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Editorial on the Research Topic
 XXXIII SIMGBM Congress 2019 - Antimicrobials and Host-Pathogen Interactions



This Research Topic (RT) is intended to provide a collection of selected contributions in the broad area “Antimicrobials and Host-Pathogen Interactions” from the participants of “Microbiology 2019” congress organized by the Italian Society for General Microbiology and Microbial Biotechnology (SIMGBM, www.simgbm.it), which was held in Florence, Italy, on June 19–22, 2019. The congress was attended by 224 scientists from all over the world, and contributions relevant to this RT were collected from presentations in the following congress sessions: (i) Antibiotic resistome: where do antibiotic resistance genes come from? (ii) New antimicrobial strategies in the post-antibiotic era; (iii) Intercellular communication in host-pathogen interactions; (iv) New approaches to unravel fungal-host interactions; (v) Bacterial cell surface and signaling. The unifying concept of this RT originates from the increasing awareness that antimicrobial resistance (AMR) is a complex problem which should be addressed by a multifocal approach. Fundamental microbiological investigations in this direction involve understanding of the flow of AMR genes from the environment to human and animal pathogens, the development of new drugs to tackle AMR, and the discovery of new druggable targets to impair microbial growth and/or pathogenicity.


ANTIMICROBIAL RESISTANCE

AMR has initially been observed and studied in hospitals, since the massive use of antimicrobials in clinical settings was considered as its major driving force. However, the origin of AMR is currently considered to be a natural phenomenon that predates the antimicrobial use by humans (D'Costa et al., 2011). AMR genes constitute the so-called resistome, which is defined as the environmental pool of genes conferring either intrinsic or acquired AMR (Surette and Wright, 2017). In their review, Hernando-Amado et al. highlighted that the dissemination of AMR genes is not limited only to the environments characterized by the exposure to high antimicrobial concentrations. Sub-inhibitory antimicrobial levels and the presence of heavy metals promote horizontal gene transfer (HGT), thus increasing further environmental dissemination of AMR genes. In environmental bacteria, AMR genes are often co-localized with mobile genetic elements (MGEs) (e.g., transposons, plasmids, and integrons) that facilitate their intra and inter species transfer. In the case of transmissible infections, a socioecological global approach is needed to preserve the health of the environment, since an increasing crowding of human and food animal populations, the consequent environmental pollution and misuse of drugs favors pathogen transmission both at the local and global levels.

A possible environmental source of AMR genes can be identified among the soil-dwelling bacteria, which produce antibiotics and need protection from them (Binda et al., 2014). Recently, a massive sequencing effort of antibiotic-producer genomes revealed that AMR genes are often clustered together with antibiotic biosynthesis genes and respond to the same regulatory circuits controlling both the production and resistance. In the minireview by Yushchuk et al., this association was confirmed for the environmental actinobacteria, which produce glycopeptide antibiotics and belong to the Amycolatopsis, Actinoplanes, Nonomuraea, and Streptomyces genera. Glycopeptide antibiotics such as vancomycin, teicoplanin, and dalbavancin are clinically important drugs for treating severe hospital-acquired infections caused by multiresistant Gram-positive bacteria (Marcone et al., 2018). A recent pioneering work on the phylogenetic reconstruction of glycopeptide biosynthetic gene clusters has paved the way to track the simultaneous evolution of glycopeptide synthesis and resistance genes, and the recruitment and combination of the latter in pathogens (Waglechner et al., 2019).

One of the most common and difficult-to-treat healthcare-associated infections is due to methicillin- resistant Staphylococcus aureus (MRSA). Worryingly, an increasing number of MRSA is becoming resistant to other antibiotics, such as β-lactams, carbapenems, glycopeptides, and to the drug of last resort, daptomycin (Shariati et al., 2020). Daptomycin is a lipopeptide, which is naturally produced by the soil saprotroph Streptomyces roseosporus (Miao et al., 2005). Both the mode of action and mechanism of resistance toward daptomycin have not completely elucidated yet (Miller et al., 2016). In the paper of Cafiso et al., the authors interrogated the multifactorial nature of MRSA resistance to daptomycin by comparing a clinical daptomycin-resistant isolate vs. its isogenic daptomycin-sensitive strain and by using comparative genomics and late-growth phase transcriptomics. Both strains were isolated from the same patient undergoing daptomycin therapy in hospital during a period of several months. The daptomycin-resistant strain acquired a diverse set of genomic changes under antibiotic selection, which included mutations in genes encoding cell membrane proteins and transcriptional regulators. Transcriptomic changes were found in cell wall and cell membrane organization genes, in the autolytic system, and in primary metabolism genes switching it toward fermentation.

The paper by Almebairik et al. described the role of MGEs in the evolution of Staphylococcus epidermidis from a commensal to a nosocomial diseases-causing agent. S. epidermidis and other coagulase negative staphylococci represent a leading cause of both bloodstream and skin and soft tissue infections in nosocomial settings (Otto, 2009). Whole genome sequencing of 58 S. epidermidis bacteremic isolates revealed the prevalence and evolution of arginine catabolic mobile element (ACME) and copper and mercury resistance (COMER)-like mobile elements, frequently associated with staphylococcal cassette chromosome mec (SCCmec) forming composite genetic elements. Considerable variations of ACME occurred even between isolates belonging to the same ACME and sequence types (ST). Similarly, the authors could detect previously undescribed COMER-like elements showing high stability in 11 S. epidermidis isolates belonging to ST2, i.e., one of the two major hospital-adapted drug-resistant lineages. The difference in stability at the genomic level correlated well with the higher excision frequency found for the SCCmec elements in ACME-containing isolates compared to COMER-like element-containing isolates, suggesting that the presence of COMER-like elements represents the most prominent accessory genome feature determining the epidemiological success of ST2 S. epidermidis lineage.



NOVEL TARGETS AND MOLECULES

Notwithstanding the AMR crisis, the number of novel antibiotic classes being introduced into the clinical practice since 2000 has been very limited, and daptomycin is one of the few antimicrobial drugs launched since the 2000s (Payne et al., 2007). This situation is even more worrisome for Gram-negative pathogens, where treatment options are extremely limited (Van Camp et al., 2020). Consequently, new druggable targets and active molecules are urgently needed to treat infections caused by Gram-negative bacteria.

Mellini et al. exploited the possibility of targeting the PqsR quorum sensing (QS) regulatory protein to suppress Pseudomonas aeruginosa virulence. QS is involved in an intercellular communication process, and it is a global regulator of expression of key virulence traits. Therefore, PqsR inhibitors could be potential anti-virulence agents (Ellermann and Sperandio, 2020). Starting from the virtual screening of a large library of FDA-approved drugs, five compounds were selected based on in silico prediction of their binding affinity to PqsR. One of these compounds reduced the expression of P. aeruginosa virulence traits in vitro, highlighting the potential of virtual screening and drug repositioning in the selection of new FDA-approved anti-virulence drugs (Konreddy et al., 2019). Structural knowledge of bacterial proteins implicated in vital functions or host interactions, combined with computational predictions of their potential ligands, made the strategy described by Mellini et al. a promising approach to the rapid identification of potential inhibitors.

A target-based approach was also used by Chiarelli et al. to identify small molecules inhibiting the function of the FtsZ protein in Burkholderia cenocepacia. Since FtsZ is an essential and extremely conserved component of the bacterial divisome, it represents an attractive target for antimicrobials (Haranahalli et al., 2016). The growing clinical importance of B. cenocapacia, especially among cystic fibrosis patients, and its intrinsic antibiotic resistance pose an urgent need to discover new effective drugs against this pathogen (Scoffone et al., 2017). More than 50 derivatives of the benzothiadiazole compound C109 were tested in vitro using purified B. cenocapacia FtsZ as a target, with the IC50 range between 3 and 100 μM. The growth inhibiting activity was further investigated by conventional susceptibility tests with B. cenocepacia, P. aeruginosa and S. aureus. Although C109 showed some limitations for B. cenocepacia growth inhibition, being the substrate for efflux pumps and modification enzymes, it was endowed with a potent antibacterial activity against S. aureus and displayed relatively low cytotoxicity. The study highlighted a rationale for choosing a broadly conserved target, such as FtsZ, in the successful screening campaign of bacterial growth inhibitors.

The paper by Moura et al. pointed to the bacterial outer membrane as a promising target for the development of novel antibiotics against Gram-negative bacteria. Thanatin, a 21-residue inducible cationic defense peptide isolated from the hemipteran insect Podisus maculiventris, has a unique mode of action targeting the lipopolysaccharide (LPS) transport (Lpt) system by binding to the N-terminal β-strand of LptA and causing defects in membrane assembly (Vetterli et al., 2018). The authors implemented the Bacterial Adenylate Cyclase Two-Hybrid (BACTH) system to probe in vivo the Lpt interactome in the periplasm, and found that thanatin targets both LptC–LptA and LptA–LptA interactions, with a greater inhibitory effect on the former. The disruption of LptC–LptA interaction was confirmed in vitro by nuclear magnetic resonance and surface plasmon resonance experiments, while LPS analysis in crude extracts demonstrated that in cells treated with thanatin, LPS accumulates at the periplasmic side of the inner membrane, where it is decorated with colanic acid, in a dead-end reaction diagnostic of defects in the Lpt system (Sperandeo et al., 2011).

Tuberculosis (TB) is the leading cause of morbidity and mortality due to a single infectious agent. About one-quarter of the world population has the latent form of TB, thus representing a large and persistent reservoir for active infection. Due to this, the emergence of multidrug resistant Mycobacterium tuberculosis strains represents a major public health threat worldwide (Koch et al., 2018). The thienopyrimidine TP053 is a promising new antitubercular lead, with a potent activity against both replicating and non-replicating M. tuberculosis cells (Albesa-Jové et al., 2014). Its mode of action involves the metabolic activation to a nitric oxide (NO)-releasing intermediate by mycobacterial mycothiol-dependent reductase Mrx2. To gain further insights into the mechanism of action of TP053, Mori et al. isolated M. tuberculosis TP053-resistant mutants, which carried a L240V substitution in Rv0579, which is still an uncharacterized protein. Protein co-purification experiments demonstrated that activated TP053 binds not only to Mrx2, but also to Rv0579, suggesting that a direct interaction between the activated prodrug and Rv0579 is implicated in resistance. Intriguingly, TP053 treatment caused the up-regulation of Rv0582, which encodes the VapC26 toxin in wild-type M. tuberculosis, but not in the Rv0579 resistant mutant, suggesting that Rv0579 could be involved in the regulation of VapC26 expression. While the actual role of Rv0579 in M. tuberculosis physiology remains still elusive, the data reported in this paper point to an involvement of Rv0579 in RNA metabolism and expression of the mycobacterial toxin anti-toxin system.



MICROBIAL BIOFILMS

Many bacterial pathogens are able to form biofilms during infection, which render them less susceptible to antimicrobials and to the action of the host immune system, thus contributing to antibiotic therapy failure. Microbial biofilms are notoriously more tolerant to antibiotics than planktonic cells (Wolfmeier et al., 2018). However, results from ex vivo analysis of pathological samples indicate that there is a continuum between the biofilm and planktonic lifestyles, since suspended bacterial aggregates are a major form of bacterial communities in chronic infection sites (Cai, 2020).

Bidossi et al. collected sinovial fluids from joint infections and confirmed the presence of fibrin-embedded S. aureus and Staphylococcus lugdunensis planktonic aggregates in their samples. Clumps were also generated in vitro, when bacteria were grown in synovial fluid, and this resulted in an up to 32-fold increase of recalcitrance to antibiotic treatments. Moreover, exposure to synovial fluid caused morphological alterations of staphylococcal biofilm structures on a titanium surface and increased the overall biofilm volume. This ex vivo evidence uncovers the mechanism of staphylococcal adoptation to the growth in synovial fluids implemented in the aggregated form. This finding highlights the importance of antibiotic susceptibility testing under conditions which should be closer to in vivo situations, in order to configure a successful therapy of joint infection.

The introduction of a foreign body (e.g., an implantable device) is known to trigger bacterial adhesion and biofilm formation as some bacteria have a preferred tropism for abiotic surfaces (Arciola et al., 2018). Several bacterial infections are linked to the utilization of medical percutaneous devices, such as catheters or electrical drivelines. By perforating the skin to reach internal organs, these devices often serve as entry points for opportunistic pathogens found on our skin, such as S. aureus. Bolle et al. developed a model of skin broken by a mock electrical driveline and performed experimental infection experiments with S. aureus to evaluate the efficacy of human skin equivalent. They showed that S. aureus migration into the wound, biofilm formation and tissue damage could be mitigated by human skin equivalent, particularly when seeded with fibroblasts.

Although most tissue and medical device-associated infections are caused by a single pathogen, an increasing number of polymicrobial infections have recently been reported (Rodrigues et al., 2019). The microorganisms involved are thought to coexist in synergistic relations within the biofilm environment, thus resulting in enhanced pathogenicity, virulence, and resistance to antimicrobials. Ceresa et al. investigated the effect of bacterial-sourced biosurfactants as inhibitors of clinically relevant fungal/bacterial dual-species biofilms, which are formed on polystyrene plates and on medical-grade silicons. They tested a rhamnolipid produced by P. aeruginosa, a lipopeptide from Bacillus subtilis and a sophorolipid from Candida albicans by measuring their effect on biofilm-forming C. albicans and Staphylococcus spp. The rhamnolipid was the most effective, reducing the metabolic activity and biomass of biofilms by >90% within 72 h. It was active when used adsorbed on silicone, and it was not-cytotoxic, supporting its potential in controlling device-associated infections.

Endophytic bacteria leaving in association with different plant tissues can be exploited as a source of new antimicrobials. With this aim, Castronovo et al., investigated the microbiota of the essential oil-producing Origanum vulgare, by culture dependent and independent approaches, and next-generation sequence analysis. Bacterial isolates from different anatomic parts of the plant were tested for antibiotic resistance, antagonistic interactions, and antimicrobial activity against multidrug resistant pathogens. Nearly 50% of them were found to release compounds active against at least one bacterial pathogen, with a marked selectivity against Gram-positive rather than Gram-negative bacteria, substantiating the idea that novel molecules can be discovered by mining microbe-plant interactions.



HOST-PATHOGEN AND SYMBIOTIC INTERACTIONS

There is constant communication between hosts and bacteria that can lead to two alternative scenarios: either tolerance and/or resistance of the bacterial species within the host that leads to quiescent host habitation, or disease characterized by host tissue damage and rapid replication of the bacteria (Casadevall and Pirofski, 2000). Opportunistic pathogens, often in the context of multifactorial diseases, such as P. aeruginosa, Helicobacter pylori, and adherent-invasive Escherichia coli, play a role in exacerbation of cystic fibrosis, stomach cancer, and Crohn's disease, respectively.

Cavinato et al. addressed the role of superoxide dismutases (SOD) in P. aeruginosa survival in macrophages. In intracellular pathogens, SODs can counteract the bactericidal effect of ROS generated in macrophages by the NOX2 NADPH oxidase (Lam et al., 2010). The authors showed, counterintuitively, that knocking out sodB, which is one of the two genes encoding periplasmatic SODs in P. aeruginosa, leads to the enhanced bacterial survival in macrophages, apparently due to the reduced turnover of [image: image] into the even more reactive oxygen species H2O2. However, the sodB mutant showed reduced long-term intracellular survival, due to its inability to inhibit autophagy in the macrophage. This work highlights the specialized roles of SOD isoenzymes in response to the macrophage oxidative burst, thus providing survival mechanisms for different stages of bacterial infection.

Soluri et al. probed the yet unclear connection between H. pylori and oncogenesis, and pursued the hypothesis that some H. pylori antigens may trigger an overly inflammatory reaction, leading to gastric ulcers, which, in turn, can progress to cancer. Using a phage display technology, the authors constructed a phage library encompassing the whole H. pylori genome, and searched for proteins that would strongly react with the sera of patients affected by H. pylori-related oncological pathologies. This approach led to the identification of the CagY/Cag7 protein, an already known H. pylori virulence factor (Rohde et al., 2003), as a specific antigen in cancer patients. These results point to a possible role of this protein (or for antibodies against it) as a potential marker for early detection of stomach cancer.

Adherent-invasive E. coli (AIEC) are overrepresented in the microbiota of Crohn's disease patients, where they play a pivotal role in triggering chronic inflammation typical of the disease, especially due to their ability to survive intracellularly. Fanelli et al. investigated the role of genes encoding efflux pumps involved in multidrug resistance, monitoring their expression during bacterial invasion of either intestinal epithelial cells or macrophages. The authors showed that several efflux pump genes are induced during intracellular infection and that one efflux pump in particular (MdtE) contributed to AIEC survival in human macrophages. In addition to improving our understanding of AIEC pathogenesis mechanisms, these results suggest that efflux pumps might be targets for drugs alleviating AIEC-induced inflammation in Crohn's disease.

Obligate intracellular bacteria represent a useful model to investigate bacterial interactions with host cells, and Rickettsiaceae provide a paradigmatic example of bacterial endosymbiosis with a number of eukaryotic organisms (protists, green algae, and metazoan) (Salje, 2021). Pasqualetti et al. investigated the newly described “Candidatus Megaira polyxenophila,” an endosymbiont of eukaryotes living in marine, brackish, or freshwater habitats. By analyzing two phylogenetically close species of the freshwater ciliate Paramecium that are naturally infected by “Ca. M. polyxenophila,” the authors found that both Paramecium species have growth advantages in the presence of Ca. M. polyxenophila. This advantage is reproduced at every tested salinity condition, although the fitness effects of the endosymbiosis vary between the two Paramecium species and environmental conditions. They observed the loss of the endosymbiont after prolonged exposure to higher salinity levels, and this explains why “Ca. M. polyxenophila” is more abundant in freshwater than in marine habitats. Infection experiments with these bacteria had so far been unsuccessful under laboratory conditions, so this works provides the very first insights into possible effects of Ca. M. polyxenophila on its host.



CONCLUDING REMARKS

As reflected in articles of this RT, antimicrobial resistance, new antibacterial drugs and the mechanisms of host-pathogen interactions remain hot topics, which attracted many contributions and provided a rather faithful snapshot of the quality and the variety of subjects presented at the XXXIII SIMGBM Congress 2019. Progress in these fields is rapidly advancing, and we hope that we will able to discuss them at the next SIMGBM meeting. Our meeting, planned for 2020, has been put on hold due to the Covid-19 pandemic. We hope to host a meeting “in the flesh” on 15th−18th September 2021, to be held in Cagliari, on the beautiful island of Sardinia, if the public health emergency allows it. We wish to encourage our readers to stay tuned to the news on this conference, and we consider it as a new “kick-off” in attending a meeting after a long time of unavoidable restrictions imposed on social and scientific events.
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The emergence of antibiotic resistant bacterial pathogens is increasing at an unprecedented pace, calling for the development of new therapeutic options. Small molecules interfering with virulence processes rather than growth hold promise as an alternative to conventional antibiotics. Anti-virulence agents are expected to decrease bacterial virulence and to pose reduced selective pressure for the emergence of resistance. In the opportunistic pathogen Pseudomonas aeruginosa the expression of key virulence traits is controlled by quorum sensing (QS), an intercellular communication process that coordinates gene expression at the population level. Hence, QS inhibitors represent promising anti-virulence agents against P. aeruginosa. Virtual screenings allow fast and cost-effective selection of target ligands among vast libraries of molecules, thus accelerating the time and limiting the cost of conventional drug-discovery processes, while the drug-repurposing approach is based on the identification of off-target activity of FDA-approved drugs, likely endowed with low cytotoxicity and favorable pharmacological properties. This study aims at combining the advantages of virtual screening and drug-repurposing approaches to identify new QS inhibitors targeting the pqs QS system of P. aeruginosa. An in silico library of 1,467 FDA-approved drugs has been screened by molecular docking, and 5 hits showing the highest predicted binding affinity for the pqs QS receptor PqsR (also known as MvfR) have been selected. In vitro experiments have been performed by engineering ad hoc biosensor strains, which were used to verify the ability of hit compounds to decrease PqsR activity in P. aeruginosa. Phenotypic analyses confirmed the impact of the most promising hit, the antipsychotic drug pimozide, on the expression of P. aeruginosa PqsR-controlled virulence traits. Overall, this study highlights the potential of virtual screening campaigns of FDA-approved drugs to rapidly select new inhibitors of important bacterial functions.
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INTRODUCTION

The long-term use of antibiotics has dramatically accelerated the emergence of multi-drug and even pan-drug resistant bacterial pathogens worldwide, leading to an alarming increase of difficult-to-treat infections. This worrying scenario especially concerns the ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species), a group of bacteria that “escape” the action of almost all available antibiotics (Rice, 2008; Boucher et al., 2009). The trend toward antibiotic resistance is even more alarming if considering that only a handful of new antibiotics have been approved by the U.S. Food and Drug Administration (FDA) in the last decade, with many companies considering the R&D for new antibiotics a less attractive asset compared to more rewarding therapeutic areas. Indeed, de novo antibiotic development requires large investments that might not grant an economic reward due to the short commercial lifespan of antibiotics, caused by the rapid emergence of resistance (Ventola, 2015; Mohr, 2016; Luepke et al., 2017).

The awareness about the risk of antibiotic resistance for human health has increased in parallel with our comprehension of bacterial pathobiology, so that virulence mechanisms are now recognized as molecular targets for the development of novel anti-virulence drugs targeting the infection process rather than bacterial growth (Rasko and Sperandio, 2010). Although resistance mechanisms to anti-virulence drugs have been described (Zhu et al., 1998; Hung et al., 2005; Maeda et al., 2012; Imperi et al., 2019), targeting virulence rather than growth is expected to pose a reduced selective pressure for the emergence of resistance (Allen et al., 2014). In particular, in vitro evolution experiments indicate that drug resistant clones are counterselected if “public goods” that are shared among members of a bacterial population are targeted (e.g., toxins, exo-proteases, and siderophores) (Mellbye and Schuster, 2011; Vale et al., 2016). Since drug-resistant strains are likely to emerge only if they gain a “private” advantage over the susceptible population, quorum sensing (QS) is recognized as an ideal target for the development of anti-virulence agents. Indeed, QS is an intercellular communication system based on the production, secretion and reception of signal molecules that coordinate the expression of secreted virulence factors in different bacterial pathogens (Rampioni et al., 2014; Kalia et al., 2019).

The ESKAPE pathogen P. aeruginosa is a model organism for the development of anti-virulence drugs targeting QS (Soukarieh et al., 2018b). This Gram-negative bacterium, that is one of the most dreaded nosocomial pathogens and the main cause of death in cystic fibrosis (CF) patients, has recently been included by the World Health Organization in the list of pathogens for which new therapeutic options are urgently needed (Priority 1: Critical)1. The ability of P. aeruginosa to cause both acute and chronic infections in different districts of the human body mainly relies on its capacity to adapt to the host by fine-tuning the expression of a wide array of virulence factors, many of which are QS-controlled. As a consequence, numerous anti-virulence drugs targeting the P. aeruginosa QS circuitry have been identified in recent years, and their ability to reduce P. aeruginosa pathogenicity has been confirmed both in vitro and in vivo (Rampioni et al., 2014; Soukarieh et al., 2018b). Unfortunately, the majority of the QS inhibitors identified to date are not suitable as lead-like compounds for further drug development, mainly due to their cytotoxicity and unfavorable pharmacological properties (Maura et al., 2016; Soukarieh et al., 2018b).

With the aim to identify bioavailable and safe QS inhibitors that can faster move into clinical trials or serve as leads for drug optimization programs, our group recently undertook whole-cell biosensor-based screening campaigns of libraries of FDA-approved drugs. This drug-repurposing approach led to the identification of niclosamide, an anthelmintic drug, and clofoctol, an antibiotic active against Gram-positive bacteria, as potent and safe QS inhibitors targeting the acyl-homoserine lactones (AHL)-based and the 2-alkyl-4(1H)quinolone (AQ)-based QS systems of P. aeruginosa, respectively (Imperi et al., 2013; D’Angelo et al., 2018). These FDA-approved drugs effectively reduced P. aeruginosa pathogenic potential in animal models of infection, hence representing promising candidates for preclinical studies.

In the last decades in silico approaches have been proved as valid aids to conventional drug-discovery programs. In particular, virtual screens carried out through molecular docking simulations allow to preselect promising drug candidates in vast libraries of molecules, so that only a reduced number of predicted hits have to be validated by means of in vitro experiments. In this way, time and costs associated to conventional screening campaigns are reduced. In addition, docking simulations allow to predict the likely binding mode of candidate hits onto the selected target, providing a molecular basis for their optimization in terms of binding affinity (Reuter et al., 2015).

On this basis, the present study aims at combining the advantages of drug-repurposing and virtual screening approaches to identify FDA-approved drugs targeting the pqs QS system of P. aeruginosa via in silico molecular docking.

In P. aeruginosa the pqs QS system is based on the AQs 2-heptyl-4-hydroxyquinoline (HHQ) and 2-heptyl-3-hydroxy-4(1H)-quinolone (PQS) as signal molecules. HHQ is synthesized by the enzymes coded by the pqsABCDE-phnAB operon, and is converted to PQS by the monooxygenase PqsH. Both HHQ and PQS can bind to and activate the transcriptional regulator PqsR (also known as MvfR), that in the active form binds to the PpqsA promoter region and promotes pqsABCDE-phnAB transcription. Hence, HHQ and PQS act as autoinducers to accelerate their own synthesis (Bredenbruch et al., 2005; Heeb et al., 2011; Dulcey et al., 2013; Drees and Fetzner, 2015). While the main role of HHQ is to trigger this PqsR-dependent positive feedback loop, the signal molecule PQS and the protein PqsE (the latter coded by the fifth gene of the pqsABCDE-phnAB operon) are the main effectors of the pqs QS system. Besides activating PqsR, PQS acts as an iron chelator, is required for the biogenesis of outer membrane vesicles, and promotes the expression of virulence genes via a PqsR-independent pathway (Bredenbruch et al., 2005; Mashburn and Whiteley, 2005; Diggle et al., 2007; Rampioni et al., 2016; Lin et al., 2017). PqsE is a multifunctional protein that participates in the synthesis of HHQ and positively controls the expression of multiple virulence factors independently of AQs, likely by activating the transcriptional regulator RhlR via the production of an uncharacterized signal molecule that links the pqs and rhl QS systems (Drees and Fetzner, 2015; Hazan et al., 2010; Rampioni et al., 2010; Rampioni et al., 2016; Mukherjee et al., 2018). Overall, the production of PQS and the expression of PqsE require activated PqsR, and consequently PqsR-inhibitors have been shown to attenuate P. aeruginosa virulence both in vitro and in animal models of infection (Klein et al., 2012; Ilangovan et al., 2013; Zender et al., 2013; Lu et al., 2014; Starkey et al., 2014; Maura and Rahme, 2017; Maura et al., 2017; D’Angelo et al., 2018; Soukarieh et al., 2018a). Since the three-dimensional structure of the PqsR domain that interacts with HHQ and PQS (co-inducer binding domain; CBD) has recently been solved (Ilangovan et al., 2013; Kitao et al., 2018), this QS transcriptional regulator now constitutes an ideal target for the identification of new P. aeruginosa anti-virulence drugs via molecular docking simulations.

