma,gamma-Dimethylallylamino)purine CioHy3Ns 203.117 201.1445 197
9. 10.33 0.694 S-Sulfocysteine C3H;NOsS, 200.976 201.1445 -0.17
10. 13.91 0.759 DL-4-Hydroxy-3-methoxymandelic acid CoH,405 198.052 201.1445 -3.09
11. 15.38 0.678 Petunidin Ci6H130; 317.066 315.1653 19
12. 15.69 0.658 zearalenone CysH2,05 318.146 321.2057 -3.06
13. 16.23 093 Kaempferol-3-O-alpha-L-rhamnoside Ca1HO10 432.105 4334439 1134
14. 16.81 0.804 Sodium Cholate Hydrate Cp4HyoOs 408.57 409.3091 -0.74
15. 17.36 0.816 Sodium gluconate CeH,07 196.058 199.1874 -3.13
16. 17.43 0.783 Syringic Acid CoH,00s 198.052 199.1874 114
17. 17.77 0.739 Pyridoxal-5"-phosphate hydrate CgH,(NOgP 247.024 249.3301 -2.31
18. 19.95 0.679 Uridine-5'-diphosphoglucuronic acid trisodium salt C1sH2N,015P 580.034 579.5029 0.53
19. 20.60 0.988 6-Phosphogluconic acid Barium salt hydrate CeH,30,0P 276.024 277.3377 -1.31
20. 20.70 0.894 Phloridzin C21H24010 436.136 277.3714 158.76
21. 20.77 0.957 L-saccharopine C1HzN,04 276.132 2773714 -1.24
22 20.97 0882 2-Deoxycytidine CoH;3N50, 227.09 277.2955 5021
23. 21.04 0876 | L-Carnosine CoH, N0 226.106 227.3293 -1.22
24. 2111 0.801 Sinapic acid C1Hp,0s5 224.068 2272618 319
25. 2217 0.892 D-Glucosamine-6-phosphate sodium salt CgH4NOgP 259.045 253.3457 57
26. 22.92 0.976 6-Phosphogluconic acid Barium salt hydrate CgH;30,0P 276.024 279.3624 -3.34
27 23.02 0.957 gamma-Linolenic acid C1gH300, 278.43 279.3961 -0.97
28. 23.12 0735 acacetin Ci6H,,05 284.068 279.3286 474
29. 2322 0.694 Guanosine-5"-triphosphate sodium salt CioH16N5014P3 522.99 517.3729 562
30. 23.29 0.673 Piperacillin sodium salt Ca3Hy7N5078 517.163 517.3391 -0.18
31. 25.68 0.975 alpha-D-glucose-1-phosphate dipotassium CeH;300P 260.029 255.4040 4.63
salt dihydate
32. 25.81 0.982 D-Glucose-6-phosphate sodium salt CeH;300P 260.029 260.03 0.001
33. 25.88 0.966 D-Mannose-6-phosphate barium salt hydrate CeH,300P 260.029 2553703 4.66
34. 2622 0911 Luteolin CysH1006 286.047 281.3533 469
35. 26.50 0.96 Xanthosine C1oH12N4Og 284.075 281.3533 272
36. 27.83 0.566 Glycyrrhizin Ci2Hg2016 822.403 815.6823 6.72

37. 27.89 0485 | Glycyrrhizic acid ammonium salt Ci2HeO16 822.403 815.6823 672
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sone | KCST0342.1 Perenniporia corticola isolate SKB1

e | KCS70341.1 Perenniporia corticola isolate SK13

| | MH634493.1 Perenniporia tephropora strain BXMA4-4

e MK209003.1 Perenniporia subtephropora isolate 22C2103N
2 | MN341836.1 Perenniporis tephropor isolate KoRLIO7383

e MW077095.1 Perenniporia tephropora strain 3-4F

MW157268.1 Perenniporia subtephropora isolate LYN-UPM $9

% L MZ317641.1 Perenniporia tephropora isolate DD33
KX257798.1 Perenniporia tephropora strain 29

MZ317634.1 Perenniporia tephropora isolate DD18
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Complex Binding Coulomb Covalent Van der Lipophilic ~ DG_Bind_Solv_GB

energy energy binding energy Waals energy energy
Amentoflavone -39.68 -10.56 1.54 —41.34 -13.72 24.53
Robustaflavone 452 -11.09 1.98 -40.73 -15.81 24.85
Withanolide -57.2 -15.04 2.85 -50.18 -16.06 2848
Positive -57.65 -2522 2.85 -36.09 -19.41 25.64
control,
naphthofluorescein