In this study, a virtual screening approach has been used to predict PqsR ligands in a library of 1,467 FDA-approved drugs. The ability of the best 5 hits to decrease PpqsA activity and AQs level has been tested in wild type P. aeruginosa and in ad hoc engineered strains. This process led to the identification of the antipsychotic drug pimozide as a specific PqsR inhibitor. Phenotypic assays showed that pimozide hampers the expression of PqsR-controlled virulence traits, such as the production of the virulence factor pyocyanin, swarming motility and biofilm formation, and docking simulations suggest a possible competition with native AQs for PqsR binding. These results provide a proof-of-concept that the drug-repurposing and virtual screening approaches can be combined to accelerate the selection of anti-QS molecules among FDA-approved drugs.



MATERIALS AND METHODS


Bacterial Strains, Media and Chemicals

Bacterial strains used in this study are reported in Table 1. Bacterial strains were routinely grown at 37°C in Luria-Bertani (LB) broth in shaking conditions, or in LB supplemented with 15 g/L agar.


TABLE 1. Bacterial strains used in this study.
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When required, tetracycline (Tc; 200 μg/mL), isopropyl β-D-1-thiogalactopyranoside (IPTG), dimethyl sulfoxide (DMSO), or synthetic PQS were added to the medium. IPTG, DMSO and synthetic PQS were used at the concentrations indicated in the text. Synthetic PQS stock solution was prepared in MeOH at 20 mM concentration (synthetic PQS was kindly provided by Paul Williams and Miguel Càmara – University of Nottingham, United Kingdom). Ergotamine and pimozide were available in our laboratory as drugs of the PHARMAKON library (10 mM stock solutions in DMSO). Dutasteride, eltrombopag and conivaptan were purchased from Sigma-Aldrich, Carbosynth Ltd., and MCE Medchem Express, respectively, and dissolved in DMSO at 10 mM concentration. Pimozide was also purchased from Sigma-Aldrich for further analyses, and dissolved in DMSO at 40 mM concentration.



Virtual Screening via Molecular Docking

Molecular docking simulations were carried out using DockingApp (Di Muzio et al., 2017), a user friendly interface to the molecular docking program AutoDock Vina (Trott and Olson, 2010), on 1,467 FDA-approved molecules extracted from the DrugBank Database and provided in ready-to-dock format as part of the DockingApp package. DockingApp is a freely available platform-independent application to perform docking simulations and virtual screening using AutoDock Vina. An intuitive graphical user interface facilitates the input phase while an embedded JMol applet allows to visualize and analyse the results. The application comes with the DrugBank set of ready-to-dock FDA-approved drugs for virtual screening and drug-repurposing purposes. In all simulations, the search space (docking grid) included the whole PqsR co-inducer binding domain (CBD) structure, in order to carry out “blind” predictions of the “hit” compounds binding sites. Simulations were first carried out on the apo form of the protein (PDB ID: 4JVC) (Ilangovan et al., 2013), by keeping all protein residues rigid. The ten best-ranking compounds, according to the AutoDock Vina scoring function, were then selected for a refinement round in which molecular docking simulations were carried out allowing flexibility of the residues building up the PqsR binding pocket (i.e., Ile149, Ala168, Val170, Ile186, Leu189, Leu207, Leu208, Phe221, Ile236, Tyr258, Asp264, and Thr265) (Ilangovan et al., 2013). The results of docking simulations were analyzed using the molecular graphics program UCSF-Chimera, version 1.12 (Pettersen et al., 2004).



Bioluminescence Assay

Analyses of PqsR activity in the presence of potential inhibitors has been performed by using ad hoc engineered reporter systems in which bioluminescence emission is proportional to PqsR activity.

The primary screening for potential PqsR inhibitors was performed as previously described (D’Angelo et al., 2018). Briefly, the screening was based on the co-culture of P. aeruginosa PAO1 wild type (PAO1) and the reporter strain PAO1 ΔpqsA PpqsA::lux (AQ-Rep). PAO1 and AQ-Rep were grown for 16 h at 37°C with shaking (200 rpm) in LB broth or in LB broth supplemented with 200 μg/L Tc, respectively. After growth, PAO1 and AQ-Rep were washed with sterile saline and mixed into LB broth to a final OD600 of 0.03 and 0.1, respectively (wild type/reporter ratio ≈ 1/3). Two-hundred μL aliquots of the diluted co-cultures were dispensed into 96-wells black clear-bottom microtiter plates. All compounds used in the primary screening were dissolved in DMSO to 10 mM concentration. The compounds were added to the microtiter plates containing the co-cultures at the final concentrations of 20 and 200 μM. As untreated controls, the same amount of DMSO alone as in the treated samples was added to the microtiter wells containing the co-culture.

For further analysis with pimozide from Sigma-Aldrich, 100 μL LB-grown aliquots of the PAO1/AQ-Rep co-culture (OD600 = 0.06 and 0.2, respectively) or of other reporter systems indicated in the text (OD600 = 0.02) were dispensed into 96-wells black clear-bottom microtiter plates, and 100 μL of pimozide diluted in LB at concentrations ranging from 50 to 400 μM were added to each well. Also in this case, DMSO alone was used as a control.

For all light emission assays, plates were incubated at 37°C with shaking (120 rpm) for 5 h, and then light emission (RLU) and cell density (OD600) of the reporter system were recorded by using an automated Spark 10 M luminometer-spectrophotometer (Tecan). Reporter activity was evaluated as Relative Light Units (RLU) normalized to cell density (OD600). Alteration in promoter activity induced by the tested compounds was determined by comparing the promoter activity of the specific biosensor system in untreated and treated samples.



Quantification of AQs

AQ signal molecules in P. aeruginosa PAO1 culture supernatants were quantified as previously described (Fletcher et al., 2007). PAO1 wild type cultures were grown at 37°C in 96-well microtiter plates with shaking (120 rpm) in LB broth supplemented with the tested compounds or solvent vehicle (i.e., DMSO) as a control. After 7 h of incubation, cell-free supernatants of PAO1 wild type cultures were collected and 5 μL were added to 195 μL of the AQ-Rep biosensor (OD600 = 0.1) dispensed into 96-wells black clear-bottom microtiter plates. Plates were incubated for 5 h at 37°C with shaking (120 rpm), and light emission (RLU) and cell density (OD600) of the cultures were recorded by using an automated Spark 10 M luminometer-spectrophotometer (Tecan). A calibration curve was generated by growing the AQ-Rep biosensor strain with synthetic PQS at concentrations ranging from ∼ 45 nM to 300 μM. The resulting dose-response curve was used as a landmark to determine the concentration of the AQs in each culture supernatant.



Pyocyanin Production, Swarming Motility and Biofilm Formation Assays

The assay for pyocyanin extraction and quantification has been performed as previously described (Essar et al., 1990) on PAO1 wild type and PAO1 ΔpqsR strains. Bacterial strains were grown for 16 h at 37°C with shaking (200 rpm) in LB broth in the presence of 100 μM pimozide or 0.25% (v/v) DMSO (solvent vehicle control).

Swarming motility assays were performed on PAO1 wild type and PAO1 ΔpqsR by using swarming plates [0.8% (w/v) nutrient broth N.2, 0.5% (w/v) glucose, 0.5% (w/v) bacteriological agar] (Rampioni et al., 2009). Plates were supplemented with 100 μM pimozide or 0.25% (v/v) DMSO (solvent vehicle control). Swarming motility was directly observed at the air-agar interface after 16 h of incubation at 37°C.

The biofilm formation assay was performed in eight-well chamber slides as previously described (Jurcisek et al., 2011; D’Angelo et al., 2018), with minor modifications. Briefly, PAO1 wild type and PAO1 ΔpqsR constitutively expressing GFP via the pMRP9-1 plasmid (Davies et al., 1998) were inoculated in an eight-well chamber slide at an OD600 of 0.02 in 700 μL of M9 minimal medium supplemented with 20 mM glucose as carbon source, in the presence of 0.25% (v/v) DMSO (solvent vehicle control) or 100 μM pimozide. Bacterial cultures were incubated at 30°C for 24 h. Planktonic cells were gently removed and the wells of the chamber slide were rinsed with sterile saline before confocal microscope (Leica TCS SP5) imaging of the bacterial cells adhered to the glass surface.



Statistical Analysis

For statistical analysis the software GraphPad Prism 5 was used; one-way analysis of variance (ANOVA) followed by Tukey-Kramer multiple comparison tests were performed. Differences having a p value < 0.05 were considered statistically significant.




RESULTS


Virtual Screening for the Identification of FDA-Approved PqsR Ligands

We performed a virtual screening to select possible PqsR ligands in a library of 1,467 FDA-approved compounds extracted from the DrugBank database2 and already provided in ready-to-dock format as part of the DockingApp software package (see section “Materials and Methods,” for details).

PqsR is a multi-domain transcriptional regulator composed by a N-terminal helix-turn-helix DNA-binding domain and a C-terminal co-inducer binding domain (CBD). Since the three-dimensional structure of full-length PqsR is unavailable, molecular docking simulations were performed based on the crystal structure of PqsR-CBD. The CBD of PqsR has been crystallized in the apo form (PDB ID: 4JVC) or as a complex with the native AQ ligand 2-nonyl-4-hydroxy-quinoline (NHQ) (PDB ID: 4JVD) or with the quinazolinone (QZN) inhibitor 3-NH2-7Cl-C9-QZN (PDB ID: 4JVI) (Ilangovan et al., 2013). It has been shown that both the native ligand and the inhibitor bind to the CBD of PqsR in a site consisting of two adjacent pockets: the quinolone ring is accommodated in pocket B, while the aliphatic chain makes hydrophobic interactions with pocket A (Ilangovan et al., 2013). More recently, the benzamide-benzimidazole inhibitor M64 was shown to bind to PqsR-CBD in a similar way as NHQ and 3-NH2-7Cl-C9-QZN, with its benzimidazole group bound in pocket B and the phenoxy group occupying pocket A (PDB ID: 6B8A; Kitao et al., 2018). To avoid selection bias, molecular docking simulations were performed on the apo form of PqsR-CBD. In addition, to increase the reliability of the simulations, the docking search space was not restricted to the A and B binding pockets, but extended to the entire PqsR-CBD, i.e., a “blind” docking procedure was carried out. To speed up the process, the initial screening of the 1,467 FDA-approved compounds was carried out by keeping all amino acid residues rigid.

Possible PqsR ligands were ranked based on the predicted binding affinity calculated with the AutoDock Vina scoring function. In the case of multiple ligands with the same binding affinity, these were prioritized based on the size-independent ligand efficiency (SILE) coefficient. SILE is a normalized parameter derived from the ligand efficiency (LE), a predictive measure of the per-atom binding affinity of a ligand to its binding partner (Kuntz et al., 1999).

Following the above procedure, the ten best-ranking putative PqsR ligands (predicted binding affinity ranging from -11.2 to -10.0 kcal/mol) were selected for a second round of molecular docking simulations in which residues previously reported to be involved in the binding of the natural ligand NHQ to the PqsR-CBD (Ilangovan et al., 2013) were considered flexible (see section “Materials and Methods,” for details). The five molecules predicted to display the highest affinity to PqsR-CBD with fixed residues ranked in the first five positions also in the analysis with flexible residues, and are listed in Table 2. Conivaptan is an non-peptide inhibitor of the vasopressin receptor subtypes V1a and V2, commonly used to treat euvolemic and hypervolemic hyponatremia (Ferguson-Myrthil, 2010); ergotamine is an alkaloid acting as a serotonin agonist with vasoconstrictor and analgesic properties (Saxena and De Deyn, 1992); eltrombopag, an agonist of the thrombopoietin physiological target, is used for the treatment of thrombocytopenia (McCormack, 2015); pimozide is an antipsychotic drug used to treat schizophrenia, chronic psychosis, Tourette’s syndrome, and resistant tics (Tueth and Cheong, 1993); dutasteride is a 5α-reductase inhibitor used to treat benign prostatic hyperplasia (Azzouni and Mohler, 2012).


TABLE 2. Putative FDA-approved ligands of PqsR-CBD identified via molecular docking.
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Superimposition of the five PqsR-ligand molecular complexes obtained by docking simulations with the crystal structure of the PqsR-NHQ complex (PDB ID: 4JVD) (Ilangovan et al., 2013) predicts that all the five ligands bind in the NHQ binding site, interacting with residues building up the A and B pockets of PqsR-CDB, as observed for the natural ligand NHQ (Figure 1).
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FIGURE 1. (A) Superimposition of the putative complexes formed by conivaptan (green), ergotamine (magenta), eltrombopag (purple), pimozide (red) or dutasteride (blue) with the PqsR-CBD, obtained by molecular docking simulations. Binding of the natural ligand NHQ (yellow) is also shown (Ilangovan et al., 2013). The binding pockets A and B are indicated. (B) Enlargement of the ligand-binding site from (A).




Anti-QS Activity of the Predicted PqsR Ligands

To validate the ability of the predicted PqsR ligands to inhibit PqsR activity in P. aeruginosa, the best 5 hits were tested for their ability to reduce bioluminescence in a co-culture system based on wild type P. aeruginosa PAO1 (Nottingham collection; herein referred to as PAO1) and isogenic P. aeruginosa PAO1 ΔpqsA PpqsA::lux (named AQ-Rep) (Fletcher et al., 2007; D’Angelo et al., 2018). The AQ-Rep biosensor strain is unable to synthesize HHQ and PQS signal molecules as a consequence of pqsA mutation, and it carries single-copy chromosomal insertion of a transcriptional fusion between the PqsR-activated promoter PpqsA and the luxCDABE operon for light emission. Therefore, in the PAO1/AQ-Rep co-culture the AQs produced by PAO1 activate PqsR in AQ-Rep, and consequently promote bioluminescence; hence, a PqsR inhibitor is expected to reduce light emission in this reporter system. The use of the PAO1/AQ-Rep co-culture recently allowed the identification of new PqsR inhibitors (D’Angelo et al., 2018), thus proving its efficacy for the selection of anti-virulence drugs targeting the pqs QS system. A co-culture of PAO1 and of a ΔpqsA derivative strain carrying the mini-CTX::lux empty vector for constitutive light emission (named C-Rep) was used to discriminate between molecules targeting PqsR and molecules affecting light emission in a PqsR-independent way.

The PAO1/AQ-Rep co-culture was incubated with the predicted PqsR-ligands identified via the preliminary virtual screening: conivaptan, ergotamine, eltrombopag, pimozide, and dutasteride. Molecules were tested at 20 μM and 200 μM concentrations. Since these drugs were dissolved in DMSO, solvent vehicle control samples in which 0.2% or 2% DMSO alone was added were also analyzed. To ensure specificity, the predicted ligands of PqsR were also analyzed by using the PAO1/C-Rep control co-culture. For each predicted ligand, the residual reporter activity (RLU/OD600) was calculated by comparing the reporter activity of the culture grown in the presence of the tested molecule to the reporter activity of the same culture grown in the presence of solvent vehicle, considered as 100%.

As reported in Table 3, 200 μM ergotamine, eltrombopag and pimozide were able to reduce light emission in the PAO1/AQ-Rep co-culture system by 27.9, 30.4, and 46.3%, respectively, while conivaptan and dutasteride did not affect reporter activity. However, 200 μM eltrombopag reduced light emission also in the PAO1/C-Rep control co-culture system (38.5% reduction), suggesting PqsR-independent light inhibition, while ergotamine and pimozide did not significantly alter light emission in the control samples. Notably, ergotamine and pimozide reduced reporter activity at 20 μM concentration (10.1 and 12.3% reduction, respectively), and none of the tested drugs significantly altered P. aeruginosa cell density (data not shown). Since ergotamine and pimozide were effective in specifically reducing light emission in the PAO1/AQ-Rep co-culture, without altering bacterial growth, these molecules were selected for further investigations.


TABLE 3. Primary and secondary screenings.

[image: Table 3]
A secondary screening was performed investigating the ability of ergotamine and pimozide to affect the production of the signal molecules AQs. To this end, PAO1 was grown in LB supplemented with ergotamine or pimozide (20 μM and 200 μM) or with DMSO, as a control. The amount of AQs in the corresponding cell-free supernatants was evaluated by using the AQ-Rep biosensor strain, in which light emission is proportional to the amount of AQs present in the medium. As shown in Table 3, ergotamine slightly decreased the level of AQs at both 20 μM and 200 μM (4.7 and 6.2% reduction, respectively), while pimozide reduced the production of these QS signal molecules of 15.1% and 49.5% at 20 μM and 200 μM, respectively.



Pimozide Inhibits the pqs QS System and PqsR-Controlled Virulence Traits

According to the primary and secondary screenings (Table 3) pimozide from the PHARMAKON library reduced PpqsA activity in the co-culture system PAO1/AQ-Rep and AQs production in PAO1, without altering bacterial growth. To confirm these data, experiments were replicated with pimozide purchased from a different vendor (Sigma-Aldrich).

Growth curves reported in Figure 2A show that up to 400 μM pimozide does not alter the growth profile of PAO1. Data reported in Figure 2B confirmed that pimozide significantly reduces light emission in the PAO1/AQ-Rep co-culture in a dose-dependent manner. In detail, 100 μM, 200 μM and 400 μM pimozide significantly reduced PAO1/AQ-Rep activity of 30.1, 45.2, and 64.7%, respectively (Figure 2B, white bars). Hence, the decrease in light emission from the co-culture system was comparable to what previously observed for 200 μM pimozide in the primary screening (reduction of PAO1/AQ-Rep activity = 46.3%; Table 3). Conversely, pimozide did not affect bioluminescence in the PAO1/C-Rep control system up to 400 μM (Figure 2B, gray bars).
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FIGURE 2. (A) Growth curves of PAO1 wild type incubated at 37°C in shaking conditions in LB supplemented with 400 μM pimozide (black circles) or with the corresponding amount of solvent vehicle [i.e., 1% (v/v) DMSO] (open circles). (B) Activity of the PAO1/AQ-Rep (white bars) and PAO1/C-Rep (gray bars) co-cultures treated with the indicated concentrations of pimozide. Bioluminescence of the untreated co-cultures normalized to cell density are considered as 100%. (C) PpqsA::lux activity (white bars) and AQ production (gray bars) in PAO1 treated with the indicated concentrations of pimozide. PpqsA activity and AQ level measured in untreated PAO1 normalized to cell density are considered as 100%. For (A–C), the average of three independent experiments is reported with SD. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001 (ANOVA).


Pimozide was effective in reducing the activity of the PqsR-controlled PpqsA promoter in a dose-dependent manner also in PAO1 wild type, with reductions in bioluminescence emission of 17.6%, 33.1 and 45.5% for pimozide concentrations of 100 μM, 200 μM, and 400 μM, respectively (Figure 2C, white bars).

To validate the results of the secondary screening, PAO1 was grown in the absence or in the presence of pimozide at different concentrations, and AQ levels were measured in cell-free supernatants by means of the AQ-Rep biosensor strain. In these conditions, pimozide significantly decreased AQ production in a dose-dependent manner only at 200 μM (22.9% reduction) and 400 μM (33.8% reduction) (Figure 2C, gray bars).

Due to its ability to hamper the pqs QS signaling system, pimozide is expected to reduce the expression of pqs-controlled virulence traits, such as pyocyanin production, swarming motility and biofilm formation. As shown in Figure 3A, 100 μM pimozide reduced pyocyanin production in PAO1 (24.8% reduction of pyocyanin level in pimozide-treated cultures relative to the control sample supplemented with the solvent vehicle DMSO). Moreover, exposure to 100 μM pimozide significantly altered the swarming motility phenotype by abolishing dendrites formation (Figure 3B) and reduced biofilm formation in a PAO1 strain constitutively expressing GFP (Figure 3C). Despite exerting a milder effect, the inhibition exerted by pimozide on the tested phenotypes in wild type PAO1 mimicked pqsR deletion (ΔpqsR isogenic strain; Figure 3), thus supporting the hypothesis that PqsR is the likely target of pimozide.
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FIGURE 3. Effect of 100 μM pimozide on pyocyanin production (A), swarming motility (B), and biofilm formation (C) in PAO1. The same phenotypes were evaluated in the ΔpqsR mutant as a control. For pyocyanin production, the average of three independent experiments is reported with SD. ∗p < 0.05; ∗∗∗p < 0.001 (ANOVA). For swarming motility and biofilm formation, representative pictures of three independent experiments are shown.




Validation of the Molecular Mechanism of Action of Pimozide

The inhibitory activity exerted by pimozide on PpqsA activity, combined with the reduction of AQs level and attenuation of pqs-dependent virulence traits, does not allow to rule out the possibility that pimozide affects AQs biosynthesis instead of, or in addition to, AQs reception by PqsR. To tackle this issue, the effect of pimozide on PpqsA promoter activity has been tested in the AQ-Rep biosensor strain grown in the presence of 5 μM synthetic PQS. As shown in Figure 4A, pimozide reduced PpqsA activity also in this experimental setting, in which the AQ molecule PQS required to activate PqsR is not endogenously produced by PAO1. Secondly, AQs production was measured in a PAO1 ΔpqsR mutant strain carrying the pFD-pqsABCD plasmid for constitutive expression of the AQs biosynthetic enzymes. In this genetic background, in which AQ synthesis is PqsR-independent, pimozide did not reduce AQ levels (Figure 4B), indicating that this drug does not affect the activity of the AQs biosynthetic enzymes. Taken together, these experiments indicate that pimozide targets the PqsR-dependent AQs response rather than AQs biosynthesis.
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FIGURE 4. (A) PpqsA activity in the AQ-Rep biosensor grown at 37°C in shaking conditions in LB supplemented with 5 μM synthetic PQS and the indicated concentrations of pimozide. Biosensor activity in the untreated sample is considered as 100%. (B) Production of AQs in P. aeruginosa PAO1 ΔpqsR (pFD-pqsABCD) grown for 16 h in LB in the absence or in the presence of pimozide. The AQ level measured in the untreated sample is considered as 100%. (C) Effect of 100 μM pimozide on PpqsA::lux activity in the PAO1 ΔpqsAHR triple mutant carrying the pPqsR-6H plasmid, grown in LB supplemented with 5 μM PQS and different concentrations of IPTG, as indicated in the graph. For (A–C), the average of three independent experiments is reported with SD. ∗∗p < 0.01; ∗∗∗p < 0.001 (ANOVA).


To further support target specificity, the effect of pimozide on PpqsA activity was evaluated in a P. aeruginosa recombinant strain with tunable levels of PqsR, named PAO1 ΔpqsAHR PpqsA::lux (pPqsR-6H). This strain carries the PpqsA::lux transcriptional fusion and deletion of the pqsA, pqsH and pqsR genes, therefore it does not synthesize AQs and does not produce the native PqsR regulator, which can be expressed upon IPTG induction via the pPqsR-6H plasmid. Therefore, in the absence of IPTG and in the presence of synthetic PQS, the PAO1 ΔpqsAHR PpqsA::lux (pPqsR-6H) strain should express basal level of active PqsR, and the effect of a PqsR inhibitor on PpqsA activity should be maximal due to target paucity. Conversely, increasing concentrations of IPTG in the presence of synthetic PQS should result in increased levels of active PqsR, thus reducing the effect of PqsR inhibitors due to increased target abundance. As shown in Figure 4C, in this recombinant strain the repressive effect exerted by 100 μM pimozide on PpqsA activity was apparent only for IPTG concentrations ≤ 10 μM, while pimozide had no significant effect on the PpqsA promoter for IPTG concentrations ≥ 20 μM. These observations support the hypothesis that pimozide is a ligand and an inhibitor of PqsR.

As shown in Figure 5, pimozide is predicted to bind to the PqsR CBD establishing mainly hydrophobic interactions that closely match those of the natural ligand NHQ (Ilangovan et al., 2013), at least as far as pocket A is concerned. Slightly different interactions are instead observed in pocket B, likely due to a rearrangement of the pocket residues needed to accommodate the bulkier bis(fluorophenyl) moiety of pimozide. Interestingly, pimozide binding to pocket A is predicted to be stabilized also by a π-stacking interaction between the drug benzimidazole group and the Tyr258 aromatic ring (Figure 5, bottom panel), an interaction that mimics the π-stacking interaction experimentally observed between the phenoxy group of the PqsR competitive inhibitor M64 and Tyr258 (Kitao et al., 2018).
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FIGURE 5. Details of the possible interactions of NHQ (top panel; PDB code 4JVD) and pimozide (bottom panel; predicted) with the PqsR-CBD binding site. The orientation of the macromolecule is the same as in Figure 1; pocket B is on the left side of the macromolecule and pocket A on the right side.





DISCUSSION

Anti-virulence drugs that do not affect bacterial growth hold promise as new therapeutic agents since they are expected to decrease bacterial adaptability to the host environment and to pose a reduced selective pressure for the emergence of resistance with respect to antibiotics. Moreover, virulence mechanisms are often pathogen-specific, thus anti-virulence drugs could avoid dysbiosis usually associated to antibiotic treatments (Rampioni et al., 2014, 2017; Monserrat-Martinez et al., 2019).

The pqs QS system controls the expression of multiple virulence factors and biofilm formation, so that P. aeruginosa mutants defective in the pqs QS system display attenuated pathogenicity in different plant and animal models of infection (Cao et al., 2001; Déziel et al., 2005; Xiao et al., 2006; Lesic et al., 2007; Rampioni et al., 2010; Dubern et al., 2015). Notably, the pqs QS system is active during the infection (Collier et al., 2002; Barr et al., 2015), and while P. aeruginosa mutants impaired in the las QS system are frequently isolated from CF patients (Hoffman et al., 2009; Feltner et al., 2016), the highest proportion of P. aeruginosa strains isolated from CF lung are proficient for AQs production (Guina et al., 2003; Jiricny et al., 2014). Moreover, AQ-based QS systems have not been described in the human microbiota so far, suggesting that drugs targeting PqsR should exert a limited effect on the host microbiota. Intriguingly, recent reports indicate that the pqs QS system might contribute to the RhlR-dependent activation of virulence genes in the absence of functional LasR (Chen et al., 2019; Kostylev et al., 2019), and that this compensatory role might involve a yet uncharacterized signal molecule produced by PqsE and perceived by RhlR in addition to C4-HSL (Mukherjee et al., 2018). Therefore, by hampering PqsE expression, PqsR inhibitors would impact on virulence factors controlled by both the pqs and the rhl QS systems, and could be particularly active against las-deficient strains emerging during chronic infection in CF patients. On this basis, many inhibitors of the pqs QS system have been described in the last decade, proving the ability of anti-pqs drugs to reduce the expression of P. aeruginosa virulence traits both in vitro and in animal models of infection (Calfee et al., 2001; Lesic et al., 2007; Klein et al., 2012; Storz et al., 2012; Ilangovan et al., 2013; Sahner et al., 2013; Weidel et al., 2013; Zender et al., 2013; Lu et al., 2014; Starkey et al., 2014; Sahner et al., 2015; Ji et al., 2016; Thomann et al., 2016; Maura and Rahme, 2017; Maura et al., 2017; D’Angelo et al., 2018; Soukarieh et al., 2018a).