All energy values are reported in kilocalories per mole.
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Complex o-Helix B-Sheet Total
protein
secondary

structure
elements
(SSE)

Furin-5281694 13.49 24.62 38.11

Furin-5281600 14.22 23.76 37.98

Furin-5347765 13.10 24.17 37.26

Furin-reference 13.13 24.51 37.65
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Compound name Molecular weight Rotatable (e]] BBB
(g/mol) bonds absorption = permeant

Robustaflavone 538.46 3 6 10 Low No —-6.01
cm/s

Amentoflavone 538.46 3 6 10 Low No —-6.01
em/s

‘Withanolide 470.60 2 2 6 High No -6.96
cm/s

Naphthofluorescein 432.42 0 2 5 High No 473
cm/s

(reference compound)

BBB permeant, blood-brain barrier; H-B-D, H-bond donors; H-B-A, H-bond acceptors; log P (O/W), for octanol/water (~2.0/6.5); log K, skin permeation.
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Compound
CID

5281694

5281600

53477765

3124834

Robustaflavone

Amentoflavone

Withanolide

Naphthofluorescein
(reference
compound)

Binding
affinity

(kcal/
mol)

-10.7

-10.5

-10.4

Redocking
score

-10.6

-10.5

-10.4

-10.2

Interacting residues in docking

Val263, Asp264, Gly265, Pro266, Glu271, Tyr313, Tle312,
Ser311, Asn310, Gly307, Argd98, Ser524, Asp526, Asn529,
Trp531, Ala532 Met534, Gln488

Val263, Asp264, Pro266,Ala267,Phe274, Glu271, Tyr313,
Tle312,Ser311, Asn310, Gly307, Arg498, Asp526, Gly527,
Phe528, Asn529, Asp530, Trp531, Ala532, Met534,

and GIn488

Val263, Asp264, Gly265, Pro266, Gly307, Glu271, Ser311,
Tle312, Tyr313, Tyr571,GIn488, Arg490, Phe528, Asn529,
Asp530, Trp531,and Ala532

Asp264, Gly265, Pro266, Ala267, Arg268, Glu271, Ile312,
Ser311, Asn310, Gly307, Glu488, Asn529, Asp530, Trp531,
Ala532,and Met534

Estimated
inhibition
constant
(Ki)

96.20
picomolar (pM)

514.69 pM

539.40 pM

30.89
nanomolar
(nM)
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MIC (ug/mL) mCIM  Carbapenemase ~ NG-test ~ KN.LV.O. Detection K-Set =~ GeneXpert

inhibitor CARBA 5
Ceftazidime- Imipenem  Meropenem  PolymyxinB  Tigecycline enEas et
avibactam
CZHKP-01 2 =16 216 <05 2 Pos® Pos* KpC KPC KpC
CZHKP-02 2 =16 216 <05 2 Pos’ Pos’ KPC KPC KPC
CZHKP-03 2256 1 4 <05 2 Neg Neg Neg KpC KPC
CZHKP-04 2 216 =16 <05 2 Pos® Pos® KPC KPC KPC
CZHKP-05 2256 1 4 <05 2 Neg Neg Neg KPC KpC
CZHKP-06 2256 1 4 <05 2 Neg Neg Neg KPC KPC
CZHKP-07 2256 1 4 <05 2 Neg Neg Neg KPC KpC
CZHKP-08 2256 1 4 <05 2 Neg Neg Neg KPC KPC
CZHKP-09 2256 1 4 <05 2 Neg Neg Neg KpC KpC
CZHKP-10 2 =16 =16 <05 2 Pos® Pos’ KPC KPC KPC

*Positive for Ambler class A carbapenemase.
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MICs alone MICs in combination Nature

(ng/mL) (ug/mL) of interaction
Gentamcin 8 4 0.5 0.75
Additivity
Piperacillin 8 4 0.5 0.75

The FICIs were defined as follows: synergy, FICI < 0.5; additivity, FICI >0.5 to <1; no interaction, FICI >1 to <4; antagonism, FICI > 4.
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Substrate

Ribomycin 1.31 £0.09 422 £0.88 (3.23 £ 0.81)A10°
Kanamycin 1.06 £ 0.05 20.99 + 1.84 (5.08 + 0.44)7 10"
Neomycin 1.65 + 0.23 12.07 + 0.40 (1.36 + 0.13)A10°
Paromomycin 0.86 + 0.01 7.74 £ 1.44 (1.14 + 0.28)710°
Streptomycin NA NA NA
Gentamicin NA NA NA

NA, no activity observed.






OPS/images/fcimb.2024.1435123/table4.jpg
Chromosome pDW61

Size (bp) 4,929,811 191,253
GC content (%) 52.45 52.50
ORFs 4,639 237
CDSs 4,536 237
Known proteins ' 3,356 (73.99%) 63 (26.6%)
Hypothetical proteins 1,180 (26.01%) 174 (73.4%)
Protein coding (%) 97.8 7 100
Average ORF 946.5 717.6
length (bp)

Average protein 318.5 238.2
length (aa)

tRNA 80 0
rRNA ' (16S-23S-5S) x 7 0






OPS/images/fcimb.2024.1435123/table3.jpg
Antibiotic | C. gilleniiDWe1 | PH5{PMD19-T-aph

DH50(pMD19-T) DHS5a.

(3')-le)
Aminoglycosides | Streptomycin >1,024 2 2 2 4
Ribostamycin >4,096 512 <2 <2 4
Gentamicin 128 05 0.5 0.25 0.5
Tobramycin 256 0.5 0.5 0.5 0.5
Kanamycin >1,024 512 8 1 8
Sisomicin a2 2 0.125 0.25 <1
Amikacin 4 <2 i} 1 2
Netilmycin 32 <0.125 0.0625 0.0625 <0.125
Paromomycin >2,048 256 8 4 4
Neomycin 128 16 8 16 1
Aminocyclitols Spectinomycin 1,024 8 8 8 8
B-Lactams Amoxicillin 2,048 / / / 1,024
Piracillin 64 / / / 8
Penicillin G 2,048 / ‘ / / 2,048
Ampicillin 512 / 7k / 512
Cefthiophene 256 / il / >1,024
Cefuroxime 16 / / / 512
Cefazolin 64 / / / >1,024
Ceftriaxone 1 / / / 32
Cefepime 0.125 / / / 0.5
Cefoxitin 128 / / / >512
Cefotaxime 1 / ! / 8
Ceftazidime 8 / ! / 1
Aztreonam 0.5 / / / 2
Imipenem 025 1 / / / 2
Meropenem <0.004 / / 7 0.5
Quinolones Enrofloxacin 16 / ! / !
Levofloxacin 1 / / / 0.5
Nalidixic acid >1,024 / / / 128
Tetracycline Tetracycline >128 / / / 4
Doxycycline 128 / / / /
Tigecycline 0.125 / / / 0.5
Oxytetracycline >64 / ! / /
Chloramphenicol  Chloramphenicol 128 / / / 128
Florfenicol 256 / / / 64
Macrolides Avermectin 258 / / / !
Tylosin >1,024 / / / g
Acetylmequine 256 / ‘ / / /
Azithromycin 64 / / / 16
Erythromycin 1,024 / / / 128
Lincoamide Lincomycin >1,024 / / yj /
Sulfanilamide 256 / ! / !
Other antibiotics  Fosfomycin 1,024 4 / / 8

“/” the test was not performed.
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Restriction

Primer® Sequence (5" — 3) A
F-61-clo CGGGATCCGGTTCTCTTCTGCTCTAATCATC-ATTCAT pMDI9-T BamH 1

R-61-clo CGGAATTCGAGAGCAACTGTTCTTAGCCGT-TGT pMDIO-T EcoR 1

F-61-exp GGAAGCTTCTGGTGCCGCGCGGCAGCAT- pCold T Hind 11T

GAATTATATTCAAAGGGAAAAGCAGTGC-TCAGCT

R-61-exp GCTCTAGACAACTGTTCTTAGCCGTTGT-AACCCTTTGAT pCold T Xba 1

“Primers ending with “clo” were used to clone the ORF of the aph(3)-le gene and its promoter region; primers ending with “exp” were used to clone the ORF of the aph(3’)-Ie gene. Restriction
enzyme sites are underlined.
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Strains or plasmids Function

Strains

DWel The wild-type strain of C. gillenii DW61

DH50 E. coli DH50. was used as the host bacterium for cloning of the aph(3’)-Ie gene with its upstream promoter region
ATCC 25922 Pseudomonas aeruginosa ATCC 25922 was used as a quality control strain for antimicrobial susceptibility testing
DH50(pMD19-T-aph E. coli DH501 carrying the recombinant plasmid pMD19-T- aph(3’)-le

(3)-Ie)

DH50/(pMD19-T) E. coli DH50. carrying the pMD19-T vector was used as a control strain in the drug susceptibility testing