Despite the promise of anti-pqs agents for the treatment of P. aeruginosa infection, none of these molecules has entered clinical trials so far, likely due to poor pharmacological properties and to the lack of ADME-TOX studies required for their evaluation in humans (Maura et al., 2016; Soukarieh et al., 2018b). To overcome this limitation, we recently exploited a drug-repurposing strategy for the identification of anti-pqs drugs via whole-cell biosensor-based screening. This strategy succeeded in identifying the FDA-approved drugs clofoctol, miconazole and clotrimazole as new inhibitors of PqsR (D’Angelo et al., 2018).

Most pqs-inhibitors have been identified via costly and time-consuming biosensor-based screenings or via the rational design and experimental validation of AQ analogs or precursors based on the structure of PqsR and of AQ biosynthetic enzymes. Virtual screenings could reduce the time and costs associated to conventional drug discovery programs, hence in silico techniques have been extensively applied for the identification of molecules hampering the las QS system of P. aeruginosa (Yang et al., 2009; Skovstrup et al., 2013; Tan et al., 2013; Soheili et al., 2015; Gökalsın et al., 2017; Kalia et al., 2017; Xu et al., 2017) or QS systems in other bacteria (Zhu et al., 2012; Ali et al., 2018; Ding et al., 2018, 2019; Medarametla et al., 2018). To the best of our knowledge, only synthetic quinoline-based molecules have so far been identified as PqsR antagonists by means of in silico docking analyses (Soukarieh et al., 2018a).

In this study we combined the advantages of drug-repurposing and in silico screening approaches by exploiting recent knowledge of PqsR-CBD structure and availability of advanced molecular docking tools to identify new FDA-approved drugs with anti-pqs activity. The virtual screening led to selection of five hits for which high binding affinity for PqsR was predicted, and in vitro experiments demonstrated the anti-pqs activity of two of them, namely pimozide and ergotamine. Since pimozide showed the highest inhibitory activity, this drug was experimentally characterized. Phenotypic assays showed that exposure of P. aeruginosa PAO1 to pimozide decreased key PqsR-controlled virulence determinants, such as AQ signal molecules, pyocyanin, swarming motility and biofilm formation, without altering bacterial growth, as one would expect for an anti-virulence drug. Additional experiments performed with ad hoc engineered P. aeruginosa strains and refined in silico docking simulations suggest that pimozide competes with the natural ligands HHQ and PQS for PqsR binding, hence hampering the activity of the PpqsA promoter. Indeed, analysis of the highest ranking pimozide-PqsR docking complex indicated that the drug interacts with the binding pocket occupying the same position of the natural ligand NHQ (Figure 5), and establishes interactions experimentally demonstrated for both the natural ligand and the competitive inhibitor M64 (Ilangovan et al., 2013; Kitao et al., 2018).

The inability of the predicted PqsR ligands conivaptan and dutasteride to hamper the pqs QS system in P. aeruginosa and to decrease bioluminescence in the control biosensor system may be related to drawbacks typically associated to virtual screening approaches, including cell impermeability to the selected compound or its modification/inactivation by cellular metabolism. This is in line with the notion that hits emerging from in vitro screens, as well as from screens employing heterologous organisms, may lack activity or even function as agonists when tested on the target pathogen (Galloway et al., 2011). As an example, the HHQ analog 2-heptyl-6-nitroquinolin-4(1H)-one acted as an antagonist in an Escherichia coli-based AQ-reporter strain, but as an agonist in P. aeruginosa as a consequence of metabolic modification (Lu et al., 2012). However, a subsequent synthetic modification of this molecule resulted in a strong PqsR antagonist also in P. aeruginosa, showing that agonists may still prove useful in the search for antagonists (Lu et al., 2014). More often, the inability of selected hits identified in silico or in vitro to inhibit target functionality in bacterial cell relates to a lack of internalization or to active efflux. This does not seem to be the case for eltrombopag, since the inhibitory effect exerted by this drug on both the specific and control reporter systems indicates its ability to penetrate P. aeruginosa cells, suggesting a QS-independent effect on bioluminescence. In a commentary on the use of whole-cell reporter systems for screens of QS inhibitors, the need for adequate control experiments to assess off-target effects of the tested compounds on reporter activity was emphasized (Defoirdt et al., 2013). For example, pyrogallol was reported to act as a potent inhibitor of AI-2 dependent QS in V. harveyi, but subsequent experiments revealed that the apparent inhibitory activity of pyrogallol was a side effect of its peroxide-generating activity on the reporter system, rather than on QS itself (Defoirdt et al., 2013). In our case, unspecific effects of eltrombopag on the reporter system may mask its impact on PqsR functionality. Obviously, the possibility that the virtual screening approach could select false positive hits cannot be ruled out. When molecular assays for in vitro evaluation of PqsR activity will be available, it will be possible to verify the ability of the five hits identified in this study to hamper PqsR functionality in a cell-free system.

Searching for side activities in FDA-approved drugs represents a shortcut to develop new therapeutic agents, with considerable potential for shortening the time-consuming and expensive hit-to-lead and lead-optimization phases of drug-discovery programs (Rangel-Vega et al., 2015). In the last years an increasing number of studies identified some antibacterial activity in several drugs approved for different purposes, including anticancer, antifungal, cardiovascular and antipsychotic therapies (Miró-Canturri et al., 2019). However, a possible drawback of drug-repurposing approaches relies on the primary activity of the repurposed drug. As an example, the antipsychotic activity of the dopamine antagonist pimozide, clinically used for the treatement of Tourette’s syndrome and schizophrenia (Tueth and Cheong, 1993), could limit its therapeutic use as anti-virulence drug against P. aeruginosa. In fact, it has to be considered that, although rarely, pimozide has been associated to potentially serious adverse effects, including arrhythmia, cardiac arrest, seizures, and neutropenia (Singer, 2010). Neutropenia, in particular, is a worrisome adverse effect for patients suffering a bacterial infection. In addition, the peak serum concentration of pimozide in conventional treatment as an antipsychotic drug is in the nanomolar range (Yan et al., 2010), far below the concentration required to inhibit the pqs QS system in P. aeruginosa. In spite of these limitations, the pimozide molecular scaffold could serve as the basis for chemical modifications aimed at lowering its dopamine antagonistic activity, while improving membrane permeability and affinity for the PqsR active site, in line with the selective optimization of side activity (SOSA) approach (Wermuth, 2006). However, such a hit-to-lead optimization process would partly compromise the advantage of drug reuporisng, since chemical modification of pimozide would invalidate the FDA-approval, with additional pharmacological testing being required by regulatory agencies. It must be recognized that repurposing of old drugs for new therapies can result in seamless adoption into the clinical practice only if their off-target effect overcomes their primary activity.

That said, pimozide has already been repurposed to inhibit Listeria monocytogenes virulence by decreasing cell invasion, vacuole escape and cell-to-cell spread in phagocytic host cells (Lieberman and Higgins, 2009), to inhibit the growth of the protozoan parasite Toxoplasma gondii (Dittmar et al., 2016) and for the treatment of breast cancer (Dakir et al., 2018; Elmaci and Altinoz, 2018). Notably, pimozide also inhibited Chikungunya virus (CHIKV) replication in a mouse model of Chikungunya infection when administered in combination with the fatty acid synthesis inhibitor 5-tetradecyloxy-2-furoic acid, with low toxicity in vivo (Karlas et al., 2016).

In conclusion, despite low potency of pimozide as a pqs inhibitor and predictable side-effects due to its primary antipsychotic activity, this study demonstrates for the first time the potential of virtual screening campaigns to rapidly select new FDA-approved QS inhibitors.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the manuscript/supplementary files.



AUTHOR CONTRIBUTIONS

FP and GR conceived the study. FP, GR, LL, and PV designed the experiments and contributed reagents, materials, and analysis tools. MM, ED, FD, VB, and SF performed the experiments. FP, GR, LL, MM, FD, ED, and VB analyzed the data. GR, FP, and MM wrote the manuscript. All authors corrected, amended the draft of the manuscript, and approved the submitted version.



FUNDING

This work was supported by the Italian Ministry for Education, University and Research (Futuro in Ricerca n. RBFR10LHD1_002 to GR, PRIN 2017 grant protocol 2017483NH8 to FP, and PRIN 2017 grant protocol 20177J5Y3P to PV), Italian Cystic Fibrosis Research Foundation (FFC 17/2018 to LL). The Grant of Excellence Departments, MIUR-Italy (ARTICOLO 1, COMMI 314 – 337 LEGGE 232/2016) is gratefully acknowledged.



ACKNOWLEDGMENTS

We thank Prof. Paul Williams and Miguel Càmara (Centre for Biomolecular Sciences, University of Nottingham, United Kingdom) for kindly providing the synthetic AQs HHQ and PQS. We are grateful to the Reviewers for constructive criticisms to the manuscript.


FOOTNOTES

1
http://www.who.int/en/news-room/detail/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed

2
https://www.drugbank.ca/


REFERENCES

Ali, F., Yao, Z., Li, W., Sun, L., Lin, W., and Lin, X. (2018). In silico prediction and modeling of the quorum sensing LuxS protein and inhibition of AI-2 biosynthesis in Aeromonas hydrophila. Molecules 23:E2627. doi: 10.3390/molecules23102627

Allen, R. C., Popat, R., Diggle, S. P., and Brown, S. P. (2014). Targeting virulence: can we make evolution-proof drugs? Nat. Rev. Microbiol. 12, 300–308. doi: 10.1038/nrmicro3232

Azzouni, F., and Mohler, J. (2012). Role of 5α-reductase inhibitors in prostate cancer prevention and treatment. Urology 79, 1197–1205. doi: 10.1016/j.urology.2012.01.024

Barr, H. L., Halliday, N., Cámara, M., Barrett, D. A., Williams, P., Forrester, D. L., et al. (2015). Pseudomonas aeruginosa quorum sensing molecules correlate with clinical status in cystic fibrosis. Eur. Respir. J. 46, 1046–1054. doi: 10.1183/09031936.00225214

Boucher, H. W., Talbot, G. H., Bradley, J. S., Edwards, J. E., Gilbert, D., Rice, L. B., et al. (2009). Bad bugs, no drugs: no ESKAPE! An update from the infectious diseases society of America. Clin. Infect. Dis. 48, 1–12. doi: 10.1086/595011

Bredenbruch, F., Nimtz, M., Wray, V., Morr, M., Müller, R., and Häussler, S. (2005). Biosynthetic pathway of Pseudomonas aeruginosa 4-hydroxy-2-alkylquinolines. J. Bacteriol. 187, 3630–3635. doi: 10.1128/jb.187.11.3630-3635.2005

Calfee, M. W., Coleman, J. P., and Pesci, E. C. (2001). Interference with Pseudomonas quinolone signal synthesis inhibits virulence factor expression by Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. U.S.A. 98, 11633–11637. doi: 10.1073/pnas.201328498

Cao, H., Krishnan, G., Goumnerov, B., Tsongalis, J., Tompkins, R., and Rahme, L. G. (2001). A quorum sensing-associated virulence gene of Pseudomonas aeruginosa encodes a LysR-like transcription regulator with a unique self-regulatory mechanism. Proc. Natl. Acad. Sci. U.S.A. 98, 14613–14618. doi: 10.1073/pnas.251465298

Chen, R., Déziel, E., Groleau, M. C., Schaefer, A. L., and Greenberg, E. P. (2019). Social cheating in a Pseudomonas aeruginosa quorum-sensing variant. Proc. Natl. Acad. Sci. U.S.A. 116, 7021–7026. doi: 10.1073/pnas.1819801116

Collier, D. N., Anderson, L., McKnight, S. L., Noah, T. L., Knowles, M., Boucher, R., et al. (2002). A bacterial cell to cell signal in the lungs of cystic fibrosis patients. FEMS Microbiol. Lett. 215, 41–46. doi: 10.1016/s0378-1097(02)00937-0

Dakir, E. H., Pickard, A., Srivastava, K., McCrudden, C. M., Gross, S. R., Lloyd, S., et al. (2018). The anti-psychotic drug pimozide is a novel chemotherapeutic for breast cancer. Oncotarget 9, 34889–34910. doi: 10.18632/oncotarget.26175

D’Angelo, F., Baldelli, V., Halliday, N., Pantalone, P., Polticelli, F., Fiscarelli, E., et al. (2018). Identification of FDA-approved drugs as antivirulence agents targeting the pqs quorum-sensing system of Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 62:e1296-18. doi: 10.1128/AAC.01296-18

Davies, D. G., Parsek, M. R., Pearson, J. P., Iglewski, B. H., Costerton, J. W., and Greenberg, E. P. (1998). The involvement of cell-to-cell signals in the development of a bacterial biofilm. Science 280, 295–298. doi: 10.1126/science.280.5361.295

Defoirdt, T., Brackman, G., and Coenye, T. (2013). Quorum sensing inhibitors: how strong is the evidence? Trends Microbiol. 21, 619–624. doi: 10.1016/j.tim.2013.09.006

Déziel, E., Gopalan, S., Tampakaki, A. P., Lépine, F., Padfield, K. E., Saucier, M., et al. (2005). The contribution of MvfR to Pseudomonas aeruginosa pathogenesis and quorum sensing circuitry regulation: multiple quorum sensing-regulated genes are modulated without affecting lasRI, rhlRI or the production of N-acyl-L-homoserine lactones. Mol. Microbiol. 55, 998–1014. doi: 10.1111/j.1365-2958.2004.04448.x

Di Muzio, E., Toti, D., and Polticelli, F. (2017). DockingApp: a user friendly interface for facilitated docking simulations with AutoDock Vina. J. Comput. Aided Mol. Des. 31, 213–218. doi: 10.1007/s10822-016-0006-1

Diggle, S. P., Matthijs, S., Wright, V. J., Fletcher, M. P., Chhabra, S. R., Lamont, I. L., et al. (2007). The Pseudomonas aeruginosa 4-quinolone signal molecules HHQ and PQS play multifunctional roles in quorum sensing and iron entrapment. Chem. Biol. 14, 87–96. doi: 10.1016/j.chembiol.2006.11.014

Ding, T., Li, T., and Li, J. (2018). Identification of natural product compounds as quorum sensing inhibitors in Pseudomonas fluorescens P07 through virtual screening. Bioorg. Med. Chem. 26, 4088–4099. doi: 10.1016/j.bmc.2018.06.039

Ding, T., Li, T., and Li, J. (2019). Virtual screening for quorum-sensing inhibitors of Pseudomonas fluorescens P07 from a food-derived compound database. J. Appl. Microbiol. 127, 763–777. doi: 10.1111/jam.14333

Dittmar, A. J., Drozda, A. A., and Blader, I. J. (2016). Drug repurposing screening identifies novel compounds that effectively inhibit Toxoplasma gondii growth. mSphere 1:e042-15. doi: 10.1128/mSphere.00042-15

Drees, S. L., and Fetzner, S. (2015). PqsE of Pseudomonas aeruginosa acts as pathway-specific thioesterase in the biosynthesis of alkylquinolone signaling molecules. Chem. Biol. 22, 611–618. doi: 10.1016/j.chembiol.2015.04.012

Dubern, J. F., Cigana, C., De Simone, M., Lazenby, J., Juhas, M., Schwager, S., et al. (2015). Integrated whole-genome screening for Pseudomonas aeruginosa virulence genes using multiple disease models reveals that pathogenicity is host specific. Environ. Microbiol. 17, 4379–4393. doi: 10.1111/1462-2920.12863

Dulcey, C. E., Dekimpe, V., Fauvelle, D. A., Milot, S., Groleau, M. C., Doucet, N., et al. (2013). The end of an old hypothesis: the Pseudomonas signaling molecules 4-hydroxy-2-alkylquinolines derive from fatty acids, not 3-ketofatty acids. Chem. Biol. 20, 1481–1491. doi: 10.1016/j.chembiol.2013.09.021

Elmaci, I., and Altinoz, M. A. (2018). Targeting the cellular schizophrenia. Likely employment of the antipsychotic agent pimozide in treatment of refractory cancers and glioblastoma. Crit. Rev. Oncol. Hematol. 128, 96–109. doi: 10.1016/j.critrevonc.2018.06.004

Essar, D. W., Eberly, L., Hadero, A., and Crawford, I. P. (1990). Identification and characterization of genes for a second anthranilate synthase in Pseudomonas aeruginosa: interchangeability of the two anthranilate synthases and evolutionary implications. J. Bacteriol. 172, 884–900. doi: 10.1128/jb.172.2.884-900.1990

Feltner, J. B., Wolter, D. J., Pope, C. E., Groleau, M. C., Smalley, N. E., Greenberg, E. P., et al. (2016). LasR variant cystic fibrosis isolates reveal an adaptable quorum-sensing hierarchy in Pseudomonas aeruginosa. mBio 7:e1513. doi: 10.1128/mBio.01513-16

Ferguson-Myrthil, N. (2010). Novel agents for the treatment of hyponatremia: a review of conivaptan and tolvaptan. Cardiol. Rev. 18, 313–321. doi: 10.1097/CRD.0b013e3181f5b3b7

Fletcher, M. P., Diggle, S. P., Crusz, S. A., Chhabra, S. R., Cámara, M., and Williams, P. (2007). A dual biosensor for 2-alkyl-4-quinolone quorum-sensing signal molecules. Environ. Microbiol. 9, 2683–2693. doi: 10.1111/j.1462-2920.2007.01380.x

Galloway, W. R., Hodgkinson, J. T., Bowden, S. D., Welch, M., and Spring, D. R. (2011). Quorum sensing in Gram-negative bacteria: small-molecule modulation of AHL and AI-2 quorum sensing pathways. Chem. Rev. 111, 28–67.

Gökalsın, B., Aksoydan, B., Erman, B., and Sesal, N. C. (2017). Reducing virulence and biofilm of Pseudomonas aeruginosa by potential quorum sensing inhibitor Carotenoid:Zeaxanthin. Microb. Ecol. 74, 466–473. doi: 10.1007/s00248-017-0949-3

Guina, T., Purvine, S. O., Yi, E. C., Eng, J., Goodlett, D. R., Aebersold, R., et al. (2003). Quantitative proteomic analysis indicates increased synthesis of a quinolone by Pseudomonas aeruginosa isolates from cystic fibrosis airways. Proc. Natl. Acad. Sci. U.S.A. 100, 2771–2776. doi: 10.1073/pnas.0435846100

Hazan, R., He, J., Xiao, G., Dekimpe, V., Apidianakism, Y., Lesic, B., et al. (2010). Homeostatic interplay between bacterial cell-cell signaling and iron in virulence. PLoS Pathog. 6:e1000810. doi: 10.1371/journal.ppat.1000810

Heeb, S., Fletcher, M. P., Chhabra, S. R., Diggle, S. R., Williams, P., and Cámara, M. (2011). Quinolones: from antibiotics to autoinducers. FEMS Microbiol. Rev. 35, 247–274. doi: 10.1111/j.1574-6976.2010.00247.x

Hoffman, L. R., Kulasekara, H. D., Emerson, J., Houston, L. S., Burns, J. L., Ramsey, B. W., et al. (2009). Pseudomonas aeruginosa lasR mutants are associated with cystic fibrosis lung disease progression. J. Cyst. Fibros. 8, 66–70. doi: 10.1016/j.jcf.2008.09.006

Hung, D. T., Shakhnovich, E. A., Pierson, E., and Mekalanos, J. J. (2005). Small-molecule inhibitor of Vibrio cholerae virulence and intestinal colonization. Science 310, 670–674. doi: 10.1126/science.1116739

Ilangovan, A., Fletcher, M., Rampioni, G., Pustelny, C., Rumbaugh, K., Heeb, S., et al. (2013). Structural basis for native agonist and synthetic inhibitor recognition by the Pseudomonas aeruginosa quorum sensing regulator PqsR (MvfR). PLoS Pathog. 9:e1003508. doi: 10.1371/journal.ppat.1003508

Imperi, F., Fiscarelli, E. V., Visaggio, D., Leoni, L., and Visca, P. (2019). Activity and impact on resistance development of two antivirulence fluoropyrimidine drugs in Pseudomonas aeruginosa. Front. Cell. Infect. Microbiol. 9:49. doi: 10.3389/fcimb.2019.00049

Imperi, F., Massai, F., Ramachandran Pillai, C., Longo, F., Zennaro, E., Rampioni, G., et al. (2013). New life for an old drug: the anthelmintic drug niclosamide inhibits Pseudomonas aeruginosa quorum sensing. Antimicrob. Agents Chemoter. 57, 996–1005. doi: 10.1128/AAC.01952-12

Ji, C., Sharma, I., Pratihar, D., Hudson, L. L., Maura, D., Guney, T., et al. (2016). Designed small-molecule inhibitors of the anthranilyl-CoA synthetase PqsA block quinolone biosynthesis in Pseudomonas aeruginosa. ACS Chem. Biol. 11, 3061–3067. doi: 10.1021/acschembio.6b00575

Jiricny, N., Molin, S., Foster, K., Diggle, S. P., Scanlan, P. D., Ghoul, M., et al. (2014). Loss of social behaviours in populations of Pseudomonas aeruginosa infecting lungs of patients with cystic fibrosis. PLoS One 9:e83124. doi: 10.1371/journal.pone.0083124

Jurcisek, J. A., Dickson, A. C., Bruggeman, M. E., and Bakaletz, L. O. (2011). In vitro biofilm formation in an 8-well chamber slide. J. Vis. Exp. 47:e2481. doi: 10.3791/2481

Kalia, M., Singh, P. K., Yadav, V. K., Yadav, B. S., Sharma, D., Narvi, S. S., et al. (2017). Structure based virtual screening for identification of potential quorum sensing inhibitors against LasR master regulator in Pseudomonas aeruginosa. Microb. Pathog. 107, 136–143. doi: 10.1016/j.micpath.2017.03.026

Kalia, V. C., Patel, S. K. S., Kang, Y. C., and Lee, J. K. (2019). Quorum sensing inhibitors as antipathogens: biotechnological applications. Biotechnol. Adv. 37, 68–90. doi: 10.1016/j.biotechadv.2018.11.006

Karlas, A., Berre, S., Couderc, T., Varjak, M., Braun, P., Meyer, M., et al. (2016). A human genome-wide loss-of-function screen identifies effective chikungunya antiviral drugs. Nat. Commun. 7:11320. doi: 10.1038/ncomms11320

Kitao, T., Lepine, F., Babloudi, S., Walte, F., Steinbacher, S., Maskos, K., et al. (2018). Molecular insights into function and competitive inhibition of Pseudomonas aeruginosa multiple virulence factor regulator. mBio 9:e02158-17. doi: 10.1128/mBio.02158-17

Klein, T., Henn, C., de Jong, J. C., Zimmer, C., Kirsch, B., Maurer, C. K., et al. (2012). Identification of small-molecule antagonists of the Pseudomonas aeruginosa transcriptional regulator PqsR: biophysically guided hit discovery and optimization. ACS Chem. Biol. 7, 1496–1501. doi: 10.1021/cb300208g

Kostylev, M., Kim, D. Y., Smalley, N. E., Salukhe, I., Greenberg, E. P., and Dandekar, A. A. (2019). Evolution of the Pseudomonas aeruginosa quorum-sensing hierarchy. Proc. Natl. Acad. Sci. U.S.A. 116, 7027–7032.

Kuntz, I. D., Chen, K., Sharp, K. A., and Kollman, P. A. (1999). The maximal affinity of ligands. Proc. Natl. Acad. Sci. U.S.A. 96, 9997–10002. doi: 10.1073/pnas.96.18.9997

Lesic, B., Lépine, F., Déziel, E., Zhang, J., Zhang, Q., Padfield, K., et al. (2007). Inhibitors of pathogen intercellular signals as selective anti-infective compounds. PLoS Pathog. 3, 1229–1239.

Lieberman, L. A., and Higgins, D. E. (2009). A small-molecule screen identifies the antipsychotic drug pimozide as an inhibitor of Listeria monocytogenes infection. Antimicrob. Agents Chemother. 53, 756–764. doi: 10.1128/AAC.00607-08

Lin, J., Zhang, W., Cheng, J., Yang, X., Zhu, K., Wang, Y., et al. (2017). A Pseudomonas T6SS effector recruits PQS-containing outer membrane vesicles for iron acquisition. Nat. Commun. 8:14888. doi: 10.1038/ncomms14888

Lu, C., Kirsch, B., Zimmer, C., de Jong, J. C., Henn, C., Maurer, C. K., et al. (2012). Discovery of antagonists of PqsR, a key player in 2-alkyl-4-quinolone-dependent quorum sensing in Pseudomonas aeruginosa. Chem. Biol. 19, 381–390. doi: 10.1016/j.chembiol.2012.01.015

Lu, C., Maurer, C. K., Kirsch, B., Steinbach, A., and Hartmann, R. W. (2014). Overcoming the unexpected functional inversion of a PqsR antagonist in Pseudomonas aeruginosa: an in vivo potent antivirulence agent targeting pqs quorum sensing. Angew. Chem. Int. Ed. Engl. 53, 1109–1112. doi: 10.1002/anie.201307547

Luepke, K. H., Suda, K. J., Boucher, H., Russo, R. L., Bonney, M. W., Hunt, T. D., et al. (2017). Past, present, and future of antibacterial economics: increasing bacterial resistance, limited antibiotic pipeline, and societal implications. Pharmacotherapy 37, 71–84. doi: 10.1002/phar.1868

Maeda, T., García-Contreras, R., Pu, M., Sheng, L., Garcia, L. R., Tomás, M., et al. (2012). Quorum quenching quandary: resistance to antivirulence compounds. ISME J. 6, 493–501. doi: 10.1038/ismej.2011.122

Mashburn, L. M., and Whiteley, M. (2005). Membrane vesicles traffic signals and facilitate group activities in a prokaryote. Nature 437, 422–425. doi: 10.1038/nature03925

Maura, D., Ballok, A. E., and Rahme, L. G. (2016). Considerations and caveats in anti-virulence drug development. Curr. Opin. Microbiol. 33, 41–46. doi: 10.1016/j.mib.2016.06.001

Maura, D., Drees, S. L., Bandyopadhaya, A., Kitao, T., Negri, M., Starkey, M., et al. (2017). Polypharmacology approaches against the Pseudomonas aeruginosa MvfR regulon and their application in blocking virulence and antibiotic tolerance. ACS Chem. Biol. 12, 1435–1443. doi: 10.1021/acschembio.6b01139

Maura, D., and Rahme, L. G. (2017). Pharmacological inhibition of the Pseudomonas aeruginosa MvfR quorum sensing system interferes with biofilm formation and potentiates antibiotic-mediated biofilm disruption. Antimicrob. Agents Chemother. 61:e01362-17. doi: 10.1128/AAC.01362-17

McCormack, P. L. (2015). Eltrombopag: a review of its use in patients with severe aplastic anaemia. Drugs 75, 525–531. doi: 10.1007/s40265-015-0363-4

Medarametla, P., Gatta, V., Kajander, T., Laitinen, T., Tammela, P., and Poso, A. (2018). Structure-based virtual screening of LsrK kinase inhibitors to target quorum sensing. ChemMedChem 13, 2400–2407. doi: 10.1002/cmdc.201800548

Mellbye, B., and Schuster, M. (2011). The sociomicrobiology of antivirulence drug resistance: a proof of concept. mBio 2:e0131-11. doi: 10.1128/mBio.00131-11

Miró-Canturri, A., Ayerbe-Algaba, R., and Smani, Y. (2019). Drug repurposing for the treatment of bacterial and fungal infections. Front. Microbiol. 10:41. doi: 10.3389/fmicb.2019.00041

Mohr, K. I. (2016). History of antibiotics research. Curr. Top. Microbiol. Immunol. 398, 237–272. doi: 10.1007/82_2016_499

Monserrat-Martinez, A., Gambin, Y., and Sierecki, E. (2019). Thinking outside the bug: molecular targets and strategies to overcome antibiotic resistance. Int. J. Mol. Sci. 20:E1255. doi: 10.3390/ijms20061255

Mukherjee, S., Moustafa, D. A., Stergioula, V., Smith, C. D., Goldberg, J. B., and Bassler, B. L. (2018). The PqsE and RhlR proteins are an autoinducer synthase-receptor pair that control virulence and biofilm development in Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. U.S.A. 115, E9411–E9418. doi: 10.1073/pnas.1814023115

Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt, D. M., Meng, E. C., et al. (2004). UCSF Chimera - a visualization system for exploratory research and analysis. J. Comput. Chem. 25, 1605–1612. doi: 10.1002/jcc.20084

Rampioni, G., Falcone, M., Heeb, S., Frangipani, E., Fletcher, M. P., Dubern, J. F., et al. (2016). Unravelling the genome-wide contributions of specific 2-alkyl-4-quinolones and PqsE to quorum sensing in Pseudomonas aeruginosa. PLoS Pathog. 12:e1006029. doi: 10.1371/journal.ppat.1006029

Rampioni, G., Leoni, L., and Williams, P. (2014). The art of antibacterial warfare: deception through interference with quorum sensing-mediated communication. Bioorg. Chem. 55, 60–68. doi: 10.1016/j.bioorg.2014.04.005

Rampioni, G., Pustelny, C., Fletcher, M. P., Wright, V. J., Bruce, M., Rumbaugh, K. P., et al. (2010). Transcriptomic analysis reveals a global alkyl-quinolone-independent regulatory role for PqsE in facilitating the environmental adaptation of Pseudomonas aeruginosa to plant and animal hosts. Environ. Microbiol. 12, 1659–1673. doi: 10.1111/j.1462-2920.2010.02214.x

Rampioni, G., Schuster, M., Greenberg, E. P., Zennaro, E., and Leoni, L. (2009). Contribution of the RsaL global regulator to Pseudomonas aeruginosa virulence and biofilm formation. FEMS Microbiol. Lett. 301, 210–217. doi: 10.1111/j.1574-6968.2009.01817.x

Rampioni, G., Visca, P., Leoni, L., and Imperi, F. (2017). Drug repurposing for antivirulence therapy against opportunistic bacterial pathogens. Emerg. Top. Life Sci. 1, 13–22. doi: 10.1042/etls20160018

Rangel-Vega, A., Bernstein, L. R., Mandujano-Tinoco, E. A., García-Contreras, S. J., and García-Contreras, R. (2015). Drug repurposing as an alternative for the treatment of recalcitrant bacterial infections. Front. Microbiol. 6:282. doi: 10.3389/fmicb.2015.00282

Rasko, D. A., and Sperandio, V. (2010). Anti-virulence strategies to combat bacteria-mediated disease. Nat. Rev. Drug Discov. 9, 117–128. doi: 10.1038/nrd3013

Reuter, K., Steinbach, A., and Helms, V. (2015). Interfering with bacterial quorum sensing. Perspect. Med. Chem. 8, 1–15.

Rice, L. B. (2008). Federal funding for the study of antimicrobial resistance in nosocomial pathogens: no ESKAPE. J. Infect. Dis. 197, 1079–1081. doi: 10.1086/533452

Sahner, J. H., Brengel, C., Storz, M. P., Groh, M., Plaza, A., Müller, R., et al. (2013). Combining in silico and biophysical methods for the development of Pseudomonas aeruginosa quorum sensing inhibitors: an alternative approach for structure-based drug design. J. Med. Chem. 56, 8656–8664. doi: 10.1021/jm401102e

Sahner, J. H., Empting, M., Kamal, A., Weidel, E., Groh, M., Börger, C., et al. (2015). Exploring the chemical space of ureidothiophene-2-carboxylic acids as inhibitors of the quorum sensing enzyme PqsD from Pseudomonas aeruginosa. Eur. J. Med. Chem. 96, 14–21. doi: 10.1016/j.ejmech.2015.04.007

Saxena, V. K., and De Deyn, P. P. (1992). Ergotamine: its use in the treatment of migraine and its complications. Acta Neurol. 14, 140–146.

Singer, H. S. (2010). Treatment of tics and tourette syndrome. Curr. Treat. Options Neurol. 12, 539–561. doi: 10.1007/s11940-010-0095-4

Skovstrup, S., Le Quement, S. T., Hansen, T., Jakobsen, T. H., Harmsen, M., Tolker-Nielsen, T., et al. (2013). Identification of LasR ligands through a virtual screening approach. ChemMedChem 8, 157–163. doi: 10.1002/cmdc.201200434

Soheili, V., Bazzaz, B. S., Abdollahpour, N., and Hadizadeh, F. (2015). Investigation of Pseudomonas aeruginosa quorum-sensing signaling system for identifying multiple inhibitors using molecular docking and structural analysis methodology. Microb. Pathog. 89, 73–78. doi: 10.1016/j.micpath.2015.08.017

Soukarieh, F., Vico Oton, E., Dubern, J. F., Gomes, J., Halliday, N., de Pilar Crespo, M., et al. (2018a). In silico and in vitro-guided identification of inhibitors of alkylquinolone-dependent quorum sensing in Pseudomonas aeruginosa. Molecules 23:E257. doi: 10.3390/molecules23020257

Soukarieh, F., Williams, P., Stocks, M. J., and Cámara, M. (2018b). Pseudomonas aeruginosa quorum sensing systems as drug discovery targets: current position and future perspectives. J. Med. Chem. 61, 10385–10402. doi: 10.1021/acs.jmedchem.8b00540

Starkey, M., Lepine, F., Maura, D., Bandyopadhaya, A., Lesic, B., He, J., et al. (2014). Identification of anti-virulence compounds that disrupt quorum-sensing regulated acute and persistent pathogenicity. PLoS Pathog. 10:e1004321. doi: 10.1371/journal.ppat.1004321

Storz, M. P., Maurer, C. K., Zimmer, C., Wagner, N., Brengel, C., de Jong, J. C., et al. (2012). Validation of PqsD as an anti-biofilm target in Pseudomonas aeruginosa by development of small-molecule inhibitors. J. Am. Chem. Soc. 134, 16143–16146. doi: 10.1021/ja3072397

Tan, S. Y., Chua, S. L., Chen, Y., Rice, S. A., Kjelleberg, S., Nielsen, T. R., et al. (2013). Identification of five structurally unrelated quorum-sensing inhibitors of Pseudomonas aeruginosa from a natural-derivative database. Antimicrob. Agents Chemother. 57, 5629–5641. doi: 10.1128/AAC.00955-13

Thomann, A., de Mello Martins, A. G., Brengel, C., Empting, M., and Hartmann, R. W. (2016). Application of dual inhibition concept within looped autoregulatory systems toward antivirulence agents against Pseudomonas aeruginosa infections. ACS Chem. Biol. 11, 1279–1286. doi: 10.1021/acschembio.6b00117

Trott, O., and Olson, A. J. (2010). AutoDock Vina: improving the speed and accuracy of docking with a new scoring function, efficient optimization, and multithreading. J. Comp. Chem. 31, 455–461. doi: 10.1002/jcc.21334

Tueth, M., and Cheong, J. (1993). Clinical uses of pimozide. South. Med. J. 86, 344–349. doi: 10.1097/00007611-199303000-00019

Vale, P. F., McNally, L., Doeschl-Wilson, A., King, K. C., Popat, R., Domingo-Sananes, M. R., et al. (2016). Beyond killing: can we find new ways to manage infection? Evol. Med. Public Health 2016, 148–157. doi: 10.1093/emph/eow012

Ventola, C. L. (2015). The antibiotic resistance crisis: part 1: causes and threats. P T 40, 277–283.

Weidel, E., de Jong, J. C., Brengel, C., Storz, M. P., Braunshausen, A., Negri, M., et al. (2013). Structure optimization of 2-benzamidobenzoic acids as PqsD inhibitors for Pseudomonas aeruginosa infections and elucidation of binding mode by SPR, STD NMR, and molecular docking. J. Med. Chem. 56, 6146–6155. doi: 10.1021/jm4006302

Wermuth, C. G. (2006). Selective optimization of side activities: the SOSA approach. Drug Discov. Today 11, 160–164. doi: 10.1016/s1359-6446(05)03686-x

Xiao, G., He, J., and Rahme, L. G. (2006). Mutation analysis of the Pseudomonas aeruginosa mvfR and pqsABCDE gene promoters demonstrates complex quorum-sensing circuitry. Microbiology 152, 1679–1686. doi: 10.1099/mic.0.28605-0

Xu, Y., Tong, X., Sun, P., Bi, L., and Lin, K. (2017). Virtual screening and biological evaluation of biofilm inhibitors on dual targets in quorum sensing system. Future Med. Chem. 9, 1983–1994. doi: 10.4155/fmc-2017-0127

Yan, M., Li, H. D., Chen, B. M., Liu, X. L., Xu, P., and Zhu, Y. G. (2010). Quantitative determination of pimozide in human plasma by liquid chromatography-mass spectrometry and its application in a bioequivalence study. J. Pharm. Biomed. Anal. 51, 1161–1164. doi: 10.1016/j.jpba.2009.11.015

Yang, L., Rybtke, M. T., Jakobsen, T. H., Hentzer, M., Bjarnsholt, T., Givskov, M., et al. (2009). Computer-aided identification of recognized drugs as Pseudomonas aeruginosa quorum-sensing inhibitors. Antimicrob. Agents Chemother. 53, 2432–2443. doi: 10.1128/AAC.01283-08

Zender, M., Klein, T., Henn, C., Kirsch, B., Maurer, C. K., Kail, D., et al. (2013). Discovery and biophysical characterization of 2-amino-oxadiazoles as novel antagonists of PqsR, an important regulator of Pseudomonas aeruginosa virulence. J. Med. Chem. 56, 6761–6774. doi: 10.1021/jm400830r

Zhu, J., Beaber, J. W., Moré, M. I., Fuqua, C., Eberhard, A., and Winans, S. C. (1998). Analogs of the autoinducer 3-oxooctanoyl-homoserine lactone strongly inhibit activity of the TraR protein of Agrobacterium tumefaciens. J. Bacteriol. 180, 5398–5405.

Zhu, P., Peng, H., Ni, N., Wang, B., and Li, M. (2012). Novel AI-2 quorum sensing inhibitors in Vibrio harveyi identified through structure-based virtual screening. Bioorg. Med. Chem. Lett. 22, 6413–6417. doi: 10.1016/j.bmcl.2012.08.062


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.


Copyright © 2018 Mellini, Di Muzio, D’Angelo, Baldelli, Ferrillo, Visca, Leoni, Polticelli and Rampioni. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	ORIGINAL RESEARCH
published: 12 February 2020
doi: 10.3389/fmicb.2020.00166





[image: image]

Genomic Stability of Composite SCCmec ACME and COMER-Like Genetic Elements in Staphylococcus epidermidis Correlates With Rate of Excision

Nada Almebairik1, Roxana Zamudio1†, Corinne Ironside2, Chaitanya Joshi2, Joseph D. Ralph1, Adam P. Roberts3, Ian M. Gould2, Julie A. Morrissey1, Karolin Hijazi2 and Marco R. Oggioni1*

1Department of Genetics and Genome Biology, University of Leicester, Leicester, United Kingdom

2School of Medicine, Medical Sciences and Nutrition, University of Aberdeen, Aberdeen, United Kingdom

3Department of Tropical Disease Biology, Liverpool School of Tropical Medicine, Liverpool, United Kingdom

Edited by:
Paolo Visca, Roma Tre University, Italy

Reviewed by:
Marat R. Sadykov, University of Nebraska Medical Center, United States
Timothy J. Foster, Trinity College Dublin, Ireland

*Correspondence: Marco R. Oggioni, mro5@leciester.ac.uk

†Present address: Roxana Zamudio, The Quadram Institute Bioscience, Norwich, United Kingdom

Specialty section: This article was submitted to Antimicrobials, Resistance and Chemotherapy, a section of the journal Frontiers in Microbiology

Received: 13 December 2019
Accepted: 23 January 2020
Published: 12 February 2020

Citation: Almebairik N, Zamudio R, Ironside C, Joshi C, Ralph JD, Roberts AP, Gould IM, Morrissey JA, Hijazi K and Oggioni MR (2020) Genomic Stability of Composite SCCmec ACME and COMER-Like Genetic Elements in Staphylococcus epidermidis Correlates With Rate of Excision. Front. Microbiol. 11:166. doi: 10.3389/fmicb.2020.00166

The epidemiological success of methicillin-resistant Staphylococcus aureus USA300 has been associated with the presence of two mobile elements, the arginine catabolic mobile element (ACME) and the copper and mercury resistance (COMER) element. These two mobile elements are associated with resistance to copper, which has been related to host fitness and survival within macrophages. Several studies found that ACME is more prevalent, and exhibits greater diversity, in Staphylococcus epidermidis while COMER has not been identified in S. epidermidis or any other staphylococcal species. We aimed in this study to evaluate the presence and diversity of ACME and COMER-like elements in our S. epidermidis clinical isolates. The genomes of 58 S. epidermidis clinical isolates, collected between 2009 and 2018 in a Scottish hospital, were sequenced. A core-genome phylogenetic tree and genome based MLST typing showed that more than half of the isolates belong to the clinically predominant sequence type2 (ST2) and these isolates have been found to split into two lineages within the phylogenetic tree. Analysis showed the presence of SCCmec in the majority of isolates. Comparative analysis identified a cluster of ACME-positive isolates with most of them belonging to ST48. ACME showed high variation even between isolates of the same ACME type and ST. COMER-like elements have been identified in one of the two major hospital adapted drug resistant ST2 lineages; and showed high stability. This difference in stability at the genomic level correlates well with the up to one hundred times higher excision frequency found for the SCCmec elements in ACME-containing isolates compared to COMER-like element containing isolates. ACME/COMER-like element positive isolates did not show a significant phenotype of decreased copper susceptibility, while resistance to mercury was over-represented in COMER-like element positive isolates. To the best of our knowledge, this is the first molecular characterization of COMER-like elements in S. epidermidis isolates. The presence of the COMER-like elements is the most prominent accessory genome feature of these successful lineages suggesting that this chromosomal island contributes to the success and wide clinical distribution of ST2 S. epidermidis.
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INTRODUCTION

Staphylococcus epidermidis and other coagulase negative staphylococci are a leading cause of nosocomial bloodstream and skin and soft tissue infections world-wide (Otto, 2009). Phylogenetic analyses have identified within the species S. epidermidis three major phylogenetic groups of hospital adapted isolates, two of ST2 and one of ST23 (Lee et al., 2018; Méric et al., 2018; Espadinha et al., 2019). The evolutionary pressure of the main nosocomial lineages is thought to be related to the hospital environment, but other evidence suggests that initial core genome changes in sequence type 2 (ST2) isolates result in increased acquisition of resistance traits (Lee et al., 2018). The important role of horizontal gene transfer in the evolution of S. epidermidis (Méric et al., 2018) and the well-established role of Staphylococcus aureus chromosomal cassette elements in bacterial fitness (Purves et al., 2018; Zapotoczna et al., 2018; Rosario-Cruz et al., 2019), suggest that the stepwise evolution of the cassette chromosomal elements and mecA gene is critical to spread of staphylococcal resistance, thus leading to the MRSA and MRSE epidemic (Rolo et al., 2017). The fine balance between acquisition and maintenance of accessory chromosomal elements shapes the evolutionary fitness of S. epidermidis (Zamudio et al., 2019).

The arginine catabolic mobile element (ACME) is a genomic island that first described in Staphylococcus aureus (MRSA) clone USA300 North American epidemic (USA300-NAE) and in S. epidermidis ATCC12228 (Diep et al., 2006; Planet et al., 2015). ACME is thought to increase the fitness of staphylococcus species by enhancing their ability to colonize skin and mucous membranes (Diep et al., 2008). ACME shows similar characteristics to the staphylococcal cassette chromosome mec (SCCmec) element in that it integrates into the staphylococcal chromosome at the attachment site attB, which is flanked by direct repeat sequences and is mobilized by the SCCmec encoded ccrAB genes. Moreover, ACME is known to commonly form a composite island with the SCCmec or SCC-associated genes (Diep et al., 2006; Planet et al., 2013; Lindgren et al., 2014; O’Connor et al., 2018a). To date, five distinct ACME types have been described in S. epidermidis; type I harbors the arc and opp3 operons, type II harbors the arc operon only, type III harbors the opp3 operon only, type IV harbors the arc and the kdp operons, and type V harbors all three arc, opp3, and kdp operons. The three characteristic gene clusters; arc, opp3, and kdp encode an arginine deaminase pathway, an oligopeptide permease ABC transporter and potassium ABC transporter respectively. Type IV and V ACME have been identified in oral S. epidermidis only (Diep et al., 2006; O’Connor et al., 2018a, b).

The copper and mercury resistance (COMER) mobile element was described for the first time in S. aureus (MRSA) strain USA300 South American epidemic (USA300-SAE) (Planet et al., 2015). This mobile element located in the USA300-SAE chromosome appears to replace ACME in USA300-NAE adjacent to the SCCmec type IV and it is thought to play a role in COMER which increases fitness as a result of increased survival to copper-mediated killing in macrophages (Planet et al., 2015; Purves et al., 2018; Zapotoczna et al., 2018). The COMER mobile element is associated with an abortive phage infection system and two main gene clusters, the mer operon composed of the merR/A/B genes and the cop operon composed of the copB/L/mco genes (Planet et al., 2015; Purves et al., 2018). To date, the COMER mobile element has not been detected in S. epidermidis strains.

This study investigated the prevalence and evolution of ACME and COMER mobile elements in 58 S. epidermidis clinical isolates retrieved from blood samples. ACME and COMER were detected and characterized using whole genome sequencing (WGS) analysis. This analysis revealed the presence of several variations of ACME as well as detection of previously undescribed COMER-like element in 11 S. epidermidis isolates. The excision and circularization of the ACME and COMER-like elements was investigated.



MATERIALS AND METHODS


Bacterial Isolates

A collection of 58 S. epidermidis clinical isolates collected between 2009 and 2018 from blood cultures of patients admitted to the ICU of Aberdeen Royal Infirmary (Aberdeen, United Kingdom) were investigated in this study (Table 1). Twenty-five of these isolates were analyzed previously for their biocide resistance gene content (Hijazi et al., 2016). The S. epidermidis strains were stored at −80°C in tryptic soy broth (TSB, BD, France) with 50% glycerol (Thermo Fisher Scientific, United Kingdom). The strains were streaked on tryptic soy agar (TSA) plates (prepared by adding 1.5% agarose to TSB) and incubated at 37°C for 16–24 h. Single colonies were then sub-cultured in TSB and incubated overnight at 37°C/200 rpm in a shaking incubator (Innova 4000, New Brunswick Scientific, United Kingdom).


TABLE 1. S. epidermidis isolates.
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Whole Genome Sequencing

Genomic DNA extraction was performed using NucleoSpin Tissue Kit (Macherey-Nagel, Germany) following the manufacturer’s instructions. Genomic DNA was eluted in 30 μl pure water, and the concentration and purity measured by the NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific, United Kingdom). Genomic DNA was sequenced on a HiSeq 4000 sequencer (Illumina, The Wellcome Trust Centre for Human Genetics at the University of Oxford) with 150 bp paired-end reads. Genome sequences were trimmed using Trimmomatic (Bolger et al., 2014), then assembled using SPAdes software version v3.9.0 (Nurk et al., 2013) and quality-assessed with QUAST (Gurevich et al., 2013). The draft genomes in contig level for all 58 isolates were submitted to the GenBank under the project number PRJNA574294, the GenBank accession number for the isolates is shown in Table 1.



Multilocus Sequence Typing (MLST) and Core-Genome Phylogeny Tree

The sequence type (ST) of each isolate was specified by submitting the whole genome sequence (WGS) to the S. epidermidis MLST 2.0 online database (Larsen et al., 2012). The core-genome alignment was generated using Roary software version 3.11.2 (Page et al., 2015). Then a maximum likelihood tree for 58 Aberdeen isolates and the BPH0662 reference genome was build using RAxML software version 8.2.X (Stamatakis, 2014). Rstudio v 1.1.4531 and the R package ggtree v 1.13.5 (Yu et al., 2017) was used for visualization and annotation of the phylogeny tree.

Maximum likelihood tree for the 58 Aberdeen isolates and 225 isolates from Lee’s collection (NCBI BioProject numbers: PRJEB12090, PRJNA470534, and PRJNA470752) (Lee et al., 2018) and the BPH0662 reference genome (10.1099/mgen.0.000077) was generated through the iqtree tool (doi: 10.1093/molbev/msu300) by using the Hasegawa–Kishino–Yano model and gamma distribution (Yang, 1994) (10.1007/bf00160154).



Identification of SCCmec, ACME, and COMER-Like Elements

For each isolate, the presence and the type of the SCCmec mobile element was determined by submitting the genome sequence to the SCCmecFinder 1.2 online database (Kaya et al., 2018). Contigs were aligned to the ACME and COMER elements previously characterized in S. aureus USA300 strain FPR3757 (GenBank accession number CP000255) and strain CA12 (GenBank accession number CP007672) respectively using the BLAST software (AltschuP et al., 1990) in order to detect the presence of ACME and COMER elements in the study isolates. In some isolates the ACME and COMER element-associated genes were identified on three and five separate contigs – in this case ACME-I and COMER elements were assembled by PCR. These contigs were organized, reoriented and assembled using BLAST software, Reverse complement tool2 and ISfinder online database (Siguier, 2006). For further investigations, contigs were annotated using the RAST server (Aziz et al., 2008), Artemis sequence viewer (Berriman, 2003) and SnapGene viewer (GSL Biotech)3. This is followed by multiple alignment of the ACME and COMER mobile elements using Mauve software to detect the variation in these elements among the isolates (Darling, 2004).



Metal Susceptibility

The susceptibility of these isolates to several metals including copper sulfate (CuSO4), nickel sulfate (Niso4), iron chloride (FeCl3), manganese sulfate (MnSO4), zinc sulfate (ZnSO4), cobalt bromide (CoBr2), cadmium chloride (CdCL2), mercuric chloride (HgCl2), and sodium arsenate (AsNA2) (all Sigma) was determined using disc diffusion testing. Several colonies from overnight TSA cultures were collected with a sterile loop and re-suspended into Mueller Hinton broth (Oxoid, United Kingdom) to OD600 = 0.5. A Mueller Hinton agar (MHA) plate was seeded with the culture using a sterile swab in three different directions to obtain uniform growth. Ten microliter of 1M solutions of each metal were loaded into a sterile filter discs, obtained from filter papers (Munktell, United Kingdom), and allowed to dry for 15 min. Filter discs were then firmly applied to the surface of the MHA plate and incubated overnight at 37°C. The metal susceptibility was determined using the epidemiological cut-off values (ECOFF) (Morrissey et al., 2014) followed by Fisher’s Exact test to find the susceptibility association among the isolates4. A linear regression model was applied to predict the disk diffusion values based on the presence or absence of the composite element by using the lm function from stats’s R package.



Site-Specific Excision of SCCmec, ACME, and COMER-Like Elements

A qPCR-based method was used to quantify the rate of excision and circularization of the composite SCCmec and ACME/COMER-like elements. Specific primers were designed using SnapGene viewer software (Table 2) and used to amplify the element attachment sites, the circularized SCCmec and SCCmec plus the ACME/COMER-like element and the excision products (chromosome junction after the element excision). Excision of the SCCmec and ACME/COMER-like element was induced in selected isolates using 0.5 μg/ml Mitomycin C (Sigma-Aldrich). qPCR reactions were performed using the TaqMan Fast Advanced Master Mix (Thermo Fisher Scientific) with the following run protocol: initial denaturation step at 95°C for 20 s then 45 cycles of 95°C for 3 s and 60°C for 30 s. The reactions were carried out in MiroAmp Fast 96-Well Reaction Plate (Applied biosystems) using a 7500 real-time PCR machine (Applied Biosystems). The rate of excision was measured using qPCR by comparing the excised circularized element and the reconstituted chromosomal attachment site to the integrated element using this formula: 2–ΔCT (Livak and Schmittgen, 2001).


TABLE 2. Primers and probes used in the study.
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RESULTS

The evolution of S. epidermidis isolates recovered from bloodstream infections between 2009 and 2018 at Aberdeen Royal Infirmary was studied by core-genome phylogenetic analysis (Figure 1). Genome-based MLST revealed that more than 50% of the isolates (31 of 58) belong to the major hospital acquired multidrug resistant ST2 lineage which in turn was found to separate into two sub-lineages as previously described (Lee et al., 2018). The other 16 STs were distributed among different lineages in the phylogenetic tree. Four ST5 isolates, four ST48 isolates and three ST210 isolates. Of the 58 S. epidermidis isolates, 86% (50/58) were methicillin resistant S. epidermidis (MRSE) as they harbored the mecA gene. The vast majority of these MRSE contained SCCmec types III and IV (Table 1). The other eight isolates (14%) considered methicillin sensitive S. epidermidis (MSSE) lacked the mecA gene. All the isolates harbored the penicillin resistance blaZ gene except isolate STAPH74.
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FIGURE 1. Maximum likelihood phylogenetic tree constructed using core genome alignment from the 58 S. epidermidis clinical isolates. The phylogenetic tree is annotated with the isolate’s sequence type ST. Colored boxes to the right of each strain name illustrated the distribution of the SCCmec (blue), cop operon (yellow), ACME (red), and COMER-like element (green) characteristic genes among the S. epidermidis isolates. S. epidermidis BPH0662 used as reference strain in this phylogenetic tree.