BL21(pCold I-aph(3)-Ie) | E.coli BL21 carrying the recombinant plasmid pCold I-aph(3)-Ie

Plasmids

pMD19-T T-Vector pMD™19 (Simple) was used as a vector for cloning of the aph(3’)-Ie gene with its upstream promoter
region, AMP"

pCold T pCold I was used as a vector for expression of the ORF of the aph(3’)-Ie gene, AMP"

*CGMCC, China General Microbiological Culture Collection Center.
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This study
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cGMceer
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Sex 321 >0.05
Male 1(051) 27 (13.85) 43 (2205) 22159 39 (20) 5 (256) 157 (80.51)
Female 0(0) 5 (256) 12 (6.15) 12 (6.15) 9 (461) 0(0) 38 (19.49)
Population area 2042 <0.01*
Native 1(051) 23 (11.79) 33 (1692) 4724100 432205 | 4(205) 51 gTan
Migrant 0(0) 9 (4.61) 22 (1128) 7 (3.59) v 5 (2.56) 1(0.51) 44 (22.56)
Occupation 22 <0.01*
gover:;’:;";iionnel 1(051) 14(205) 1(051) 1(051) 2(1.03) 1(051) 10 (5.13)
Farmer/worker 0(0) 20 (1026) 16 (23.59) 412103 | 41(2103) 2(1.03) 150 (76.92)
Others 0(0) 7 (359) 8 (4.10) 12 (6.15) 6 (3.08) 2(1.03) 35 (17.95)

*, indicates a statistically significant difference.
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Sample Percentage

amount (%)

1 55 2821 - 5 + - + + . + ¥ 5
2 19 9.74 e + + * & + + + + +
3 14 7.18 + + + + + + - + + +
4 13 6.67 N i . - + ¥ _ I i &
5 12 6.15 - + + + + + - + + +
6 9 4.62 - + + + + + + + + +
7 3 1.54 + + + - + + + + + +
8 8 4.08 + + + = + + - + + +
9 3 1.54 - + 5 - + + + + + +
10 1 0.51 + + + + + - - + + +
11 4 2.05 = + - + + + - + + +
12 2 103 + + = + + = = + + +
13 2 1.03 + + = = + + = + + +
14 1 0.51 - + + + + - - + + +
15 9 4.62 - + + - + - - + + +
16 6 3.08 - = - + + + E + + +
17 1 051 - + . + + = s + + +
18 9 462 = + = s " 2 = + g +
19 6 3.08 5 + + 5 ” x = = # 4
20 4 205 - - + - + - - + + -
21 2 1.03 - - - - + ¥ . ¥ + %
22 1 051 - + - - - + - + + +
23 1 0.51 + + - - + - - - i + +
24 2 103 - + - - + - - - + 4
25 1 051 = - - N - + - ¥ + i
26 1 051 - - - - + _ . ¥ + +
27 1 051 - = + . ¥ - - _ ¥ 4
28 1 051 - + - = - - . [ + + ¥
29 3 154 = + - - - - - - + 3

30 1 0.51 = - = = + - - - + +
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Primary infection Middle stage AIDS stage

Cases Ratio (%) Cases Ratio (%) Cases Ratio (%)

gp160 15 100 63 100 77 100 / /

gp120 15 100 63 100 77 100 / /

P66 15 100 60 952 69 89.6 293 >0.05
P55 4 267 12 19 12 156 L1 >0.05
P51 12 80 50 794 58 753 039 50.05
gp4l 14 93.3 61 96.8 74 96.1 0.40 >0.05
P39 8 533 24 38.1 19 247 597 >0.05
P31 12 80 50 794 58 i) 0.39 >0.05
P24 15 100 60 952 66 857 547 >0.05
P17 9 60 11 175 2 286 1127 <0.01*

*, indicates a statistically significant difference.
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Barriers
Poor supply chain systems and a small demand for microbiology limits access to

‘microbiology supplics

An unsustainable financing system means that the quality of data collected varies
with the amount of fund available to the laboratories collecting data
Infrequent utilisations of diagnostic microbiology by clinicians and a passive

surveillance system that only collects inpatient data limits the surveillance from

being representative of hospital population

Absence of local microbiology experts to provide continuous trai

g and guidance

on microbiology techniques and data interpretations

Facilitators

Quality and consistent interactions between clinicians and laboratory staffs are

important for increasing microbiology utilisations and the number of samples
captured by the surveillance system

Recommendations

Procuring microbiology supplies that need to be imported from abroad should

be centralized to a third-party institution to reduce cost and ensure consistent

availability to all microbiology laboratories in Cambor
Invest more resources into implementing lab rounds at hospitals to promote
collaborations between clinical and laboratory staffs