Eleven of the 31 isolates belonging to the clinically predominant ST2 (35%) were found to be positive for a COMER-like element (Figure 1). These eleven isolates were clustered in one of the two ST2 sub-lineages, also containing the reference isolate BPH0662 (10.1099/mgen.0.000077) (Lee et al., 2018). We have named this element COMER-like element as it harbored the mer and cop operons as well as abi gene that exhibited very high nucleotide sequence identity with the mer/cop operons (99.98% identity over 11,028 bp) and abi gene cluster (100% identity over 1,197 bp) located on the COMER element of MRSA USA300 strain CA12 (GenBank accession number CP007672) (Figure 2). However, additional genes not present in COMER USA300, including ars operon and a type I restriction modification system, were identified in the S. epidermidis COMER-like elements. The COMER-like element was found to be a composite island of 99.2 kb in size. The structural organization of this composite island was identical in all eleven isolates with the COMER-like element located immediately downstream of SCCmec-III and encoding the mecA gene and the cad/mer operons with > 99.8% nucleotide sequence identity with the corresponding genes in SCCmec-III of strain 85/2082 (GenBank accession number AB037671). Additionally, this composite island contained a module harboring the speG and ccrAB4 genes and the gene of a putative further metal transporter (locus_tag = ″F9B38_12675) (Figure 2). In contrast to our composite S. epidermidis element, the COMER element in USA300 is located downstream of SCCmec-IV (Figure 2). This is the first description of a COMER-like element in S. epidermidis strains.
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FIGURE 2. Schematic map of the COMER-like elements in S. epidermidis. The COMER element previously described in MRSA USA300 strain CA12 (GenBank accession number CP007672) (A) and the SCCmec-III element previously described in strain 85/2082 (GenBank accession number AB037671) (C) are included for comparison. Characteristic genes of the COMER-like element are colored including the mer operon, the abi genes, and the restriction modification system (green), the cop operon (yellow-brown) and ars operon (purple). The SCCmec element genes colored include the mecA, ccrAB3 genes (blue), and the cad operon (light green). An additional module harboring a metal transporter, ccrAB4 (bright green) and speG genes (light purple) is found upstream SCCmec-III in our S. epidermidis strains (B). Homologous regions between the different elements are shown by shading. The direct repeats (DR) are indicated.


The arginine catabolic mobile element (ACME) was detected in 9/50 (18%) of the MRSE isolates and 4/8 of the MSSE isolates (Figure 1). These ACMEs encoded the arc and/or opp3 and/or kdp operons as previously described for ACME in S. epidermidis (Miragaia et al., 2009; Barbier et al., 2011; Onishi et al., 2013; Soroush et al., 2016; McManus et al., 2017; O’Connor et al., 2018a). The ACME-I element was the predominant ACME type and all ACME-I containing isolates, except isolate STAPH12 (ST528), found to cluster in one lineage in the phylogenetic tree containing ST48, ST54 and ST35. The ACME-I element in these isolates was assembled and found to harbor the arc, opp3 operons, and the speG gene, all flanked by 15 bp direct repeats (DR_B and DR_C). Additionally, one or more modules were found to colocalize with the ACME-I forming a composite island (Figure 3). Comparative analysis tools showed high variability of ACME-I composite island. In 3 out 7 isolates [ST48 (n = 2) and ST54 (n = 1)], the ACME-I was located downstream of the SCCmec-IV, separated by a module composed of ars and cop genes. This module and the SCCmec-IV were flanked by DR_A and B respectively at the 5′end in orfX (Figure 3A). In 2 out of 7 ST48 isolates the ACME-I element colocalized with SCCmec-IV but lacked the ars/cop gene modules (Figure 3B). In one ST35 isolate an additional module harboring the ccrAB4 genes flanked by DR_A and DR_Q was inserted between the ars/cop gene modules and the SCCmec-IV (Figure 3C). The ACME composite island in one ST54 isolate lacked the mecA gene and included only two modules located upstream the ars/cop genes module and the ACME-I. These two modules were flanked by DR_A, _A, and _B respectively at the 5′end in orfX (Figure 3D).
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FIGURE 3. Schematic map of the ACME-I in S. epidermidis. comparative organization of ACME-I composite island in the seven ST48, ST54, ST35 S. epidermidis isolates. The size of each ACME composite island is indicated after the strain names. Four distinct ACME-I composite island were defined according to the additional modules in these elements (A–D). Each gene or group of genes of interest is shaded in color; arc and opp3 operons (red), speG (light purple), copB (brown), mco (light yellow), copL (ornage), ars operon (dark purple), mecA, mecR1, IS431, IS1272, and ccrAB2 (dark blue). The direct repeat (DR) sequences DRA, DR-B, DR-C, and the new DR are indicated.


To validate the distribution of the composite SCC elements on a larger dataset and at global level, we generated a core genome phylogenetic tree that included a collection of 225 worldwide S. epidermidis genomes (Lee et al., 2018; Figure 4). The phylogenetic tree was build using the alignment of 1,898 core genes which represent 61.1% (1,706,669 bp) of the reference genome BHP662. This phylogenetic tree combining both datasets showed large clustering of ST2 isolates and their sub-lineages as found in the Scottish collection. Mapping of the key genes of our composite SCC elements, showed again exceptional stability of the COMER-like element. In the larger dataset this element mapped in all 82 isolates belonging ST2 BPH0662 sub-lineage and also partially (38/82) to a second ST2 sub-lineage of ST2 isolates (Figure 4). The mapping in addition confirmed a high variability of ACME elements and their presence in multiple ST and sub-lineages. Copper resistance genes were present in most isolates, even in absence of the COMER-like and ACME elements (Figure 4). As expected nearly all isolates carried SCCmec elements.


[image: image]

FIGURE 4. Core genome phylogenetic tree of a world-wide collection of S. epidermidis genomes. Maximum likelihood tree of the 58 Scottish isolates (Table 1) (isolates in blue) and the dataset from a world-wide collection of 225 isolates (isolates in gray) (NCBI BioProject numbers: PRJEB12090, PRJNA470534, and PRJNA470752) (Lee et al., 2018). As in Figure 1, the tree is annotated with the isolate’s sequence type (ST) and displays the colored boxes of the heatmap illustrating the distribution of the characteristic genes of the SCCmec (blue), cop operon (brown/yellow), ACME (red) and COMER-like element (green) among the S. epidermidis isolates. Isolate BPH0662 (isolate in black) is used as reference strain in this phylogenetic tree.


A phenotypic analysis of metal susceptibility of these isolates was performed by disc diffusion susceptibility testing on our Scottish isolates (Figure 5). As no breakpoints for metal resistance exist, we determined the ECOFF (Morrissey et al., 2014). The ECOFF breakpoints, based on the normal distribution of the susceptibility, was defined using the Shapiro–Wilk test. All susceptibility data, except for copper, were not normally distributed. Still we did not define an ECOFF for iron and arsenic as the reduced inhibition zone appears to indicate intrinsic resistance of the all isolates. Isolates belonging to the ST2- BPH0662 lineage carrying the COMER-like element were found to be significantly associated with reduced susceptibility to mercury and cadmium (p < 0.05) using Fisher’s Exact test (Figures 5B,C). The phenotypes match to the presence of the cadmium and mercury transporter in these strains. The linear regression model was applied to predict the disk diffusion value of the cadmium and mercury based on the presence or absence of the COMER-like element in ST2 isolates, the coefficient of correlation for mercury was R2 = 0.57 and for cadmium was R2 = 0.75. No association was found for ACME-carrying isolates.


[image: image]

FIGURE 5. Susceptibility profiles of S. epidermidis to different metals. Disc diffusion inhibition zones were defined for the 58 S. epidermidis isolates by exposing bacteria to discs containing 10 μl of 1M metal stocks (0.2 M for mercury and arsenic) [(A) copper, (B) cadmium, (C) mercury, (D) manganese, (E) zinc, (F) nickel, (G) cobalt, (H) iron, and (I) arsenic]. Metals tested included copper sulfate (CuSO4), nickel sulfate (Niso4), iron chloride (FeCl3), manganese sulfate (MnSO4), zinc sulfate (ZnSO4), cobalt bromide (CoBr2), cadmium chloride (CdCL2), mercuric chloride (HgCl2), and sodium arsenate (AsNA2). In the bar charts ACME containing isolates are shown in red, COMER-like element containing isolates in green and all other isolates in gray. ECOFFs are shown in arrows. Statistical analysis of the association of isolates carrying COMER-like elements with cadmium and mercury susceptibility is shown (Fisher’s exact test).


The rate of excision of the composite SCCmec ACME and COMER-like elements was measured by quantitative real time PCR amplification of the reconstituted chromosomal attachment/target site and the circularized elements. Results were compared to the quantification of the integrated elements (considered equivalent to the total quantification of chromosomes). Results for the ACME-I isolates STAPH16, STAPH3, and STAPH79 showed that the SCCmec-IV element alone did excise at a frequency ranging from 5.3 × 10–5 (isolate 16) to 2.7 × 10–6 (isolate 79) (Figure 6A). The excision of the whole composite SCCmec-IV/ACME-I element was significantly lower (1.7 × 10–6 – 1.2 × 10–7) (p < 0.05) using t-test (Figure 6A). The ratio of excision did not significantly change (p > 0.05) in the presence of mitomycin C for any of the isolates, as shown for isolate STAPH79 (Figure 6B). Results for the COMER-like element in isolate STAPH60 showed that the SCCmec-III excised alone at a frequency equal to 2.3 × 10–8 and as with ACME the ratio of excision did not change with mitomycin C induction (Figure 6C). The whole composite SCCmec-III/COMER-like element excision was under the detection limit of our assay. The excision of the SCCmec-III is significantly lower than the SCCmec-IV excision by 100 times (p < 0.05) using t-test.
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FIGURE 6. Excision rates of composite SCCmec elements. The rate of excision was measured using real-time qPCR by comparing the excised circularized element and the reconstituted chromosomal attachment site to the integrated element using this formula: 2–Δ CT. The columns represent the rate of excised element, SCCmec alone (gray) and the composite SCCmec/ACME (white), in isolates STAPH79, STAPH3, and STAPH16. Error bars represent the mean SD of the excised element with and without mitomycin C, asterisk (*) indicates p-value smaller than 0.05 (p < 0.05). (A) Induction with mitomycin C did not affect the excision ratio of the SCCmec (gray) nor the composite SCCmec/ACME (white) in isolate STAPH79 comparing to the control (Ctrl) (B). In STAPH60, like in STAPH79, the mitomycin C induction had no effect on excision frequency with respect to control (Ctrl) (C). The schematic representation of the excision of SCCmec and ACME/COMER-like elements is shown in (D–H) including the chromosome containing the integrated SCCmec (blue) with the ACME/COMER elements (green) (D), the circular form of the SCCmec (E) and circular form SCCmec with ACME/COMER-like element (F), the chromosome with the ACME/COMER element after excision of SCCmec only (G) and the reconstituted chromosome after excision of the whole composite element (H). The att sites are shown in red and the primers used for qPCR are shown as blue arrows and TaqMan probes as purple arrows. The maps are not drawn to scale.




DISCUSSION

In recent decades, S. epidermidis has emerged as a nosocomial pathogen. Genomics showed that the two S. epidermidis hospital-adapted lineages within ST2 are nearly pan-drug resistance (Lee et al., 2018). The evolution of S. epidermidis from commensal to disease-causing bacteria is poorly investigated, although several studies suggested that S. epidermidis acts as a reservoir of resistance genes for S. aureus (Otto, 2009). Comparative genomic analysis of S. epidermidis clinical isolates in this study revealed a high prevalence of methicillin resistance and the MLST showed that more than half the isolates belonged to clinically predominant ST2 confirming the dissemination of this multidrug resistance lineage in our study isolates. The increased capacity of ST2 to acquire drug resistance phenotypes has been attributed to a single polymorphism in the core genome RNA polymerase gene rpoB (Lee et al., 2018). While this original SNP may well be at the origin of the success of ST2, the dominant presence of a large composite COMER-like element in the ST-2 BPH662 lineage is likely very significant to the success of the lineage. The COMER-like element was exceptionally stable when compared to other SCC composite structures, for example ACME (Miragaia et al., 2009; O’Connor et al., 2018b). In S. aureus USA300 the copper resistance phenotype conferred by the COMER element was found to be associated with increased macrophage resistance and fitness (Purves et al., 2018; Zapotoczna et al., 2018). In this study we observed only a mercury and cadmium resistance phenotype only in isolates bearing the COMER-like element, but this may be related to the wide distribution of the copper gene cluster among most S. epidermidis isolates. The role of the additional genes within the COMER-like element, and absent in USA300, in the success of the BPH662 lineage, cannot be inferred at this stage.

This investigation analysing the diversity of composite SCC elements identified, in addition to the well-known ACME elements characterized in S. epidermidis, a highly conserved COMER-like element in one of the main ST2 clusters, the BPH0662-lineage (Zamudio et al., 2019). Different types of ACME identified in this study, including ACME type IV and V, harbored the kdp operon linked previously to oronasal S. epidermidis isolates only (O’Connor et al., 2018b). The findings from oronasal S. epidermidis isolates harboring ACME suggested that each ACME type emerged from the respective identical or closely related ST rather than the site from which the isolates harboring ACME were recovered (O’Connor et al., 2018b). For example, isolates harboring ACME type II and V investigated in this study belonged to ST73 and ST5 respectively, the same STs harboring ACME types II and V in oronasal S. epidermidis. Isolates harboring ACME type I belonged to ST48 as well as ST54 and ST35 (a double locus variant of ST48) and isolates harboring ACME type IV belonged to ST210. However, one isolates with ACME type I and one isolate with ACME type IV belonged to ST528 and a new ST which is closely related to ST470 respectively, suggesting emergence from a different lineage. The variations in the ACME-composite island investigated in this study suggest the rapid evolution of ACME in S. epidermidis. Previous studies of ACME prevalence amongst S. epidermidis populations reported a higher prevalence of ACME in MSSE than MRSE (Miragaia et al., 2009; Barbier et al., 2011; Onishi et al., 2013). Our data are supportive of this finding as ACME was identified in 9/50 (18%) of the MRSE and in 4/8 (50%) of the MSSE.

In addition to confirm excision of the SCCmec elements as previously reported (Stojanov et al., 2015), we report circularization of the ACME element and the S. epidermidis COMER-like element. The excision frequency of the SCCmec-IV in ACME-I containing isolates 16, 3 and 79 ranged from 5.3 × 10–5 to 2.7 × 10–6 while the excision of the composite SCCmec-IV/ACME-I element was approximately 5 times lower. This finding correlates with previous studies on S. aureus in which the rate of excision was estimated to be lower than 10–4 (Ito et al., 1999; Stojanov et al., 2015). Interestingly, the net production of excision products in the presence of mitomycin C did not change for any of the isolates different to what observed previously by others (Liu et al., 2017). The SCCmec-III excision in COMER-like element containing isolate was up to 100 times lower than the SCCmec-IV excision. This shows a strong correlation of excision frequency and genomic variability. We hypothesize that this difference in excision of both the SCCmec and of the composite elements may explain the high genomic stability of the COMER-like elements compared to the high variability of the ACME elements.



CONCLUSION

In conclusion this work identifies a large composite SCCmec COMER-like element in the main clinical ST-BPH662 lineage of S. epidermidis. The exceptional stability of this large element supports the contribution of this element to the success of this important lineage of clinical S. epidermidis isolates.
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Tuberculosis remains one of the leading causes of death from a single pathogen globally. It is estimated that 1/4 of the world’s population harbors latent tuberculosis, but only a 5–10% of patients will develop active disease. During latent infection, Mycobacterium tuberculosis can persist unaffected by drugs for years in a non-replicating state with low metabolic activity. The rate of the successful tuberculosis treatment is curbed by the presence of these non-replicating bacilli that can resuscitate after decades and also by the spread of M. tuberculosis drug-resistant strains. International agencies, including the World Health Organization, urge the international community to combat this global health emergency. The thienopyrimidine TP053 is a promising new antitubercular lead compound highly active against both replicating and non-replicating M. tuberculosis cells, with an in vitro MIC of 0.125 μg/ml. TP053 is a prodrug activated by the reduced form of the mycothiol-dependent reductase Mrx2, encoded by Rv2466c gene. After its activation, TP053 releases nitric oxide and a highly reactive metabolite, explaining its activity also against M. tuberculosis non-replicating cells. In this work, a new mechanism of TP053 resistance was discovered. M. tuberculosis spontaneous mutants resistant to TP053 were isolated harboring the mutation L240V in Rv0579, a protein with unknown function, but without mutation in Rv2466c gene. Recombineering method demonstrated that this mutation is linked to TP053 resistance. To better characterize Rv0579, the protein was recombinantly produced in Escherichia coli and a direct interaction between the Mrx2 activated TP053 and Rv0579 was shown by an innovative target-fishing experiment based on click chemistry. Thanks to achieved results, a possible contribution of Rv0579 in M. tuberculosis RNA metabolism was hypothesized, linked to toxin anti-toxin system. Overall, these data confirm the role of Rv0579 in TP053 resistance and consequently in the metabolism of this prodrug.
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INTRODUCTION

Tuberculosis (TB), an old disease considered tied to the past, started again capturing the attention for different reasons, such as the spread of Mycobacterium tuberculosis drug-resistant strains (Koch et al., 2018). In the world, in 2018 about 500,000 people were infected by M. tuberculosis strains resistant to the most effective first-line drug rifampicin (RR-TB), and 78% of these isolates were multidrug-resistant (MDR-TB). Three countries accounted for almost half of the world’s cases of MDR-TB: India, China and the Russian Federation (World Health Organization [WHO], 2019). In order to fight drug-resistant TB, the treatment options have become limited, thus stressing the need for new therapies.

Another important threat is latent TB (LTB); according to WHO, LTB corresponds to a persistent immune response to stimulation by M. tuberculosis antigens without evidence of active TB (World Health Organization [WHO], 2018). The possible progression of LTB to active disease is a complex condition determined by bacterial, host, and environmental factors (Getahun et al., 2015).

About one-quarter of the world population develops LTB and it is considered as a persistent reservoir of active infection. Active TB will develop in 5–15% of individuals with LTB during their lifetimes. Several comorbidities could be related with increased risk of developing active TB, such as the HIV co-infection (Furin et al., 2019; Huaman and Sterling, 2019). Consequently, an effective treatment for LTB should be mandatory.

Current recommended LTB treatments include one of the following options: once-weekly isoniazid plus rifapentine for 3 months, daily rifampin for 4 months, daily isoniazid plus rifampin for 3–4 months, and daily isoniazid for 6–9 months (Huaman and Sterling, 2019). Treatments based on rifamycins seem to cause less adverse events and, consequently, to improve the therapy completion (Villa et al., 2019).

New and more effective drugs against LTB with fewer adverse events are needed in order to prevent active TB and to shorten treatment duration.

In this context, the thienopyrimidine (TP) TP053 is a new promising prodrug killing both replicating (MIC = 0.125 μg/ml) and non-replicating (MIC = 0.8 μg/ml) M. tuberculosis cells (Albesa-Jové et al., 2014). By microbiological, genetic, biochemical and crystallographic studies, its mechanism of activation was elucidated; TP053 is a prodrug activated by the reduced form of the DsbA-like mycoredoxin Mrx2 (encoded by Rv2466c gene), a mycothiol-dependent reductase with an unusual active-site motif CXXC (Albesa-Jové et al., 2014; Rosado et al., 2017). Mrx2 utilizes a chaperone-like mechanism of conformational changes, mainly in the CXXC active site motif, to recognize TP053 and promoting compound reduction (Albesa-Jové et al., 2015).

Recently, it has been demonstrated that Mrx2 works as a nitroreductase causing a release of nitric oxide (NO) from TP053 (Chiarelli et al., 2020). Thus, conceivably TP053 globally affects M. tuberculosis cell growth by NO release, which could be the cause of its activity against non-replicating bacilli, in a similar way to the NO releasing drug pretomanid, upon Ddn activation (Singh et al., 2008).

The study of the M. tuberculosis metabolic pathways affected by TP053 exposure, through transcriptional analysis, revealed features consistent with NO release, confirming the characteristic mechanism of action of TP053 against non-replicating bacilli (Chiarelli et al., 2020). Furthermore, it was identified a highly reactive metabolite, 2-(4-mercapto-6-(methylamino)-2-phenylpyrimidin-5-yl)ethan-1-ol, produced upon Mrx2 transformation of TP053, which could be co-responsible for the antimycobacterial effects on replicating and non-replicating M. tuberculosis cells (Chiarelli et al., 2020). However, no potential target of this active metabolite has been identified so far.

In this work, we demonstrated that the Rv0579 protein has a role in the mechanism of resistance of TP053, even if its physiological role in M. tuberculosis still remains unclear.



MATERIALS AND METHODS


Bacterial Strains and Growth Conditions

Cloning steps were performed in Escherichia coli XL1-Blue, following standard methods (Sambrook and Russell, 2001) and using the oligonucleotides described in Supplementary Table S1. Protein expression was achieved in E. coli BL21(DE3).

Mycobacterium tuberculosis H37Rv and mutant strains were grown aerobically at 37°C either in Middlebrook 7H9 broth (Difco) or on Middlebrook 7H11 agar (Difco), both supplemented with 10% OADC Middlebrook Enrichment. When necessary, antibiotics were added at the following concentrations: ampicillin 100 μg/ml, hygromycin 200 μg/ml (20 μg/ml for M. tuberculosis), and kanamycin 50 μg/ml (20 μg/ml for M. tuberculosis).

All the experiments with M. tuberculosis were performed in Biosafety level 3 laboratory by authorized and trained researchers.



MIC Determination

MICs for the compounds were determined by means of the micro-broth dilution method. Dilutions of M. tuberculosis wild-type and mutant cultures (about 105–106 CFU/ml) were streaked onto 7H11 solid medium containing a range of drug concentrations. Plates were incubated at 37°C for about 21 days and the growth was visually evaluated. The lowest drug dilution at which visible growth failed to occur was taken as the MIC value. Results were expressed as the average of at least three independent replicates.



Isolation and Characterization of M. tuberculosis Mutants Resistant to TP053

The isolation of M. tuberculosis mutants was performed by plating ∼1010 cells from an exponential growth phase culture of M. tuberculosis H37Rv onto 7H11 medium containing different concentrations of TP053, ranging from 5- to 40-fold the MIC of the wild-type strain. Genomic DNA of M. tuberculosis resistant mutants was isolated and sequenced by using Illumina HiSeq2000 technology at IGA Technology Services S.R.L. (Udine, Italy). For the bioinformatic analysis of Illumina data, repetitive PE and PPE gene families were discarded as well as SNPs and Indels with less than 50% probability. The mutations identified were confirmed by Sanger sequencing (Eurofins Genomics), after PCR amplification using the primers described in Supplementary Table S1. PCR products were purified using the Wizard® SV Gel and PCR Clean-Up system (Promega).



Recombineering Method

Recombineering method utilizing mycobacteriophage-encoded functions was used in order to confirm the role of Rv0579 mutation in TP053 resistance, as previously described (van Kessel and Hatfull, 2008). Briefly, a M. tuberculosis strain that carries the recombineering plasmid pJV62 was induced by acetamide in mid-logarithmic growth and electrocompetent cells were prepared. Electroporation was performed with different concentrations (100 and 500 ng) of Rv0579rec oligonucleotide (Supplementary Table S1), which anneals to the template for discontinuous DNA synthesis (lagging strand), thus increasing recombination frequency. The introduced point mutation was co-selected by plating the transformations onto a 7H11 plate containing TP053 (1.25 and 5 μg/ml corresponding to 10× and 40× MIC, respectively) and kanamycin (20 μg/ml).



Expression and Purification of M. tuberculosis Rv0579

Mycobacterium tuberculosis H37Rv Rv0579 gene from genomic DNA was amplified by standard PCR, using the primers reported in Supplementary Table S1, and PCR fragments were cloned in the pET-SUMO vector (Invitrogen), to give pET-SUMO/Rv0579 recombinant plasmid. Rv0579 enzyme was produced in E. coli BL21(DE3), by overnight induction with 0.5 mM isopropyl-β-thiogalactopyranoside (IPTG) at 25°C. Thereafter, cells were harvested, re-suspended in 150 ml of buffer A (50 mM Tris–HCl pH 7.5, 300 mM NaCl, 0.5 mM dithiothreitol (DTT), 5% glycerol, 2 mM MgCl2) containing 1 mM PMSF, disrupted by sonication and centrifuged for 30 min at 50,000 × g. The supernatant was loaded on HisTrap Crude column (1 ml, GE Healthcare), washed with 50 ml of buffer A containing 50 mM of imidazole, then Rv0579 elution was performed with 250 mM of imidazole in buffer A. The eluted protein was dialyzed using a HiPreP Desalting 26/10 column equilibrated in 50 mM Tris–HCl pH 7.5, 50 mM imidazole, 100 mM NaCl, 0.5 mM DTT, 2 MgCl2, 5% glycerol, incubated at 4°C in the presence of 15 μl SUMO-protease and then re-purified on HisTrap Crude column. The purified protein was checked by SDS-PAGE, concentrated to 5 mg/ml, and stored at −80°C. The protein concentration was determined by absorbance at 280 nm (ε: 21,680 M–1 cm–1).



Target Fishing

To demonstrate a direct interaction between Rv0579 protein and TP053, a TP053-azide-PEG3-biotin conjugate complex was used.

The 11526119 derivative of TP053, prepared as described in Supplementary Material, was firstly characterized to verify that it showed the same features as TP053. For this reason, Mrx2 enzymatic activity using 11526119 as substrate was assayed as previously described (Albesa-Jové et al., 2014), to confirm that this compound is activated like TP053.

Then, 11526119 was used to perform azide-alkyne cycloaddiction reaction with Azide-PEG3-biotin conjugate, to form an adduct which can be immobilized on a streptavidin agarose resin (Supplementary Figure S1). To this purpose, in a final volume of 500 μl, 11526119 (200 μM) was incubated with 2-fold excess of Azide-PEG3-biotin conjugate, in the presence of 250 μM of CuSO4 and 5 mM Na-ascorbate, overnight at room temperature. The reaction was checked by thin layer chromatography, then incubated 1 h with Streptavidine Agarose resin, and washed with phosphate saline buffer (PBS) to remove any unbound material.

The complex was incubated with Rv0579 (0.5 mg/ml) in a final volume of 200 μl, in the presence of Mrx2 (2 mg/ml, prepared according to Albesa-Jové et al., 2014), DTT (1 mM) and Mycobacterium smegmatis methanolic extract (2%) at 37°C for 30 min, then incubated 1 h with Streptavidine Agarose resin. After the incubation, the resin was washed five times with PBS to remove unbound proteins and then analyzed in SDS-PAGE. As negative control, the same incubation was performed with the only streptavidine-agarose resin, or in absence of M. smegmatis methanolic extract, to avoid Mrx2 activation.



Quantitative Real-Time PCR

Quantitative Real-Time PCR was performed on RNA extracted from M. tuberculosis H37Rv and Rv0579 mutant strains, both treated with TP053 (0.06 μg/ml; 0.5× MIC) or untreated using the Direct-zolTM RNA MiniPrep Kit (Zymo Research). The cDNA was obtained from about 1 μg of total RNA by the Quantitec reverse transcription kit (Qiagen). The RT-PCR experiments were performed using the QuantiTect SYBR Green PCR Master Mix kit (Qiagen) and the “Rotor Gene 6000” thermocycler (Corbett Life Science).

The reaction was carried out in a final volume of 15 μl and contained: 7.5 μl of 2× SYBR Green Buffer (supplied by the kit), cDNA, primers (7.5 pmol) and RNase-free water. All reactions were repeated in triplicate and the mean value was considered. The primers used to assess the transcriptional analysis of sigA and Rv0579 genes are present in Supplementary Table S1.



RESULTS


The Mutation in Rv0579 Gene Is Responsible for TP053 Resistance

To identify the TP053 cellular target(s), two M. tuberculosis mutants resistant to TP053 (MIC = 2.5 μg/ml, 20× MIC of wild type strain) have been isolated using a M. tuberculosis culture overexpressing mrx2 gene, coding for the activator (M. tuberculosis/pSODIT-mrx2) (Albesa-Jové et al., 2014). In this way, the selection of mutation(s) in mrx2 could be avoided. After the confirmation of the TP053 resistance, to find the mutation(s) responsible for TP053 resistance, whole genome sequencing (WGS) of the new isolated resistant mutants was performed using Illumina method (Table 1). Interestingly, M. tuberculosis 2466.3 and 2466.4 mutants revealed the same mutation in Rv0579 gene (C718G → L240V), coding for a conserved hypothetical protein (Table 1). The presence of the mutation in the Rv0579 gene was confirmed by Sanger sequencing. No mutation was detected in mrx2 gene on either the chromosome or the plasmid.


TABLE 1. Characteristics of the M. tuberculosis spontaneous TP053 resistant mutants.

[image: Table 1]The specific contribution of the mutation in Rv0579 to TP053 resistance was confirmed by recombineering method (van Kessel and Hatfull, 2008) using different TP053 concentrations (10× and 40× MIC of the wild type strain), thus allowing the generation of the C718G substitution in chromosomal Rv0579 of wild-type H37Rv (Supplementary Table S2). The generated TP053 resistant colonies were screened for the introduction of the Rv0579 C718G substitution by Sanger sequencing and their TP053 resistance profile confirmed by MIC determination. None of the recombineering-generated mutants harboured mutations in mrx2. In every tested mutant, the only presence of Rv0579 mutation (C718G) conferred TP053 resistance (MIC = 2.5 μg/ml, 20× MIC of wild type strain). These results confirmed the role of Rv0579 in the mechanism of resistance to TP053.

Thus, the possibility that the resistance to TP053 might be due to the overexpression of Rv0579 gene was excluded by quantitative PCR of Rv0579 transcripts from both M. tuberculosis wild-type and TP053 resistant (Rec5 mutant obtained by recombineering) strains, in presence/absence of prodrug; in fact, no significant difference in the expression of Rv0579 was observed (Supplementary Table S3).



Rv0579 Protein Is Able to Directly Interact With the Activated TP053

In order to further investigate the role of Rv0579 in the TP053 resistance, the Rv0579 protein was recombinantly produced in E. coli and purified to homogeneity (Supplementary Figure S2). The produced protein was found to be bound to nucleic acids. Subsequent DNase and RNase digestion revealed RNA to be the main contaminant (Supplementary Figure S3). However, an efficient digestion of RNA was achieved only after partial denaturation of the protein, indicating a strong interaction. For this reason, DNase and RNase were added in the lysis buffer (100 μl, 2 mg/ml) for additional purification steps. Despite several attempts using different chromatographical approaches, the nucleic acids were not completely removed in any case (data not shown).

The achieved recombinant protein was then exploited to demonstrate a possible direct interaction between Rv0579 and the activated TP053 through a target-fishing experiment based on click chemistry (Figure 1). For this experiment, a TP053 derivative (11526119; MIC = 0.5 μg/ml) (Supplementary Material) was used, which was shown to retain TP053 ability to be activated by Mrx2 by an in vitro enzymatic assay (Figures 1A,B). Consequently, the Rv0579 protein was incubated with a TP053azide-PEG3-biotin conjugate complex in presence of the activator Mrx2, then bound on Streptavidin Agarose resin. After several washing steps, the resin was analyzed by SDS-PAGE (Figure 1C). As control, the same reaction was performed also in the absence of mycothiols, to avoid Mrx2 activation, or using the only azide-PEG3-biotin.
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FIGURE 1. Target fishing experiments. (A,B) The enzymatic activity assay of Mrx2 using 11526119 as a substrate (A), was compared with the assay using TP053 (B) demonstrating that the compound retaining the same capability to be metabolized by the enzyme. Then, it was suitable for target fishing experiments. (C) SDS-PAGE analysis of the target fishing experiments. The streptavidine-agarose resin was incubated 1 h with the TP53-azide-PEG-biotin, or with azide-PEG-biotin complex, reacted with Rv0579. After the incubation the samples were washed with buffer, and both resin and wash fractions analyzed by SDS-PAGE. r, resin; w, wash; +, incubation with Rv0579 in the presence of mycothiols, to allow Mrx2 activation; –, incubation with Rv0579 without mycothiols as blank control. Rv0579 did not show any reactivity with the streptavidine-agarose resin alone, since the protein was found only in wash fractions (lanes 5 and 6). By contrast, Rv0579 was found bound the resin-TP053 complex, but only after Mrx2 activation (lane 9). This experiment demonstrates a direct interaction between the protein and the activated compound, which confirms a role of Rv0579 in resistance to TP053.


The obtained data demonstrated that the activated prodrug binds not only to Mrx2, as expected, but also to Rv0579 (Figure 1C), indicating a direct interaction between the activated TP053 and Rv0579.

These results confirm the role of Rv0579 in the mechanism of TP053 resistance.



Understanding the Role of Rv0579 in TP053 Resistance

Previous RNA-seq experiments demonstrated that the exposure to TP053 (6 μg/ml; ∼50× MIC) of M. tuberculosis cells caused an over-expression of some toxin-antitoxin (TA) systems (e.g.: HigAB, VapBC16) (Chiarelli et al., 2020).

Interestingly, on M. tuberculosis genome, Rv0579 is located near to Rv0581 (coding for the antitoxin VapB26) and Rv0582 (coding for the toxin VapC26) (Kang et al., 2017). Taking advantage of the availability of our Rv0579 mutant (Rec5 mutant obtained by recombineering), we performed Real-Time PCR using both M. tuberculosis wild type and Rv0579 mutant cultures treated with TP053 (0.06 μg/ml; 0.5× MIC) (Supplementary Table S3) to investigate possible changes in the expression levels of the genes encoding VapBC26 TA system. Untreated cultures were used as control.

Surprisingly, only in M. tuberculosis wild type strain an up-regulation of the gene encoding the VapC26 toxin was found; in the Rv0579 mutant the Rv0582 over-expression was not detected (Supplementary Table S3). These results suggest a possible link between Rv0579 and VapBC26 system.

Since Rv0579 protein possesses the two domains Ub-Mut7C and Mut7-C, usually related to RNase activity (Marchler-Bauer et al., 2017), we hypothesised that the link with VapBC26 could involve this possible activity. Unfortunately, we were not able to determine it, because of the nucleic acid contamination of the purified protein (data not shown). Further experiments to support this hypothesis currently were limited until this issue is solved.



DISCUSSION

TP053 is a very promising compound active against replicating and non-replicating M. tuberculosis cells with a peculiar mechanism of action (Albesa-Jové et al., 2014; Chiarelli et al., 2020). In fact, this prodrug is activated by Mrx2 producing an active metabolite by NO release. Furthermore, TP053 inhibits M. tuberculosis cell growth by influencing several metabolic pathways such as RNA metabolism (Chiarelli et al., 2020).

In this work, a new mechanism of resistance to TP053 was discovered. M. tuberculosis spontaneous mutants resistant to TP053 were isolated harboring a mutation in Rv0579 gene. The contribution of this mutation to TP053 resistance was confirmed by recombineering method. Moreover, target fishing experiment demonstrated that Rv0579 is able to bind TP053, but only upon Mrx2 activation of the compound.

Rv0579 is a non-essential gene (Griffin et al., 2011), encoding a conserved hypothetical protein with unknown function. The sequence of Rv0579 protein shows two important domains, usually linked to RNase activity: Ub-Mut7C and Mut7-C (Marchler-Bauer et al., 2017) (Supplementary Table S4).

Mut7-C is a RNAse domain of the PIN fold with an inserted zinc ribbon located at the C terminus of the protein (Anantharaman et al., 2002); this domain is typical of VapC toxin (toxin-antitoxin system). The mutation found in TP053 resistant M. tuberculosis mutants is located at the end of this domain. Ub-Mut7C domain is occasionally present at the N-terminus of the protein with the Mut7-C domain, suggesting an RNA-binding role (Iyer et al., 2006) (Supplementary Table S4). In our case, this hypothesis is also corroborated by the finding that the recombinant protein tightly binds RNA (Supplementary Figure S3).

Iyer et al. (2006) identified a group of proteins containing the two domains, Ub-Mut7C and Mut7-C, fused; Rv0579 belongs to this group containing several proteins with unknown function belonging to different bacterial species (Supplementary Figure S4 and Supplementary Table S4). Interestingly, the alignment of these proteins shows that the mutation in Rv0579 responsible for TP053 resistance is present at the end of Mut7-C domain and it corresponds to a change of an amino acid conserved in some bacterial species (L240; Streptomyces coelicolor, Nostoc punctiforme, Nocardia farcinica, Thermobifida fusca) (Supplementary Figure S4). In other tested species, this amino acid changes in Met.

It is noteworthy that TP053 releases NO, consequently affecting RNA metabolism and causing inhibition of respiration, oxidative stress, and DNA damage (Chiarelli et al., 2020). This again suggests that Rv0579 has a role in RNA metabolism, one of the pathways mainly affected by NO release (Darwin et al., 2003; Voskuil et al., 2003; Manjunatha et al., 2009).

From the achieved results, and thanks to a deep analysis of the Rv0579 sequence, a role of Rv0579 in RNA metabolism could be hypothesized, linked to toxin anti-toxin systems (e.g. VapBC26). Indeed, TP053 treatment in wild-type M. tuberculosis caused an up-regulation of the Rv0582 gene encoding the VapC26 toxin, while no effect has been seen in M. tuberculosis resistant mutant carrying mutation in Rv0579. These evidences thus suggest a role of this protein in the regulation of this toxin-antitoxin system.

Even if the physiological role of Rv0579 is still under investigation, this work unveils some important aspects of the protein, paving the way for further evidences that will allow to clearly elucidate its role in M. tuberculosis metabolism and in TP053 resistance.
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Reactive oxygen species (ROS) are small oxygen-derived molecules that are used to control infections by phagocytic cells. In macrophages, the oxidative burst produced by the NOX2 NADPH-oxidase is essential to eradicate engulfed pathogens by both oxidative and non-oxidative killing. Indeed, while the superoxide anion ([image: image]) produced by NOX2, and the other ROS derived from its transformation, can directly target pathogens, ROS also contribute to activation of non-oxidative microbicidal effectors. The response of pathogens to the phagocytic oxidative burst includes the expression of different enzymes that target ROS to reduce their toxicity. Superoxide dismutases (SODs) are the primary scavengers of [image: image], which is transformed into H2O2. In the Gram-negative Salmonella typhimurium, periplasmic SODCI has a major role in bacterial resistance to NOX-mediated oxidative stress. In Pseudomonas aeruginosa, the two periplasmic SODs, SODB, and SODM, appear to contribute to bacterial virulence in small-animal models. Furthermore, NOX2 oxidative stress is essential to restrict P. aeruginosa survival in macrophages early after infection. Here, we focused on the role of P. aeruginosa SODs in the counteracting of the lethal effects of the macrophage oxidative burst. Through this study of the survival of sod mutants in macrophages and the measurement of ROS in infected macrophages, we have identified a dual, antagonistic, role for SODB in P. aeruginosa survival. Indeed, the survival of the sodB mutants, but not of the sodM mutants, was greater than that of the wild-type (WT) bacteria early after infection, and sodB-infected macrophages showed higher levels of [image: image] and lower levels of H2O2. This suggests that SODB contributes to the production of lethal doses of H2O2 within the phagosome. However, later on following infection, the sodB mutants survived less that the WT bacteria, which highlights the pro-survival role of SODB. We have explained this defensive role through an investigation of the activation of autophagy, which was greater in the sodB-infected macrophages.
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INTRODUCTION

Macrophages are professional phagocytes, and their major role in the control of infectious diseases is the engulfment of microorganisms within phagosomes, which in a complex maturation process acquire disparate microbicidal effectors (Flannagan et al., 2009, 2012). One of the stronger and earlier microbicidal mechanisms is undoubtedly the production of reactive oxygen species (ROS), which are generated by the NOX2 NADPH oxidase (Lam et al., 2010; Panday et al., 2015). Following the engulfment of pathogens by macrophages, the NOX2 multisubunit complex is assembled and activated at the phagosome membrane, where it liberates superoxide anions, [image: image], into the phagosomal lumen (Lam et al., 2010). In the phagosome, [image: image] can be spontaneously or enzymatically dismutated to H2O2, which might, in turn, be converted to hydroxyl radicals (HO–) via the Fenton reaction. Importantly, the overall levels of H2O2 in phagosomes also depends on H2O2 leakage, which is favored by its high stability and neutral charge.

Phagocytic ROS might directly kill the engulfed pathogens or be transformed into other antimicrobial effectors. For example, myeloperoxidase targets H2O2 to produce hypochlorous acid, which has potent microbicidal activity (Fang, 2011). However, myeloperoxidase is mainly active in neutrophils, and it does not appear to be essential for host defense (Lanza, 1998; Klebanoff, 2005; Klebanoff et al., 2013). ROS cytotoxicity might also be enhanced by their interactions with other cellular mediators, such as NO (Fang, 2011). Pathogens enclosed within phagosomes are exposed to high levels of ROS, which are produced in their close proximity, and which can directly kill the engulfed bacteria by targeting different microbial macromolecules, such as their DNA and proteins, and in particular, iron–sulfur-clustered protein (Fang, 2011). The oxidative burst response follows specific temporal dynamics that impose high oxidative stress on the engulfed pathogens soon after infection, followed by extended periods of little, if any, ROS production. Therefore, the survival of pathogens in this environment is critically dependent on their detoxification of ROS in the early stages of an infection.

The microbial defenses against ROS include catalases, peroxidases, and superoxide dismutases (SODs) (Mishra and Imlay, 2012). Catalases and peroxidases target H2O2, which produces H2O and O2, while SODs promote dismutation of [image: image] into H2O2 (Mishra and Imlay, 2012). Therefore, only the combined actions of these enzymes can directly detoxify the superoxide anions produced by the phagocytic NOX2. Additionally, by reducing the overall levels of superoxide radicals (1 mol [image: image] per 0.5 mol H2O2), the SOD activity limits the possible toxicity of [image: image] in this compartment (Craig and Slauch, 2009) and in the production of other cytotoxic mediators (Fang, 2011). In Gram-negative bacteria, ROS scavenger enzymes can occupy different subcellular compartments, with SODs localized to the periplasm, while catalase and peroxidase are mainly confined to the cytoplasm. This compartmentalization is functional for the targeting of [image: image], the leakage of which is highly restricted by the negative charge in the periplasm and H2O2 in the cytoplasm (Aussel et al., 2011; Fang, 2011). The complexity of the anti-ROS defenses is further increased by the presence of more than one gene for each class of ROS-scavenger enzyme that encodes enzymes that differ in cofactor requirements, regulation, and sub-cellular localization (Fang, 2011; Imlay, 2019; Johnson and Hug, 2019).

Gram-negative bacteria entrapped within phagosomes can be exposed to rapid increases in the levels of superoxide radicals, which can be targeted by the periplasmic SOD. A major role of this periplasmic SOD to ensure bacterial survival in such environments was demonstrated in Salmonella. Indeed, the periplasmic SOD of Salmonella, SODCI, was predicted to be the only enzyme that critically impacts upon Salmonella survival in the phagosome (De Groote et al., 1997; Craig and Slauch, 2009), whereby in its absence, the [image: image] levels can increase to lethal doses (Burton et al., 2014; Fenlon and Slauch, 2014). Additionally, in murine in vivo models, it was shown that Salmonella infection is controlled by NADPH-dependent oxidative killing, although this only refers to neutrophils, as in macrophages the oxidative burst appears to be sublethal for bacterial cells (Burton et al., 2014).

Pseudomonas aeruginosa is a Gram-negative facultative aerobic opportunistic pathogen that causes infections in humans, and particularly in immunocompromised patients and patients with cystic fibrosis (CF) (Ciofu et al., 2015; Klockgether and Tümmler, 2017). In CF, P. aeruginosa intermittently infects the airways of children and young patients, although as the age of the patient increases, P. aeruginosa can stably colonize the CF lungs, and represents the major cause of pulmonary disease while contributing to the morbidity and mortality of patients with CF (Elborn, 2016; Malhotra et al., 2019). The CF lungs are dominated by high levels of ROS, which result from chronic bacterial infections, large inflammatory responses, and defective antioxidant production, such as glutathione (Galli et al., 2012; de Bari et al., 2018; Malhotra et al., 2019). This scenario clearly suggests that the ROS defense of P. aeruginosa must be decisively important for colonization of the CF lungs. This colonization has been assigned in part to the impaired activity of innate immune cells, which do not appear to eradicate infections (Bruscia and Bonfield, 2016). Accordingly, we and others have demonstrated that the microbicidal activity against P. aeruginosa of CF macrophages is impaired (Del Porto et al., 2011; Simonin-Le Jeune et al., 2013). However, we have shown that the oxidative burst of human CF macrophages is similar to that of non-CF cells, and is functional to kill P. aeruginosa early after infection (Cifani et al., 2013).

Thus, to better understand how P. aeruginosa tackles this oxidative killing by the macrophages, we investigated the role of the bacterial SODs, which are the first enzymatic activities involved in superoxide radical detoxification. P. aeruginosa SODs have been shown previously to contribute to bacterial virulence in the small-animal model of the silkmoth Bombyx mori, the mortality of which was reduced by infection with P. aeruginosa sod mutants, with respect to wild-type (WT) strains (Iiyama et al., 2007). Furthermore, analysis of sodB and sodM mutants has showed that for P. aeruginosa virulence, SODB is more critical than SODM. SODB is an iron-cofactored SOD (Fe-SOD), while SODM requires manganese (Mn-SOD), and both localize to the periplasm (Winsor et al., 2016). The expression of these SODs is regulated by the availability of the iron and manganese cofactors and specific environmental conditions, although SODB is highly expressed under all growth conditions, while SODM is restricted to low-Fe requirements (Hassett et al., 1993, 1995).

Here, by analyzing the survival of the P. aeruginosa WT and sod mutant strains in murine and human macrophages, we demonstrate a dual antagonistic role of P. aeruginosa SODB, which modulates the microbicidal activity of macrophages by acting first as a pro-microbicidal and then as a pro-survival.



MATERIALS AND METHODS


Macrophages, Media, and Supplements

RAW246.7 murine macrophages (ATCC, TIB71) were cultivated in Dulbecco’s modified Eagle’s medium (DMEM; Corning, United States) supplemented with 10% fetal bovine serum, 1 mM glutamine, 100 U/μL penicillin and 100 μg/mL streptomycin (all from EuroClone, Italy). The cells were grown in tissue culture flasks or multiwell plates, at 37°C and 5% CO2. Human monocyte-derived macrophages (HMDMs) were differentiated in vitro from monocytes isolated from the buffy coats of healthy donors, as previously described (Del Porto et al., 2011). Briefly, peripheral blood mononuclear cells were isolated by density gradient centrifugation (Lympholyte; Cedarlane, Hornby, CA, United States), and were selected with an anti-CD14 monoclonal antibody coupled to magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany). The CD14+ cells were differentiated for 7 days in Roswell Park Memorial Institute (RPMI) 1640 (Gibco-BRL, Invitrogen Corporation, Carlsbad, CA, United States) supplemented with 20% fetal bovine serum and 100 ng/mL recombinant macrophage colony stimulating factor (PeproTech Inch, Rocky Hill, NY, United States).



Bacterial Strains and Growth Conditions

The bacterial strains and plasmid used in this study are listed in Table 1. The P. aeruginosa mutant strains were recovered from frozen stocks and analyzed for the gene deletions. Genomic DNA extraction and gene amplification were performed as previously reported (Di Domenico et al., 2015), using primers listed in Supplementary Table S1. As expected, sodB and sodM amplification bands were detected in the P. aeruginosa WT (PAO1). In contrast, sodB and sodM amplification bands were absent in the sodB and sodM mutants, respectively (Supplementary Figure S1). All of these strains were grown from single colonies in Luria-Bertani (LB) medium (Sigma, United States) at 30°C, with liquid cultures grown with shaking at 180 rpm. The sodB and sodM mutant strains were routinely grown in LB medium containing 50 μg/mL tetracycline and gentamycin, respectively. As expected from previous studies (Hassett et al., 1995; Iiyama et al., 2007), the sodB mutant grew more slowly than the parental PAO1 strain (Supplementary Figure S2). The P. aeruginosa strains that expressed green fluorescent protein (GFP) were obtained by electroporation of pUC30T-gfpmut3 (Barbier and Damron, 2016) and selection in 15 μg/mL gentamycin on LB agar plates.


TABLE 1. Bacterial strains and plasmid used in this study.

[image: Table 1]


P. aeruginosa Killing by Macrophages

The day before infection, the macrophages were seeded into 48-well plates (105 cells/well) in culture medium without antibiotics, and incubated at 37°C in 5% CO2. When applied, the macrophages were pretreated (i.e., before infection) with the NADPH oxidase inhibitor, diphenyleneiodonium (DPI; Sigma, United States), at 10 μM for 30 min. Exponentially growing P. aeruginosa cells were prepared by refreshing the overnight cultures in LB broth at 30°C (Supplementary Material). After two washes in phosphate-buffered saline (PBS), the P. aeruginosa were resuspended in antibiotic-free cell-culture medium and added to the macrophages at a multiplicity of infection (MOI) of 10. The infection was synchronized by centrifugation of the multiwell plates (550 × g for 5 min), which were then incubated at 37°C in 5% CO2 for 30 min to 60 min. At the end of the infection, the cells were washed with PBS and incubated in DMEM containing 1 mg/mL amikacin and 1 mg/mL ceftazidime for 15 min. Afterward, the macrophages in selected wells (defined as t0) were lysed in 1% Triton X-100 for 10 min at room temperature, and finally diluted to 1 mL PBS. The cell viability was determined according to the colony-forming unit (CFU) assay. In the remaining wells, the medium was replaced with culture medium supplemented with a sub-inhibitory concentration of the antibiotics (0.1 mg/mL amikacin; 0.1 mg/mL ceftazidime) and incubated for a further 60 min (t60) or 180 min (t180). At the end of the incubations, the live P. aeruginosa were recovered as described above. The bacteria survival was calculated according to Eq. 1:

[image: image]



Phagocytosis Assays

The macrophages (i.e., RAW 264.7 cells, HMDMs) were seeded in 24-well plates (2 × 105 cells/well) in antibiotics-free medium the day before infection, and then infected with GFP-expressing PAO1 and PAO1 sodB P. aeruginosa strains, at a MOI of 25. Phagocytosis was carried out by incubation of the infected macrophages for 30 min or 60 min at 37°C in 5% CO2. Afterward, the cells were gently washed two or three times with PBS, enzymatically detached, and analyzed by flow cytometry (BD FACSCalibur, France). Phagocytosis was evaluated as the fraction of GFP+ cells in the bulk population. The data were analyzed using the CellQuest software, and the images were processed with FlowJo.



ROS Measurements

Intracellular [image: image] levels were measured using luminol (Sigma, United States). Briefly, the macrophages were resuspended in Hank’s balanced salt solution (HBSS) without phenol red (Sigma, United States), supplemented with 25 μg/mL luminol, and seeded in white 96-well plates (Sarstedt, Germany). The RAW264.7 macrophages were seeded at 3 × 105 cells/well, with the HMDMs at 105 cells/well. The macrophages were challenged with the P. aeruginosa strains at a MOI of 10, and the chemiluminescence was measured at given time using a multilabel counter (Wallac 1420 Victor2). The data were corrected based on the controls without macrophages. Quantitative analysis was performed by determination of the areas under the curve (AUC) using the GraphPad Prism software. Furthermore, [image: image] levels were measured by the nitroblue tetrazolium (NBT, Sigma) reduction assay, which was carried out according to Choi et al. (2006), with minor modifications. Briefly, the macrophages seeded in 24-well plates were supplemented with 1 mg/mL NBT, and infected with the P. aeruginosa strains (MOI = 10). After 60 min of infection, intracellular NBT was solubilized and the optical densities were determined spectrophotometrically (Supplementary Material).

The extracellular H2O2 released from the infected macrophages was measured by the production of Resofurin, using Amplex Red assays (Invitrogen). Briefly, HMDMs were seeded in 96-well plates (105 cells/well) in antibiotic-free culture medium the day before infection, and then washed with PBS and incubated with 50 μM Amplex Red and 0.1 U/mL horse-radish peroxidase in KRPG buffer (145 mM NaCl, 5.7 mM sodium phosphate, 4.86 mM KCl, 0.54 mM CaCl2, 1.22 mM MgSO4, 5.5 mM glucose, pH 7.35). Macrophages were challenged with P. aeruginosa strains at a MOI of 10 and fluorescence was measured at 30 min intervals with a fluorescence scanner (Amersham Typhoon 9600). Values were corrected for controls without macrophages in KRPG supplemented with 50 μM Amplex Red and 0.1 U/mL horse-radish peroxidase. The concentration of H2O2 in the samples was calculated using standard curves obtained with defined H2O2 concentrations (0–20 μM).



Immunoblotting

106 RAW264.7 macrophages were infected with P. aeruginosa strains for 1 h, as described above. After infection, macrophages were gently washed and lysed in Hepes 50 mM pH 7.4, NaCl 150 mM, EDTA 20 mM, NaF 100 mM, Na3VO4 10 mM, 1% Triton X-100, protease inhibitor cocktail. 25–30 μg protein samples were separated by SDS-PAGE and transferred to nitrocellulose blotting membrane (GE Healthcare, Italy). After blocking in PBS, Tween 0.1%, skim milk 5% (SIGMA, United States), membranes were incubated with the primary antibody for 16–18 h at 4°C. Next day, membranes were washed, incubated at room temperature with the horse-radish-peroxidase–conjugated secondary antibody (GE Healthcare, Italy) and visualized with a Chemi Doc XRS system (Bio-Rad Laboratories Ltd., Hemel Hempstead, United Kingdom). Quantitative Western blotting was performed using the ImageJ software. The primary antibodies used were: LC3 (Cell Signaling, Italy; #2775), diluted at 1:1000; and GAPDH (Santa Cruz, Italy; sc-47724), diluted at 1:400.