Invest resources to implement active surveillance in the form of case-based or

syndromic based surveillance at sentinel sites to enhance data representation

Implement cheaper or inexpensive microbiology techniques for bacterial

identifications or antibiotic susceptibility tests and avoid building capacity for new

techniques that require expensive equipment or maintenance
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1. Quality Management
1.1 Document control procedures

1.2 Quality procedures

1.3 Equipment management procedures

1.4 Reagent management procedures

15 Accreditations achieved

1.6 Audits performance

2. Financial and Human Resources

2.1 Available budget for routine lab and surveillance functions
2.2 Staff training and supervision resources

23 Staff qualifications adequacy

2.4 Staff suffciency

3. Data and information management

3.1 Types of data collected and reported

3.2 Data analysis capacity

3.3 Laboratory information management system capacity

4. Microbiology Performance

4.1 Specimen collection and handling procedures

4.2 Blood culture procedures and competency

4.3 Cerebrospinal luid procedures and competency

4.4 Bacterial identification testing procedures and competency

45 Antibiotic susceptibility testing procedures and competency

4.6 Minimun inhibitory concentration tests procedures and competency
4.7 Internal quality control procedures and performance

4.8 External quality assurance procedures and performance

5. Surveillance capacity

5.1 Reporting and notification capacity

5.2 Specimen shipping and transportation capacity

5.3 Surveillance network participation

5.4 Outbreak response capacity
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Type of informants Number of KI

interviewed (N = 25)

High-level management (N=18)

Head of laboratory 4
Head of microbiology laboratory 3
Chair or vice-chair of hospital AMR committee 1
Chair or vice-chair of hospital IPC committee 3
Government official at Communicable Disease 3

Control Department
NGO staff 1

Surveillance personnels (N=7)

AMR focal point 4
Data analyst 1
Laboratory technician 2
Laboratory manager 3

Clinical microbiologist and physician 1
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""" e Strain identificaon
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Chrl duplication ChrA duplica

Lost Maintained Lost Maintained Lost Maintained Lost ‘ Maintained
Decreased 4 3 1 0 0 0 0 ‘ 0
Lost 8 8 0 0 0 0 0 ‘ 0
flz resistance
Maintained 27 10 3 0 0 1 1 ‘ 0
39/60 21/60 4/4 0/4 0/1 1/1 11 ‘ 0/1
65% 35% 100% 0% 0% 100% 100% ‘ 0%

Note that 9H_FinA was excluded as it was susceptible to flz at the beginning of the experiment.
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NRTIs

Mutation site

NNRTIs

Mutation site

M184V/I
K70A/E/K/R/KE
K65R
D67N/G/DN
M41ML
L74L1
T215TFIS
K219Q
Y115F

V75VIM

2

1

K103KN
V1061/M/VI
V179D/E/EQ

GI190A/Q/S
KI101E/H
E138G/EQ
Y181C/V
P225H
V1081/VI

M230ML

3

1

Pls
Mutation site Cases
M46l 1
1541V 1
L76V 1
V82A 1

NRTIs, nucleoside reverse transcriptase inhibitors; NNRTIs, non-nucleoside reverse transcriptase inhibitors; Pls, protease inhibitors. The four resistant mutants to Pls were simultaneously found

in one case.
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Coordinate ARG/Virulence

gene (genes)

Prophage Prophagel = 838274.857713 sec, sel

Prophage2 = 1857030.1876986  seg, sen, seu, sei, sem, seo

Prophage3 = 2054857.2109023 | scn, sak

ICE ICE1 1215357.1357201 = -
ICE2 1962688.1985407 = —

SCCmec SCCmec 39167.54373 mecA
IVa

ICE, integrative and conjugative element; SCCmec, staphylococcal cassette chromosome mec.
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Strains Zinc oxide NPs (in ug/ml)

a MIC observed by 96-well plate microdilution method.

S. aureus ATCC 25923 32
MRSA 1 256
Listeria monocytogenes 64
Escherichia coli ATCC 25922 32
MREC 128
Enterococcus faecalis 128

P. aeruginosa 64
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Strains (ug/mL) (ug/mL)
M. synoviae 15.63 31.25
M. gallisepticum 15.63 31.25

M. hyopneumoniae 15.63 31.25
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Age Characteristics

Department (

Male 11 (38%) Mean SD 3 months Urine
Female 18 (62%) Median (IQR) 10.6 years Pus
Age rang 1 month to Blood
15 years
Stool

SD, standard deviation; IQR, interquartile range; ICU, Intensive care unit; OPD, outpatient department.