Statistical Analysis

All of the data are reported as a means ± standard deviation. The Figures and statistical analyses were constructed using the GraphPad Prism software (GraphPad Software Inc.). The statistical tests used are indicated in the corresponding Figures. Differences were significant for a P-value cut-off of 0.05.



RESULTS


SODB Contributes to Short-Term Intracellular P. aeruginosa Killing by Macrophages

The periplasmic P. aeruginosa SOD might contribute directly to the scavenging of the superoxide anion ([image: image]) produced by the macrophage NOX2, with a possible impact on the bacterial survival. To test this hypothesis, we analyzed the survival of the P. aeruginosa sod mutants in the macrophages. For this, RAW264.7 macrophages were infected with WT PAO1 or the sod mutants, as either PAO1 sodB or sodM, and the live intracellular bacteria were determined using the CFU assay. These data showed greater intracellular survival of the PAO1 sodB mutant, with respect to the PAO1 WT and PAO1 sodM, with these last two showing similar survivals (Figure 1A). As expected, inhibition of NADPH oxidase by the DPI pretreatment resulted in significant increases in the live P. aeruginosa recovered from the macrophages infected with PAO1 WT or PAO1 sodM, which confirmed the oxidative burst as the primary killing mechanism in the macrophages early after infection (Figure 1B). However, no differences were detected in the PAO1 sodB survival in DPI-treated macrophages, with respect to the untreated cells (Figures 1A,B). These data suggested that SODB contributes to the NADPH-dependent killing of P. aeruginosa by the macrophages. Similarly, HMDMs showed significant increases in the intracellular survival of PAO1 sodB, but not PAO1 sodM, with respect to PAO1, in both the untreated and DPI-treated cells (Figures 1C,D). This thus extended the role of P. aeruginosa SODB to primary human macrophages.


[image: image]

FIGURE 1. Short-term survival of Pseudomonas aeruginosa sod mutants in macrophages. Intracellular survival of P. aeruginosa in macrophages infected with PAO1 WT, sodB, and sodM mutant strains. RAW264.7 macrophages (A,B) and HMDMs (C,D) were infected with the indicated strains, treated with antibiotics, and lysed with 1% Triton X-100. The total live bacteria recovered on LB medium is reported (CFU). (B,D) The cells were pretreated with the NADPH oxidase inhibitor diphenyleneiodonium (DPI; 10 μM for 30 min). Data are means ± standard deviation of six (A,B) and three (C,D) independent experiments. * P < 0.05; ** P < 0.01 (Student’s t-tests).


To further support these data, we analyzed phagocytosis by determining the fraction of macrophages that engulfed the PAO1 or PAO1 sodB strains. RAW264.7 macrophages and HMDMs were infected with GFP-expressing strains for 30 and 60 min. Subsequently, the non-internalized P. aeruginosa were removed by several washes, and the sub-population of infected macrophages (GFP+) was evaluated by flow cytometry. Figures 2A,D show no differences in the GFP+ sub-population between the cells infected with PAO1 WT and the PAO1 sodB mutant, in both the untreated and DPI-treated macrophages. Furthermore, quantitative analysis confirmed that the GFP+ sub-populations were similar, irrespective of whether the P. aeruginosa infecting strain was PAO1 WT or the PAO1 sodB mutant, and whether macrophages were untreated (Figures 2B,E) or DPI-treated (Figures 2C,F). Collectively, these data strongly suggest that the phagocytosis of PAO1 and PAO1 sodB was substantially similar at 30 and 60 min after infection.


[image: image]

FIGURE 2. Pseudomonas aeruginosa phagocytosis is not affected by SODB. Representative plots of RAW264.7 macrophages (A) and HMDMs (D), untreated (left) or treated with the NADPH oxidase inhibitor diphenyleneiodonium (DPI; right) and infected with GFP-expressing PAO1 WT and the sodB mutant, as indicated. The proportions of GFP+ macrophages at the indicated time of infection was evaluated by flow cytometry (B,C,E,F). Data are means ± standard deviation of three independent experiments. No significant differences were found between PAO1- and sodB-infected macrophages (two-way ANOVA; Student’s t-tests).


Having observed greater survival of PAO1 sodB with respect to PAO1 WT and no differences in bacterial phagocytosis, we hypothesized that the bacterial SOD, and in particular SODB, contributes to the killing of the intracellular P. aeruginosa through the modulation of NADPH-dependent ROS production.



High [image: image] and Low H2O2 Differentiate Macrophages Infected With PAO1 sodB

Taking into consideration the enzymatic activities of NADPH oxidase and SOD, the most likely hypothesis to explain these data was that the superoxide radicals produced by the macrophage NOX2 were promptly converted into H2O2 by the bacterial SOD, which in turn contributes to the killing of the intracellular P. aeruginosa. If this is the case, the macrophages infected with the sod mutants should be characterized by higher [image: image] and lower H2O2 levels than those infected with PAO1 WT. Therefore, we analyzed the [image: image] and H2O2 levels in macrophages infected with PAO1 WT and the sodB mutant. To differentiate between [image: image] and H2O2, we took advantage of their different mobilities through the membrane. Indeed, while the mobility of [image: image] is highly restricted by its negative charge, as H2O2 is neutral and long-lived, it can leak from the cells (Fang, 2011). Thus, [image: image] was measured intracellularly by luminol oxidation (Bedouhène et al., 2017), and H2O2 extracellularly using Amplex Red assays (Schürmann et al., 2017).

Macrophages challenged with PAO1 WT and PAO1 sodB were loaded with luminol, and ROS production was determined by chemiluminescence measurements. Kinetics analysis revealed a rapid increase in luminol chemiluminescence, which is a readout of [image: image] production, with peaks at 15 to 25 min (Figure 3). Additionally, the macrophages infected with PAO1 sodB showed higher chemiluminescence signals than those infected with PAO1 WT, both for the RAW264.7 cells (Figure 3A) and the HMDMs (Figure 3C). As expected, inhibition of NADPH oxidase with DPI greatly reduced the luminol oxidation (Figures 3A,C). Quantitative analysis of the luminol chemiluminescence AUC confirmed the significantly higher [image: image] production in the cells infected with PAO1 sodB, with respect to PAO1 WT (Figures 3B,D). Similar data were obtained with nitroblue tetrazolium reduction assays, which detected higher levels of the superoxide anion in macrophages infected with the sodB mutant, with respect to PAO1 WT (Supplementary Figure S3). Collectively, these data suggest that P. aeruginosa SODB contributes to [image: image] dismutation, and that the extent of its contribution depends on the total amount of [image: image] produced by the host cells, which, in our experimental models is higher in human than murine macrophages.


[image: image]

FIGURE 3. Pseudomonas aeruginosa SODB targets the phagocytic [image: image]. Measurements of superoxide anions using luminol in RAW264.7 macrophages (A,B) and HMDMs (C,D). Representative time courses of luminol chemiluminescence in the untreated cells (A,C, left panel) and cells pretreated with the NADPH oxidase inhibitor diphenyleneiodonium (A,C, right panel) (DPI; 10 μM), and infected with the indicated P. aeruginosa strains at a multiplicity of infection of 10. Data are means ± standard deviation of three technical replicates. (B,D) Quantification of [image: image], as determined by the area under the curve (AUC) from three independent experiments, each carried out in triplicate. RLU, relative luminescent units; * P < 0.05 (Student’s t-tests).


According to our hypothesis, the absence of bacterial SODB activity increases [image: image] levels and decreases H2O2 production in macrophages infected with the sodB mutant. To confirm this, we evaluated extracellular H2O2 leakage using the Amplex Red assay. As expected, infection of HMDMs with the P. aeruginosa sodB mutant was associated with lower H2O2 release, with respect to cells infected with PAO1 WT (Figure 4). No signal above the background (i.e., uninfected macrophages) was detected for the RAW264.7 macrophages, possibly due to the low levels of ROS produced upon infection (data not shown).


[image: image]

FIGURE 4. Pseudomonas aeruginosa SODB modulates phagocytic ROS. Quantitative analysis of H2O2 released from HMDMs infected with PAO1 and the sodB mutant (as indicated), 90 min after infection. Data are means ± standard deviation of four independent experiments. * P < 0.05 (Student’s t-tests).


Overall, the macrophages infected with the PAO1 sodB mutants were characterized by higher [image: image] levels and lower H2O2 levels, with respect to the cells infected with the WT bacteria, This supported the concept that P. aeruginosa SODB converts the phagocytic [image: image] to H2O2.



SODB Promotes Long-Term P. aeruginosa Survival in Macrophages

It has been well established that macrophages can kill engulfed bacteria using different mechanisms that can be activated sequentially, starting with the oxidative burst, which in turn activates other mechanisms, including autophagy (Huang et al., 2009; Lam et al., 2010). Thus, to evaluate the possible role of the bacterial SODB in microbicidal mechanisms other than the oxidative burst, we analyzed P. aeruginosa survival at later time points after infection. After infection and treatment with antibiotics, the RAW264.7 macrophages were incubated in bacteria-free medium for 1 h and 3 h, and the live intracellular bacteria were counted using the CFU assay (Figures 5A–C). As previously observed, at the end of the infection (t0), more viable PAO1 sodB were recovered from the infected macrophages than the PAO1 WT (Figures 5A,B, time 0). However, the CFU recovered from the infected macrophages at 1 h and 3 h from the infection were similar, independent of the bacterial strains (Figures 5A,B). Similar data were obtained in the HMDMs (Figures 5D,E). Consequently, the long-term survival of PAO1 WT appeared to be greater than that of PAO1 sodB in both of these macrophage models (Figures 5C,F). This was also described by the slopes of the killing curves, which represent the rates of bacterial killing, and which were higher for PAO1 sodB, with respect to PAO1 WT (Supplementary Table S2).


[image: image]

FIGURE 5. Bacterial SODB enhances long-term intracellular survival within macrophages. Survival curves of Pseudomonas aeruginosa in RAW264.7 macrophages (A,B) and HMDMs (D,E). The cells were infected with the indicated P. aeruginosa strains, and untreated and pretreated with the NADPH oxidase inhibitor diphenyleneiodonium (DPI; 10 μM for 30 min), as indicated. At the end of the infection macrophages (time 0) and after 60 and 180 min, samples were collected and the CFU determined. (C,F) Bacterial survival in untreated RAW264.7 (C) and HMDMs (F) at 180 min from the end of infection. Data are means ± standard deviation of three independent experiments. * P < 0.05; ** P < 0.01 (Student’s t-tests).


Collectively, these data demonstrate that the long-term survival of the PAO1 sodB mutant in both murine and human macrophages is less than for PAO1 WT, which suggests that SODB ultimately promotes bacteria survival.



SODB Contributes to Decreased Autophagy Activation in Macrophages

It has been shown that autophagy activation by Toll-like receptor signaling or receptor-mediated phagocytosis depends on NOX2 activity and ROS production, with the latter required to recruit LC3 to phagosomes and to target intracellular Salmonella typhimurium to (auto)phagosomes (Huang et al., 2009). Additionally, autophagy activation by P. aeruginosa has been demonstrated in different cell types, including macrophages, where it contributes to restrict intracellular survival (Yuan et al., 2012; Junkins et al., 2013; Jabir et al., 2014). Having observed that P. aeruginosa SODB contributed to the long-term survival of P. aeruginosa within macrophages, we speculated that it might inhibit autophagy through reduction of the levels of intracellular [image: image]. To test this hypothesis, RAW264.7 cells and HMDM macrophages were infected with PAO1 WT and PAO1 sodB, and autophagy activation was monitored by analysis of changes in the levels of lipidated LC3 (LC3-II) with Western blotting (Kabeya et al., 2000). In whole-cell lysates from these non-infected macrophages, LC3-I and LC3-II were detected at similar levels in the RAW264.7 cells, while in HMDMs the intensity of the LC3-II band was slightly higher than that of LC3-I. In contrast, 1 h after infection, LC3-II increased specifically in the infected macrophages (Figures 6A,C). Accordingly, quantitative Western blotting showed higher levels of LC3-II in cells infected with the PAO1 sodB mutant, with respect to those infected with PAO1 WT (Figures 6B,D). This suggests that the SODB activity of the intracellular P. aeruginosa reduces autophagy activation, which thus provides a link between the oxidative and non-oxidative roles of SODB in modulation of P. aeruginosa survival in macrophages.


[image: image]

FIGURE 6. Pseudomonas aeruginosa SODB reduces autophagy activation in macrophages. RAW264.7 macrophages (A,B) and HMDMs (C,D) were infected with the indicated P. aeruginosa strains. After infection, whole cell lysates were immunoblotted with anti-LC3 and anti-GAPDH (loading control) antibodies. (A,C) Representative Western blots. (B,D) Quantitative analysis of band intensities, reported as the LC3-II/GAPDH ratio. Data are means ± standard deviation of three independent experiments. Ctr, uninfected macrophages. * P < 0.05; *** P < 0.001 (Student’s t-tests).




DISCUSSION

Macrophages are key players in the innate immune system, due to their engulfing of pathogens and activation of an arsenal of antimicrobial weapons. However, whether macrophages successfully accomplish this task is also dependent on microbial responses to the microbicidal mechanisms. NADPH oxidase activation is an early response to infection by macrophages, and this contributes to killing of intracellular bacteria and activation of other microbicidal mechanisms, such as autophagy. Consequently, ROS scavengers should be a determinant for the engulfed bacteria to survive the hostile intracellular environment, both in the immediate phase and in the later phases of infection. P. aeruginosa has two SOD genes, sodB and sodM, which encode the iron- and manganese-cofactored SODs, respectively, both of which have been identified as periplasmic enzymes (Yu et al., 2010). These SODs are part of the bacterial defenses that target the different forms of ROS and transform them into less toxic compounds. The periplasmic localization of the SODs is strategic, as this allows targeting of the superoxide radicals ([image: image]), which might enter this compartment from the environment. For bacteria enclosed in phagosomes, the superoxide radicals produced by NADPH-oxidase are likely to be rapidly transferred into the periplasm, both facilitated by their protonation to HO2, and aided by the V-ATPase that pumps H+ within the phagosomal lumen (Burton et al., 2014). In the bacterial periplasm, the HO2 can be targeted by SODs and dismutated to H2O2. The resulting H2O2 can be further processed by other bacterial scavenger enzymes, catalases, and peroxidases, although it might also contribute to bacterial killing, depending on the balance between the oxidative stress imposed by the host cell and the scavenger activities of the engulfed bacteria. Here, we have shown that macrophages infected with PAO1 sodB are differentiated by increased levels of [image: image] and lower levels of H2O2, with respect to those infected with PAO1 WT. This turns out to have a negative impact on bacterial survival within the macrophages, as we found that the short-term survival of the PAO1 sodB mutant was greater than that of PAO1 WT. Taken together, these data allow us to speculate that for the bacterial cells, periplasmic [image: image] is less toxic than H2O2, possibly because few, if any, [image: image] targets are present in this compartment, and/or because of the high mobility of H2O2, which allows its entry into the cytoplasm, which contains the most vulnerable ROS targets. Furthermore, as SOD restricts P. aeruginosa survival within macrophages, we identified this activity as pro-microbicidal for the bacterial cells, rather than pro-survival. From another point of view, it can be speculated that macrophages improve their microbicidal activity using the bacterial SOD activity. Of the two P. aeruginosa SODs, we show here that only SODB has a role in intracellular survival, which suggests that the iron-cofactor is not limiting in this environment, and that SODB is the major enzyme that acts within phagocytes. This finding is in agreement with previous studies that were also based on the analysis of SOD activities in clinical isolates, which indicates that SODB is more important than SODM in the protection of P. aeruginosa from oxidative stress (Hassett et al., 1995; Britigan et al., 2001). Interestingly, a lung P. aeruginosa isolate that lacks SODM activity has been reported (Polack et al., 1996).

The SODB pro-microbicidal activity appears to be difficult to reconcile with the role of this gene in mediating P. aeruginosa virulence (Hassett et al., 1995; Britigan et al., 2001; Iiyama et al., 2007). Furthermore, considering that we have analyzed the survival of intracellular P. aeruginosa and that macrophages show different microbicidal mechanisms, it is reasonable to surmise that SODB activity might ultimately be pro-survival. Indeed, as macrophages trigger the different microbicidal mechanisms in a time-dependent manner, and as some of these are activated by ROS, we have reasoned that P. aeruginosa modulation of phagocytic ROS might have an impact on the activation of non-oxidative microbicidal mechanisms. Our data here show that 3 h after infection, the survival of PAO1 sodB was reduced, with respect to PAO1 WT, which suggests that SODB activity indirectly promotes long-term bacterial survival. As microbicidal mechanisms are activated stepwise after phagocytosis, with the oxidative burst being rapidly exhausted (Figures 3A,C), we reasoned that non-oxidative, but ROS dependent, microbicidal mechanisms might be modulated by the bacterial SODB. Accordingly, we observed that macrophages infected with the PAO1 sodB mutant showed stronger activation of autophagy, as assessed by LC3 lipidation, which suggests that SODB inhibits autophagy activation. This is possible, as SODB changes the levels of the different ROS formed within the P. aeruginosa-infected phagosomes in favor of H2O2, which might be further detoxified or be removed from the host cells. By doing so, the engulfed bacteria consume NOX2-dependent superoxide radicals, and concomitantly, reduce the signal for autophagy activation, and hence for further bacterial killing. In brief, while SODB initially imposes higher oxidative stress on the bacteria within the phagosome, by reducing the [image: image] levels later on, it contributes to the dampening of the autophagy activation. This might directly target bacteria enclosed in the LC3 Associated Phagosome (LAP) or bacteria that escape the phagosome and are intercepted in the cytosol by the autophagic flux. In favor of the latter mechanism, it was recently reported that P. aeruginosa first resides in the phagosome, and then following phagosome rupture, it can be detected in the cytosol (Garai et al., 2019).

Overall, our data are summarized in the model depicted in Figure 7, which considers the pro-microbicidal and pro-survival activities of P. aeruginosa SODB within macrophages. Importantly, our model is supported by these data obtained with both murine and human macrophages, although these two cellular models differ in the [image: image] levels produced by these macrophages in response to bacterial infections.


[image: image]

FIGURE 7. Model for the role of SODB in Pseudomonas aeruginosa killing by macrophages. The phagocytic NADPH oxidase can pump superoxide radicals ([image: image]) into the phagosome lumen. Here, the protonated form of [image: image] (HO2) can pass into the engulfed bacteria or the host cytosol. When the phagosome captures a bacterium with SODB activity (PAO1 WT), the HO2 within the periplasm is dismutated to H2O2 and the bacterium is killed. Consequently, SODB depletes the superoxide radicals from the phagosome. In the absence of SODB activity (PAO1 sodB mutant), the HO2 is mainly transferred to the host cytosol, where it promotes autophagy induction, which in turn improves bacterial killing at the later stages following infection.
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There is an urgent need for new antimicrobials to treat the opportunistic Gram-negative Burkholderia cenocepacia, which represents a problematic challenge for cystic fibrosis patients. Recently, a benzothiadiazole derivative, C109, was shown to be effective against the infections caused by B. cenocepacia and other Gram-negative and-positive bacteria. C109 has a promising cellular target, the cell division protein FtsZ, and a recently developed PEGylated formulation make it an attractive molecule to counteract Burkholderia infections. However, the ability of efflux pumps to extrude it out of the cell represents a limitation for its use. Here, more than 50 derivatives of C109 were synthesized and tested against Gram-negative species and the Gram-positive Staphylococcus aureus. In addition, their activity was evaluated on the purified FtsZ protein. The chemical, metabolic and cellular stability of C109 has been assayed using different biological systems, including quantitative single-cell imaging. However, no further improvement on C109 was achieved, and the role of efflux in resistance was further confirmed. Also, a novel nitroreductase that can inactivate the compound was characterized, but it does not appear to play a role in natural resistance. All these data allowed a deep characterization of the compound, which will contribute to a further improvement of its properties.

Keywords: Burkholderia cenocepacia, new antimicrobials, drug resistance, cell division, cystic fibrosis


INTRODUCTION

Cystic fibrosis (CF) patients are continuously subjected to antibiotic therapies due to lung colonization both by Gram-positive and –negative bacteria. Among the latter, Burkholderia cenocepacia represents a main concern being responsible for the so-called “cepacia syndrome,” a necrotizing pneumonia which can lead to patient's death (Salsgiver et al., 2016). Indeed, this opportunistic pathogen is among the bacterial species CF patients should be worried about (Jones, 2019). Moreover, infections caused by B. cenocepacia are still a major contraindication to lung transplantation, although certain centers do admit infected patients in the list (Dupont, 2017). An important characteristic, which renders these bacteria particularly dangerous, is their resistance toward most antibiotics used in clinical practice (Scoffone et al., 2017). This limits the therapeutic options available to treat the infections, and there are no standardized set of antibiotics for treatment. In this context, new antibacterials are highly necessary, although their development may be limited by poor commercial interest in Burkholderia infections because they are rare, with approximately 2.6% of CF patients infected with these bacteria (https://www.cff.org/Research/Researcher-Resources/Patient-Registry/).

During the last few years, we focused our attention on this topic, proposing new targets, such as the glutamate racemase (Israyilova et al., 2016), new strategies, such as the inhibition of quorum sensing (Scoffone et al., 2016; Buroni et al., 2018) and new drugs (Scoffone et al., 2014), to fight B. cenocepacia infections. We found that the benzothiadiazole derivative C109 is highly effective against B. cenocepacia (Scoffone et al., 2015) and other Gram-negative and-positive bacteria, including Mycobacterium abscessus (Hogan et al., 2018). We were also able to identify the cellular target of C109 as the highly conserved cell division protein FtsZ (Hogan et al., 2018). This protein has recently emerged as a new promising target for the development of pharmacological agents against CF pathogens (Buroni et al., 2020). This not only justifies the broad-spectrum activity of C109, but also validates it as a robust molecule that hits an essential pathway, which is evolutionarily distant from its eukaryotic counterpart.

Due to the poor solubility of C109, we recently described the development of PEGylated nanocrystals in which the compound was stabilized with D-α-tocopheryl polyethylene glycol 1000 succinate embedded in hydroxypropyl-β-cyclodextrin (Costabile et al., 2020). This powder formulation allows its re-dispersion in water for in vitro aerosolization. The ability of these C109 nanocrystals to diffuse through artificial mucus and possess low toxicity toward human bronchial epithelial cells was also demonstrated (Costabile et al., 2020). The great potentiality of this formulation has been shown also by its activity against both planktonic and sessile B. cenocepacia strains, and by its efficacy in combination with piperacillin (Costabile et al., 2020).

Despite its promising activity and low toxicity, we previously showed that C109 can be extruded out of the cell by an RND efflux pump (Scoffone et al., 2015). For this reason, in the present work we synthesized and characterized more than 50 C109 derivatives, by performing a deep structure-activity relationship (SAR) analysis to screen for compounds less prone to efflux. The Minimal Inhibitory Concentration (MIC) of all the compounds and their activity against the purified FtsZ protein were assessed. The C109 resistance mechanism, chemical, metabolic and cellular stability were also studied at the single-cell level.



MATERIALS AND METHODS


Chemical Synthesis of C109 Derivatives

The chemical synthesis of C109 derivatives is described in Supplementary Data.



Bacterial Strains and Growth Conditions

Burkholderia cenocepacia strains, Escherichia coli ATCC 25922, Pseudomonas aeruginosa PAO1, and Staphylococcus aureus ATCC 25923 were grown in Luria-Bertani (LB) medium (Difco), if not differently specified, with shaking at 200 rpm, or on LB agar, at 37°C.



MIC Determination and Checkerboard Assays

The effectiveness of C109 compound and of its derivatives against B. cenocepacia J2315, FCF19, and FCF22, E. coli ATCC 25922, P. aeruginosa PAO1, and S. aureus ATCC 25923 was assessed determining MICs in LB medium by the 2-fold microdilution method in U-bottom 96-well microtiter plates, and inoculating about 105 CFU. The microtiter plates were incubated at 37°C for 48 (for B. cenocepacia) or 24 h (for all the other strains) and growth was determined by the resazurin method (Martin et al., 2006). A solution of resazurin sodium salt (Sigma Aldrich) was prepared at 0.01% in distilled water and filter-sterilized. Thirty microliter of resazurin solution were added to each well after 1 or 2 days of incubation at 37°C, and the microtiters were re-incubated at the same temperature for 4 h. The MIC was defined as the lowest concentration of the drug that prevented a change in color from blue to pink, which indicates bacterial growth.

Checkerboard assays of C109 or its derivatives with concentrations ranging from 0 to 128 μg/ml in combination with the efflux pump inhibitor PaβN MC-207.110 (0–128 μg/ml) were set up, as previously described (Saiman et al., 1996) and the results determined using the resazurin MIC method.

Three independent biological replicates were used for each MIC determination.



Quantitative Reverse Transcription PCR (qRT-PCR) of RND-9 Efflux Pump and Nitroreductase Genes

Total RNA was extracted from B. cenocepacia J2315, FCF19, and FCF22 clinical isolates (1 × 109 CFU) using the RiboPure Bacteria Kit (Ambion), following the manufacturer's instructions. A 30 min incubation of each sample with DNaseI (Ambion) was performed, following the manufacturer's protocol. One-microgram of total RNA was used for cDNA generation using the QuantiTect reverse Transcription kit (Qiagen) according to the manufacturer's instructions, but diluting the cDNA 1:2 before qRT-PCR.

qRT-PCRs were performed on BCAM1946 gene using the primers BCAM1946Rtfor (5′- TGCTCGTCGTGATCCTGTTT-3′) and BCAM1946Rtrev (5′- CGAACAGCGTGAGCGTATTG-3′) and on BCAL0539 using primers NitroIntFor (5′-GTGTCGCCGTATATCGA-3′) and NitroIntRev (5′-TTCTCGTCGCGGCCGAT-3′). All reactions were performed on a Rotor-Gene-6000 cycler (Corbett), using the Quanti-Tect SYBR Green PCR Kit (Qiagen), according to manufacturer's instructions. Cycling conditions were: 95°C for 15 min (1 cycle), 94°C for 15 s followed by 54°C for 30 s (for BCAM1946) or 40°C for 30 s (for BCAL0539) and 72°C for 30 s (40 cycles). A melting curve analysis was included at the end of each run. Each sample was spotted in triplicate and control samples without cDNA were included in each experiment. BCAM0918 (rpoD) gene was used as reference gene with the primers 0918F (5′-GCCAACCTGCGTCTCGT-3′) and 0918R (5′-AACTTGTCCACCGCCTT-3′), using an annealing temperature of 50°C. The fold difference in gene expression between the FCF19 and FCF22 and J2315 strains was assessed using the comparative Ct-method (Livak and Schmittgen, 2001). The results are the average of three independent replicates. Mann–Whitney test was used to determine if differences in expression were significant (P < 0.05).