20 (68.96%)

5 (17.24%)

3 (10.34%)

1(3.4%)

j(@V)

Urology &
OPD (cach)

Surgery

Nephrology,
Orthopedic
&Respiratory
Medicine

Others

6 (20.68%)

5(17.24%) each

3 (10.34%)

2 (6.89%) each

4 (13.79%)
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Themes and su

hemes Description

andlogistics

Limited access to microbiology supplies Inability to obtain adequate supplies due to cost, lack of availability or supply chain issues
Bulk procurement ‘Purchasing supplies in large quantitics to reduce the cost per wit

Challenges with reagents or consumables utilisations |~ Difficultics in conducting tests due to supply stockouts or short expiration dates

Low demand for microbiology services Small microbiology test volumes

2 Financial sustainability of clinical microbiology

Operational cost Cost of ongoing activites in a microbiology laboratory
Funding sources Financial resources contributing to AMR surveillance system operations
External support dependency Reliance on resources provided by private organisations to aid microbiology laboratories reduces sustainability of

qualityservice

3 Data representativeness and bias

Surveillance design Criteria or methods to systematically collect, analyse, interpret and report cases of AMR

Healthcare workers' behaviours Healthcare workers’ prescribing practice, diagnostic testing practice, and adherence to guidelines

Data utilsations Using aggregated AMR surveillance data to inform decision-making at the national or sub-national level

Data representation The extent in which the collected data can indicate the true level of AMR in the population targeted by the surveillance
system

4 Communications and engagements

Laboratory staff-clinician interface The interactions between the laboratory staffs and clinical staff
Patient-focus Prioritsation of patient management and treatment
Microbiology service utilisations The rate or frequency of requesting diagnostic microbiology tests

5 Microbiology workforce and performance
Staff competency Microbiology staffs have adequate qualifications and skilsto fulfillthei roles
Microbiology guidance Training to enhance microbiology service

Laboratory staff suficiency Adequate number of laboratory staffs to provide quality micrabiology service





OPS/images/fcimb.2024.1403234/fcimb-14-1403234-g005.jpg
wn
% v
; &
0% 2
©
% E = = . Absent
5 = IncX4
% Ingl2 B Present
- \ i IncCol
S IncFIC
o
s, ‘ | IncFIA
4y 4 IncFIS
Sp\em > e confgailen
20
Sp.
27757
SP'27098
SP-21106
SP-21388
gp-22684
Sp.
© ons
AN
oP-2
A
R

9]
>
N
-
w
(=4
[=2]





OPS/images/fcimb.2024.1403234/fcimb-14-1403234-g004.jpg
ChiPlot
1

= fufelefefof fefel | f-Qefufu]e] fefe] fo-fef Jafafe]]-f-|

aac(6')-1b
aac(3)-I1a —
blaOXA-48 — = =
blaOXA-10— = ®
catAl — |
qnrB — :
qnrS =
blaGES-1 - W
blaGES-5 -
blaCMY-1 -
tet(X3) —
fimH —
papC —
hlyA -
eacA — W ¥
cnfl — o
blaCTX-M-15- =
blaCTX-M-27 -
blaCTX-M-14 — W 5]
blaCTX-M-1 -~ w*Ff® - m = ‘
blaSHV-11- = E
blaTEM-1 — o L |
blaKPC-2 - )
blaKPC-3 — o R [
blaNDM-1 — | ]
blaNDM-5 — g |
stx1 - m
stx2— = ® ¥ mm |

-0.5
-0.63

@
&





OPS/images/fcimb.2024.1403234/fcimb-14-1403234-g003.jpg





OPS/images/fcimb.2024.1403234/fcimb-14-1403234-g002.jpg
Number of Isolates

80

70

50

40

30

20

10

00& \0 b ‘é

9\0

Countries”

hoers

\i’

°v\

v(b o@ RN \9\’0&\ D &
IR GG,
<

)
S

@ Location of E. coli ST410






OPS/images/fcimb.2023.1293633/table2.jpg
class of
Antibiotic

adjuvant

Class T

Class 11

Subclass
of antibi-
otic

adjuvant

Class 1A
inhibitors of
active
resistance

Class 1B
inhibitors of
passive
resistance

Targeting
host
defense
mechanism

Mechanism
of action

Examples

Functions

References

242.under investigation

B- Inhibitors of serine Clavulanic acid Suppress antibiotic (Gonzalez-Bello
lactamase and metallo- Sulbactam resistance directly et al., 2020)
inhibitors B-lactamases. Avibactam
Relebactam etc.,
Efflux pump  Inhibit efflux pumps MC-207,110 [phenylalanyl arginyl | Indirectly suppress intrinsic (Sharma
inhibitors (MFS, SMR, MATE, B-naphthylamide (PABN)J; antibiotic resistance by et al,, 2019)
RND etc) Carbonyl cyanide-m- enhancing
chlorophenylhydrazone (CCCP) antibiotic concentration
PMF Inhibit PMF by Loperamide Indirectly suppress intrinsic (Mohiuddin
inhibitors dissipating the electric ~ Polymyxin B, thioridazine, antibiotic resistance et al,, 2022)
potential (A¥) and Carbonyl cyanide-m-
the proton chlorophenylhydrazone (CCCP)
gradient (ApH)
Membrane Enhance membrane guanidinylated polymyxins, Inhibits antibiotic resistance (Ramirez
permeabilizers  permeability thereby colistin, cerium by increasing antibiotic et al., 2022)
increasing oxide nanoparticles concentration within the cell
antibiotic uptake
Biofilm Inhibits N-acetylcysteine (NAC), Tween Enhances sensitivity of (Ghosh et al.,
formation biofilm formation 80, D-amino acid, polyamine bacterial cells to antibiotics, 2020);
inhibitors norspermidine, Dispersin B prevents formation of biofilm (Srinivasan
(DspB), DNase I and o-amylase et al., 2021)
Quorum Disrupt bacterial Furanone C30, patulin, penicillic Inhibit bacterial resistance by (Kalia, 2013)
quenchers communication acid disrupting bacterial survival
system and extracts from garlic, techniques such as
cinnamaldehyde, communication and
tobramycin (antibiotic) + baicalin  biofilm formation
hydrate (QSI); vancomycin+
hamamelitannin (QSI)
immune Modulate host Antimicrobial peptides (AMPs), Enhance host immune system (Ahmed et al.,
enhancers immune system human cathelicidin, LL-37; Active by modulating hypoxia- 2020); (De
vitamin D; Phenylbutyrate; E- inducible factor 1 Oliveira
5564; TAK- (HIF),phagocytosis etal, 2020)





OPS/images/fcimb.2024.1413024/table1.jpg
Categories

Virulence
gene

Position in
chromosome

Protein
function

Toxin sec 852439.853238 enterotoxin C
sel 853405.854127 enterotoxin L
seg 1871665.1872441 enterotoxin G
sen 1872724.1873500 enterotoxin N
seu 1873518.1874288 enterotoxin U
sei 1874442.1875170 enterotoxin I
sem 1875205.1875924 enterotoxin M
seo 1876205.1876987 enterotoxin O
higA 2505651.2506580 gamma-
hemolysin chain
II precursor
higC 2507148.2508095 gamma-
hemolysin
component C
higB 2508097.2509073 gamma-
hemolysin
component
B precursor
Exoenzyme aur 2741397.2742926 aureolysin
Hostimm scn 2058687.2059037 staphylococcal
complement
inhibitor
sak 2061251.2061742 staphylokinase






OPS/images/fpubh-11-1332423/crossmark.jpg
(®) Check for updates






OPS/images/fpubh-11-1332423/fpubh-11-1332423-g001.jpg
Thailand

Laos

Vietnam

.

Type of
Laboratory

@ Private
@ Public





OPS/images/fpubh-11-1332423/fpubh-11-1332423-g002.jpg
Accredtations:
Audits

Document Control
Procecures
Equipment
Reagents

Budget

Staff Sufficiency
Staff Qualications
Continued Training
Reports

Data Analysis

Lab Information Management System

Indicators

‘Specimen Colection and Handing
Blood Culure

Gerebrospinalfuid Processing

Bacteral Igentiications

Antbitic Susceptvlty Tsts:

Minimum Inhibitory Concentration Tests
Qualty control

External Qualty Assurance

Reporting and Notiications

Specimen Shipping and Transportations
Surveilance Network

Outbreak Response

Laboratory Assessment

1 2 3 H H
Sentinel Sites

Mean

£
-
E
F
2

RV swamosen
ey 3 feucurd

<]

(%s18)

(56'72) s2ueusoysag KBoroigorm

g

2 8

20





OPS/images/fcimb.2023.1293633/crossmark.jpg
©

2

i

|





OPS/images/fcimb.2023.1293633/fcimb-13-1293633-g001.jpg
DECREASED INFLUX

TARGET
MODIFICATION

Inner Membrane

Periplasm
Outer Membrane

INACTIVATING
ENZYMES






OPS/images/fcimb.2023.1293633/fcimb-13-1293633-g002.jpg
A Class IA antibiotic adjuvant.... Beta-lactamase inhibitors
Beta-lactamase
e

- gt

Pathogens Antibiotic

Beta-lactamase

Beta-lactamase inhibitor
(Antibiotic adjuvant)

Antibiotic Inactivation
* A\ Virulence due to
antimicrobial resistance

4

A\ Death of bacterial cells

-

A\ Antibiotic activity

B ciass 1B antibiotic adjuvant.... Efflux pump inhibitors

Loss of Porins Reduced

Pe L ammy Lipopolysaccharides

o~

Enhanced
antibiotic

<
e e
3% 4 q
31 -
1 ' outer
|_|popmte°

@00 @ oqQeqeqe .;
b:o;booﬁzbgogoz ’b

Peptidoglycan
layer

membrane
transporter
cytoplasm

pump
inhibitor

C class IB antibiotic adjuvant.... Biofilm inhibitors

plank /’ﬁ%* Antibiotics
anktonic
Facgre as
Persister / I Antibiotics

- =

Ao
= adjuvant
EPS EPS maturation Antibiotic resistant
Attachment growth perslstercells
W \'.
Bacterial Eloﬂlm
death Disruption

D class IB antibiotic adjuvant.... Quorum sensing inhibitors
(Quorum Quenchers)

- 0 o Quorum sensing

genes
Autoinduc

ers 0 Bacterial
virulence
) P

Quorum sensinginhibitor.,
Quenchingenzyme

Pathoge
n

Bacterial
death

E Cclass Il antibiotic adjuvant.... Inmune enhancers

HostDefense peptide <" ‘ > Targeting host defensemechanism with

(HDP) « immunomodulators orimmune enhancers e.g. Host

/\jefense peptides (HDPs)

Immune modulation

imphocms

2 | Recruitmentand
‘_ﬁ‘ activation ofimmune
st

Directkilling

Monocytes

Neutrophil \
“a®
Internaltargets Enhanced bacterial Controlledinflammationand

clearance

sepsis






OPS/images/fcimb.2023.1293633/table1.jpg
Type Antimicrobial Resistance References
of Agents Mechanism
Resistance
Vancomycin Alteration of cell wall (Wilcox
stem peptide etal, 2019)
Tetracycline Ribosomal Protection (Manavathu
et al., 1990)
Trimethoprim New drug insensitive (Huovinen
et al,, 1995)
Rifampin Alteration of (Goldstein,
RNA Polymerase 2014)
Altered i
Target B- Alteration of (Yousif
Lactam binding proteins etal,, 1985)
antibiotics
Aminoglycosides  Alteration of (Hummel &
ribosomal proteins Bock, 1989)
Erythromycin Methylation of (Hummel &
ribosomal RNA Bock, 1989)
Sulfonamides New drug insensitive (Skald,
2001)
Glycopeptides Thickened cell wall, no (Tenover
outer cell wall et al., 2001)
B- Diminished permeability (Yousif
Lactam et al., 1985)
antibiotics
Limitation of t
Drug Uptake | Quinolones Altered outer (Hooper &
member proteins Jacoby,
2015)
Chloramphenicol  Reduced permeability of (Roberts &
outer membrane Schwarz,
2017)
B- Production of (Yousif
Lactam B- Lactamase et al., 1985)
antibiotics
Aminoglycosides = Production of (Hummel &
phosphotransferase, Bock, 1989)
acetyltransferase and
nucleotidyl transferase
Inactivating
Enzymes Chloramphenicol Production (Roberts &
of acetyltransferase Schwarz,
2017)
Fluoroquinolones =~ DNA gyrase modification | (Sweeney
et al., 2022)
Tetracyclines Antibiotic (Manavathu
modification, oxidation et al,, 1990)
Erythromycin (Hummel &
Bock, 1989)
Active Efflux | Fluoroquinolones New membrane (Sweeney
of the drugs transport system et al., 2022)
Tetracyclines (Manavathu
et al., 1990)
B- (Yousif
i i Laé‘afn g No outer cell wall, etal, 1985)
Modification | antibiotics
X Decreased numbers
of Porins £ bori
Tetracyclines ot porins (Manavathu
et al,, 1990)
Cephalosporins (Pfeifer
et al,, 2010)
Changed selectivity
Carbapenems of porins (Codjoe &
Donkor,

2017)
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