FtsZ Proteins Expression and Purification and Enzymatic Assay

The gene ftsZ (BCAL3457) was amplified from B. cenocepacia FCF19 using the primers pet28presFtsZfor (5′-ATGGGTCGCGGATCCCTGGAAGTTCTGTTCCAGGGGCCCATGGAATTCGAAATGCTGGA-3′) and pet28ftsZrev (5′-TGCGGCCGCAAGCTTTCAGTCAGCCTGCTTGCGCA-3′). The gene ftsZ of P. aeruginosa was amplified from the genomic DNA using the primers ftsZPAOfor28a (5′-ATGGGTCGCGGATCCCTGGAAGTTCTGTTCCAGGGGCCCTTTGAACTGGTCGATAACAT 3′) and ftsZPAOrev28a (5′-TGCGGCCGCAAGCTTTCACAGGCCGGTGGCGACTAC-3′). The PCR products were cloned into the pET-28a vector (Novagen) using the In-Fusion HD Cloning kit (TaKaRa), according to the manufacturer's instructions.

All the recombinant FtsZ proteins were expressed at 20°C overnight in E. coli BL21(DE3) cells, upon induction with 0.5 mM IPTG, and purified using the same protocol assessed for the wild-type B. cenocepacia FtsZ (Hogan et al., 2018).

GTPase enzyme activity was determined using a pyruvate kinase/L-lactic dehydrogenase (PK/LDH) spectrophotometric coupled assay (Ingerman and Nunnari, 2005). The assays were performed at 30°C, in a reaction mixture containing 50 μM Hepes pH 7.5, 5 mM MgCl2, 5 mM KCl, 10 U PK/LDH, 0.25 mM NADH, 0.25 mM PEP, and 5–10 μM FtsZ, and initiated by the addition of 0.5 mM GTP. Alternatively, GTPase activity was determined by measuring the release of phosphate using the malachite green assay (Baykov et al., 1988).

Steady-state kinetic analysis was performed by assaying the activity at different GTP concentrations and parameters determined by fitting the data to the Michaelis-Menten equation using Origin 8 software. All experiments were performed in triplicate.

Initial Inhibition assays were performed at 100 μM of each compound (stock solution 20 mM in DMSO) and, for compounds significantly active, the inhibitory concentration (IC50) was determined. To this purpose, GTPase activity of FtsZ was evaluated in the presence of different concentrations of compounds, ranging from 0.5 μM to 100 μM, and IC50 value was determined by the Equation 1 using Origin 8 software:
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where A[I] is the enzyme activity at inhibitor concentration [I] and A[0] is the enzyme activity without inhibitor.



Metabolic Transformation of C109 in B. cenocepacia Cultures

To identify the products of C109 transformation in the cellular environment, 200 ml B. cenocepacia J2315 culture were grown overnight at 37°C in LB medium, then 20 mg C109 were added. After 1.5 h, a chloroform extraction (100 ml × 3) was performed. Organic phase obtained from the extraction was evaporated, residues were resuspended in hexane/ethyl acetate 9:1 and subjected to flash column chromatography (Merck SiO2 60, 230–400 mesh). Visualization of metabolites was achieved under UV light at a wavelength of 254 nm.

The isolated metabolites were analyzed in UPLC/MS. The chromatographic analysis was performed with a JASCO X-LC (Lecco, Italy) system, coupled with a Thermo Fisher Scientific (Milan, Italy) LTQ XL HESI-MS/MS system. Chromatography was performed on a Waters Acquity column, 3 um particle size, 0.3 ml/min, gradient 10 min from 90:10 H2O/MeCN to 100% MeCN, then 4 min in 100% MeCN. The analyses were performed in full-scan from 150 and 2,000 u.m.a. in positive mode, and base peaks were analyzed with dependent scan method with @CID = 32 eV. Run were also monitored by recording the absorbance at 220 nm.



Nitroreductase BCAL0539 Expression, Purification, and Characterization

In order to obtain the B. cenocepacia putative nitroreductase (BcNR), the BCAL0539 gene was amplified using the primers pet28BC0539for (5′-ATGGGTCGCGGATCCCTGGAAGTTCTGTTCCAGGGGCCC-3′) and pet28BC0539rev (5′-TGCGGCCGCAAGCTTTCAAGCGAAAAAGCGCGCG-3′), and PCR products cloned into the pET-28a vector by the “In-Fusion® HD Cloning.” To facilitate the purification process, the forward primer was designed to insert the sequence encoding the cleavage site of the PreScission Protease (GE Healthcare) downstream the N-terminal His-tag sequence (italicized in the primer sequence). Best protein expression was achieved in E. coli BL21(DE3) cells, by induction with 0.5 mM IPTG overnight at 25°C. Cells were frozen at −20°C until use.

Frozen cells were resuspended in 50 mM potassium phosphate pH 8.0, 500 mM KCl (buffer A) containing 1 mM phenylmethylsulfonylfluoride, lysed by sonication, and clarified by centrifugation at 50,000 × g for 1 h. Cell free extract was then applied on a HisTrapFF Crude (1 ml, GE Healthcare) column, washed with 50 mM imidazole in buffer A, then BcNR was eluted with 250 mM imidazole in the same buffer. Proteins were dialyzed against 50 mM potassium phosphate pH 8.0, 150 mM KCl (buffer B), containing 1 mM DTT, treated with PreScission Protease to remove the N-terminal histidine tag, then further purified by size exclusion chromatography on a HiLoad 16/60 Superdex-75 column (GE Healthcare) equilibrated in buffer B. Protein was concentrated to 10 mg/ml and stored at −80°C until use. As BcNR was produced as a flavoprotein, we explored whether the prostetic group is covalently bound to the enzyme. To this purpose, 0.5 μl of the protein (2 mg/ml) were incubated at 100°C for 10 min, and centrifuged for 20 min at 12,000 × g. The denaturated protein was resuspended in the same initial volume of 2% SDS, and the spectra of both supernatant and resuspended pellet were recorded.

Enzyme activity assay was determined at 37°C using 4-nitrobenzoic acid or C109 as a substrate and NADPH as cofactor, by measuring the decrease in absorbance at 340 nm of NADPH (ε = 6,220 M−1 cm−1). The reaction mixture typically contained 50 mM potassium phosphate pH 8.0, 50 mM KCl, 5–10 μM BcNR, and reactions were started by adding the substrate. Steady-state kinetics parameters were determined by assaying the enzyme at variable concentrations of substrate (10–500 μM). The experiments were performed in triplicate, and the kinetic constants Km and kcat determined by fitting the data to the Michaelis-Menten equation using Origin 8 software.

To determine the BcNR metabolite of C109, 5 mg of compound were incubated with 10 mg of BcNR in 50 mM potassium phosphate pH 8.0, 200 μM NADPH, at 37°C, in a final volume of 35 ml for 1 h under agitation. The reaction mixture was then partitioned between water and dichloromethane (DCM), the aqueous layer was extracted with DCM, and combined organic layer washed with brine and dried over Na2SO4. Solvent was removed under reduced pressure and residue purified by flash column chromatography with hexane-ethyl acetate 8:2 as eluent. The isolated metabolites were analyzed in UPLC/MS, as described above. Analysis were performed in full-scan from 90 and 1,000 u.m.a. and base peaks were analyzed with dependent scan method with @CID = 28 eV.



Time-Lapse Microscopy

B. cenocepacia J2315 was cultured over-night in Middlebrook 7H9 broth, supplemented with 10% (v/v) DS enrichment (20 g dextrose, 8.5 g sodium chloride in 1 L water) and 5% (v/v) of a casamino acids solution (10 g casamino acids in 100 ml water). Cells were diluted 10-fold in the same fresh 7H9 medium, and 5 μl of the diluted cell suspension were inoculated into a custom-made microfluidic hexa-device, as previously described (Manina et al., 2019). Silicone tubing (0.76 mm ID) was connected to each inlet and outlet ports of the hexa-device to enable medium circulation. Two 50 ml syringes were connected to the inlet tubing, and prewarmed 7H9 medium was pumped through the microfluidic device at 15 μl/min. The outlet tubing were inserted into a waste receptacle containing bleach. The syringes were switched to 7H9 medium containing C109 (100 μg/ml) when appropriate. Bacteria were imaged in phase contrast, using a UPLFLN100XO2/PH3/1.30 objective (Olympus) and a high-speed sCMOS camera, with the help of an automated epifluorescence inverted microscope (DeltaVision Elite, GE Healthcare). The microscope was equipped with an environmental chamber maintained at 37°C. Images were recorded at 20-min intervals and up to 46 h. Exposure conditions were as follows: phase 50% T, 150 ms. In each experiment, 190 XY fields were imaged. The same experimental set-up was carried out twice.



Single-Cell Image Analysis

Manual segmentation of individual cells and analysis of image stacks were performed using the ImageJ 1.52a software. The Selection Brush Tools was used to draw polygons corresponding to the shape of individual cells and to extract the cell planar area (μm2). Measurements of the cell area were repeated throughout the generation time of individual cells, to calculate the growth rate by fitting an exponential curve. Division and lysis events were scored from the total number of cells constituting a microcolony before and during both the first and second exposure to C109, and used to calculate both division and lysis rates, as previously described (Manina et al., 2015).




RESULTS


Chemistry and Structure-Activity Relationship of C109 Derivatives

During our research in the field of the discovery of new anti-tuberculosis and anti-leprosy agents, we synthesized broad spectrum ortho-nitrodithiocarbomoyl heterocycles and analogs (Makarov et al., 2006). As a continuation of this research, we investigated the activity of some of these compounds on B. cenocepacia and surprisingly only compound C109 showed significant activity in whole cell screening (Scoffone et al., 2015). So, the primary aim of our current study was to improve the chemical properties of C109 in order to find new derivatives with lower MIC values toward B. cenocepacia and/or other bacteria, lower toxicity and, possibly, not extruded out of the cell by efflux mechanisms. To study structure activity and to design new active derivatives of C109, we used known medicinal chemistry methods to synthesize a broad spectrum of compounds and to probe their activity.

After screening 51 C109 derivatives (Supplementary Table 1), 23 compounds that showed inhibitory activity were examined to understand structure activity relationship.

The primary compound, C109, is a methyl [(4-nitro-2,1,3-benzothiadiazol-5-yl)thio]acetate (Scoffone et al., 2015). As a first step, we investigated the activity of several heterocyclic compounds having methylthioacetate moiety in ortho position to nitro group and observed that 2,1,3-benzothiadiazol scaffold is essential to preserve antibacterial activity. Also, our efforts to change methylthioacetate moiety to other sulfur containing nucleophilic substituents, such as dithiocarbamates, rhodano, imidothiocarbamate did not lead to any compounds with significant activity. Therefore, all other modifications have been limited with efforts to modify the nitro group and methylthioacetate side chain. The nitro group was explored to understand the essentiality of this reactive moiety. All the compounds lacking this group failed to be active both against the FtsZ activity and all the bacteria tested, confirming its essentiality.

Another way to modify the C109 compound was achieved through the synthesis of derivatives close to the original molecule, by modifying the size or hydrophobicity of the side chain, and introducing different moieties or atoms. This part of the molecule was explored as it can influence not only the binding of the compound to the molecular target FtsZ, but also the permeability across cell wall, as well as the affinity for efflux systems. For instance, the corresponding ethyl acetate derivative (11426142) partially lost activity against both bacteria and the purified enzyme (Table 1). The same was observed in the case of exchange of one proton inside chain on methyl group (11826110). We also observed completely loss of activity in the case of exchange of sulfur atom to oxygen (11726041), or nitrogen (11726042), or side chain length extension (10226047) (Table 1).


Table 1. Chemical structure, MICs and IC50 of C109 and of selected derivatives.
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Then, we explored typical metabolic processes such as hydrolysis, oxidation and reduction during which C109 can be transformed into its active metabolites. Hydrolysis followed by free acid formation led to the isolation of compound 11426177 (Table 1). Although this compound can be easily transferred to water soluble salt, unfortunately it is not active against B. cenocepacia. During oxidation process, we isolated two compounds with different level of sulfur oxidation. The result of mono oxidation, the sulfinyl derivative 11726257, showed an activity on B. cenocepacia similar to C109 (Table 1). A deeper oxidation of sulfur, which resulted in the sulfonyl derivative 11826109 showed loss of activity. We also studied the reduction process of nitro group of xenobiotics: several chemical methods of reduction were explored but, surprisingly, in all cases we isolated only products of the reduction followed by cyclisation of the thiozine ring with formation of the interesting tricyclic compound 7H-[1,2,5]thiadiazolo[3,4-f ][1,4]benzothiazin-8(9H)-one 11626109. This considerable modification of C109 structure caused loss of activity (Table 1).

Collectively these data show that the C109 molecule is very sensitive to any change, and that its structure is therefore most likely “terminal” for this class of compounds and for the activity against B. cenocepacia.



C109 Derivatives Exhibit a Broad Spectrum Efficacy

Overall, none of the derivatives showed better MIC values against B. cenocepacia than C109 (Table 1 and Supplementary Table 1). To check whether the compounds were effective against other Gram-negatives, the MICs against E. coli were evaluated, as described in Material and Methods, showing results very similar to those achieved for B. cenocepacia (Table 1). The activity of the identified compounds was assessed also against P. aeruginosa and the Gram-positive S. aureus. Seven of them (10626056, 11026176, 11026177, 11126009, 11126010, 11126015, and 11726256) showed activity only against S. aureus, indicating that probably these molecules cannot enter the Gram-negative cells, due to the different composition of the cell wall and the presence of the outer membrane. However, compounds 10026149 and 11426142 had better MIC values than C109 against P. aeruginosa (16 and 32 μg/ml, respectively vs. 128 μg/ml).

To extend the basic antimicrobial inhibitory activity screening, we also determined the ability of all the C109 derivatives, showing activity against at least one of the microorganisms, to inhibit their cellular target, i.e., the cell division protein FtsZ. The IC50 of the selected compounds was assayed on the B. cenocepacia FtsZ recombinant protein, as previously described (Hogan et al., 2018). As expected, all the compounds showed inhibitory activity, having an IC50 ranging from 3 μM (11726257) to 100 μM (11926141 and 11926142, Table 1), thus confirming that the resistance identified is probably due to either limited cell penetration or increased efflux.

Being that 11426142 was effective against all the microorganisms tested, including P. aeruginosa, and showing an IC50 against FtsZ of 21 μM (Table 1), we also determined its toxicity against a CF bronchial epithelial (CFBE41o-) cell line using the MTT assay, as previously described (Hogan et al., 2018). The toxic concentration at 50% (TC50) of C109 on these cell lines is about 75 μM (Hogan et al., 2018; Costabile et al., 2020), while 11426142 showed a TC50 of 50 μM (data not shown), confirming once more that C109 remains the best compound in our hands.



Analysis of C109 Resistant Strains

As we previously described that a mechanism of resistance to C109 relies on efflux mediated by the RND-9 transporter (Scoffone et al., 2015), we decided to investigate the resistance of P. aeruginosa, being the MIC of C109 equal to 128 μg/ml. A checkerboard assay, using increasing concentrations of C109 (from 0 to 128 μg/ml) in combination with the efflux pump inhibitor PaβN MC-207.110, was set up as described in Materials and Methods. The use of the efflux pump inhibitor PaβN MC-207.110 (Pagès et al., 2005) in combination with the C109 molecule showed a synergistic effect. In fact, in the presence of 16–128 μg/ml of MC-207.110, the C109 MIC decreased to 1 μg/ml (data not shown). These data clearly indicate that an efflux mechanism is responsible for the resistance of P. aeruginosa to C109.

Moreover, the ftsZ gene from P. aeruginosa PAO1 was cloned and expressed in E. coli using the same protocol followed for FtsZ from B. cenocepacia (see Materials and Methods). The purified PAO1-FtsZ showed kinetic parameters comparable to the ones of B. cenocepacia enzyme and the protein was sensitive to the effect of C109, being the IC50 even lower than toward B. cenocepacia FtsZ (3.5 ± 1.9 μM vs. 8.2 ± 1.3 μM), showing that the compound is able to inhibit the activity of this protein (Figure 1). As the two proteins share a 53% amino acid sequence identity, this result was not unexpected but further confirmed that the conserved FtsZ protein is the cellular target of C109.
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FIGURE 1. Enzymatic characterization of FCF19-FtsZ and PAO1-FtsZ. (A) Steady state kinetic analysis of FCF19-FtsZ mutant as a function of GTP. (B) IC50 determination of C109 toward FCF19-FtsZ mutant. (C) Steady state kinetic analysis of PAO1-FtsZ mutant as a function of GTP. (D) IC50 determination of C109 toward PAO1-FtsZ.


Next, we decided to investigate the origin of resistance to C109 in two clinical isolates of B. cenocepacia, namely FCF19 and FCF22 (Papaleo et al., 2010) for which C109 MIC is 128 and 256 μg/ml, respectively. Initially, we checked whether the gene encoding the C109 target, ftsZ, was mutated in these clinical isolates. Indeed, three mutations were found in the ftsZ gene of FCF19 strain, which lead to the following amino acidic changes: Pro347Gln; Ala348Pro; Gln349His. In contrast, no mutations were found in the ftsZ gene of FCF22 strain compared to the sequence of the reference strain J2315. Consequently, FCF19-FtsZ was expressed and purified in the same conditions of the wild-type FtsZ and showed to have kinetic parameters identical to those of the wild-type FtsZ (Figure 1). Moreover, the IC50 of C109 on FCF19-FtsZ resulted to be almost identical to the one for the wild-type protein (8.8 ± 1.6 μM), thus demonstrating that the mutated residues in FCF19-FtsZ are not responsible for the resistance phenotype.

Based on these findings, we sought whether the RND-9 efflux pump was implicated in the resistance phenotype of the two clinical isolates. We performed qRT-PCR analyses to check the level of expression of the RND-9 encoding gene. We found that the BCAM1946 gene, encoding the RND-9 transporter, was overexpressed in both FCF19 and FCF22 clinical isolates of 12 and 20 times, respectively, compared to the wild-type J2315 strain (Table 2). As we previously isolated C109 resistant strains that carried mutations in the RND-9 regulator encoding gene (BCAM1948) or in the intergenic region, in between the first gene encoding RND-9 (BCAM1947) and the regulator (Scoffone et al., 2015), we sequenced the same region also in the two clinical isolates FCF19 and FCF22. However, no mutations were found in either the BCAM1948 coding sequence or the intergenic region.


Table 2. MICs and RND-9 qRT-PCR results of B. cenocepacia FCF19 and FCF22 strains.
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In order to determine whether the inhibition of the activity of efflux could affect the MIC of C109 in these strains, a checkerboard assay was set up using the compound C109 and the efflux pump inhibitor PaβN MC-207.110, as described above for P. aeruginosa. The MIC value of the C109 molecule in the presence of 128 μg/ml of the efflux inhibitor (Table 2) was reduced in both clinical isolates (from 128 μg/ml to 8 μg/ml for the strain FCF19 and from 256 to 16 μg/ml for FCF22), and comparable to the wild-type strain J2315. These data clearly indicate that an unidentified efflux mechanism is responsible for the resistance of these two clinical isolates.

Finally, the MIC of the C109 derivatives, having a lower MIC against P. aeruginosa (namely, 10026149 and 11426142), was determined also against the clinical isolates of B. cenocepacia, naturally resistant to C109, aiming to check whether they may be more effective and not subject to efflux. Both FCF19 and FCF22 clinical isolates showed resistance to the compound 10026149, whereas the MIC of the compound 11426142 was lower compared to the MIC of the compound C109 (32 μg/ml for both strains, Table 2). This value, which is identical to the MIC against B. cenocepacia J2315, did not change in the presence of different concentrations (0–128 μg/ml) of the MC-207.110 efflux inhibitor. In contrast, the MIC of 11426142 decreased from 32 to 2 μg/ml in the presence of MC-207.110 when the checkerboard assay was carried out using P. aeruginosa.



Metabolic Transformation of C109 Upon Contact With B. cenocepacia Cells

The TLC of the chromatographic fractions of C109 metabolites (Figure 2) showed that at least 6 different compounds could be isolated. All these fractions were subjected to UPLC-MS analysis to characterize the compounds, allowing us to identify four putative C109 metabolites, present in fractions 1 (M1), 2 (M2a and M2b) and 3 (M3) (Figure 2 and Supplementary Figures 1–4). Moreover, fraction M5 partly contained untransformed C109 (Supplementary Figure 5), whereas it was not possible to identify the compounds present in fractions 4 and 6 (data not shown).
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FIGURE 2. Identification of the putative C109 metabolites produced by B. cenocepacia cells. The unstained (A) and UV light visualized (B) TLC analysis of the chromatographic fractions of cell cultures extract highlighted the presence of different compounds. Four compounds were identified by UPLC-MS analysis (Supplementary Figures 1–5) as potential C109 metabolites (C).


The identified metabolites should derive from hydrolysis of C109 between the sulfur atom and the benzothiazole or the methylacetate moieties, and from reductive reactions particularly on the nitro group of the compound. To verify if these conversions lead to the inactivation of the compound, the MIC of these metabolites was determined using the resazurin method. None of the metabolites retained an antimicrobial activity, being all the MIC values >256 μg/ml (data not shown).



B. cenocepacia Nitroreductase BCAL0539 Has the Potential to Inactivate C109

Since in three out of four identified metabolites of C109 the nitro group resulted to be reduced to amino, leading to loss of activity, we investigated whether an enzyme could be responsible for such reaction. Searching in the Burkholderia Genome Database (www.burkholderia.com) we found the BCAL0539 gene, which encodes a putative nitroreductase/4-nitrobenzoic reductase, belonging to the FMN—NAD(P)H-dependent nitroreductase family. To probe the role of this enzyme in the metabolism of C109, we produced the recombinant B. cenocepacia nitroreductase BCAL0539 (BcNR) protein in E. coli, and purified to homogeneity with a good yield (about 2 mg of protein per g of cells). The UV-vis spectrum of BcNR showed two peaks at 370 and 450 nm, demonstrating that the enzyme is expressed as a flavoprotein (Supplementary Figure 6). We found that the cofactor was not covalently linked to the enzyme because, after heat denaturation, the resuspended enzyme lost the two typical peaks of the flavin, which were instead present in the spectrum of the supernatant (Supplementary Figure 7). Since the enzyme is predicted to be a NAD(P)H dependent nitroreductase that uses 4-nitrobenzoic acid, we carried out a spectrophotometric activity assay, which follows the decrease in absorbance at 340 nm of the cofactor. Moreover, the enzyme activity was also assayed by using C109 as substrate. As shown in Supplementary Figure 8, BcNR is strictly NADPH-dependent, and is able to reduce both 4-nitrobenzoic acid and C109. Furthermore, the kinetic analysis showed that the enzyme is able to use C109 very efficiently, showing a specificity constant of 2063.7 ± 20.1 s−1 mM−1, about 20-fold higher than that for 4-nitrobenzoic acid, due to a 10-fold higher Vmax and about a 2-fold lower Km values (Figure 3 and Supplementary Table 2).


[image: Figure 3]
FIGURE 3. Steady state kinetic analysis of BcNR, using 4-nitrobenzoic acid (A) and C109 (B) as substrate.


To identify and characterize the C109 reaction product of BcNR, 5 mg of the compound were incubated for 1 h with the enzyme, in the presence of NADPH. The reaction mixture was then extracted with DCM, products isolated by silica gel chromatography and analyzed by mass spectrometry (Figure 4). Only a major metabolite was found, corresponding to the analogous amino metabolite of C109 M3, isolated in cell cultures (Figure 2), demonstrating that BcNR catalyzes the nitroreduction of the C109 compound.


[image: Figure 4]
FIGURE 4. Identification of BcNR C109 metabolites. Unstained (A) and UV light visualized (B) TLC analyses of the BcNR reaction using C109 as substrate (Rz), compared with the control performed with the same reaction mixture but without NADPH, demonstrated that the enzyme is able to transform C109 compound. The MS analysis [(C) full mass, and (D) fragmentation pattern] of the purified reaction products demonstrated that BcNR catalyzes the reduction of the nitro group of C109.


To assess whether the resulting BcNR reduction product could inhibit B. cenocepacia growth, we carried out a resazurin-based assay. We set up three reactions: (i) a complete reaction in the presence of 1 mM C109; (ii) a reaction without the cofactor NADPH; (iii) a reaction without C109. All these reactions were assayed along with the C109 nitro derivative 11626109 (Table 1), revealing that the metabolite resulting from the complete reduction is not active against B. cenocepacia growth (as 11626109), while in the absence of NADPH the BcNR does not work, C109 is not reduced and, consequently, still active. All these data confirm a role of BcNR in the inactivation of the compound, thus suggesting a possible involvement of the enzyme in the resistance mechanism to C109.

For this reason, the BCAL0539 gene expression was analyzed in the wild type J2315 and in the clinical isolates FCF19 and FCF22, which are resistant to C109 (see above). However, the BCAL0539 gene was not expressed, either in the wild type or in the resistant strains, implying that the BcNR is not implicated in C109 inactivation and resistance mechanism.



Time-Lapse Microscopy of B. cenocepacia Treated With C109 Reveals a Fraction of Possible Persistent Cells

The killing dynamics of B. cenocepacia with the compound C109 at the bulk-population level were shown to be concentration dependent and biphasic (Scoffone et al., 2015). Biphasic killing represents the typical pattern of drug persistence, whereby the initial linear mortality of the population is followed by a second phase where a subpopulation of cells is able to endure inhibitory drug concentrations in the absence of genetic mutations (Van den Bergh et al., 2017). In contrast to drug-resistant cells, which continue to replicate in the presence of the drug, drug-persistent cells either derive from pre-existing non-growing cells or slow down their growth during drug exposure, and their progeny is killed with kinetics similar to that of the initial population (Van den Bergh et al., 2017; Balaban et al., 2019). Possible mechanisms that can bring about heterogeneous responses to drugs, such as drug persistence, include uneven expression and partitioning of efflux systems among single bacterial cells (Pu et al., 2016; Bergmiller et al., 2017), Importantly, the mechanism of resistance to the C109 compound is mediated by the RND-9 efflux transporter (Scoffone et al., 2015). To examine the C109 killing dynamics of B. cenocepacia at the single-cell level, we carried out a time-lapse microscopy experiment, divided into several steps. Wild type B. cenocepacia J2315 cells were first seeded into a microfluidic device (Manina et al., 2019), and perfused with prewarmed 7H9 medium for 3 h, to allow the cells to adapt to the microfluidic environment. After a few events of cell division, the cells were exposed to 100 μg/ml of C109 (12.5X-MIC for the wild-type strain used in this work) for 4 h, equivalent to about 4 replication cycles. Cells were then perfused with C109-free 7H9 medium for 12 h, enabling the recovery and expansion of surviving cells. Finally, to understand whether the survivors had acquired genetic resistance, cells were exposed a second time to C109 (12.5X-MIC) for 24 h, equivalent to about 24 replication cycles. During the time-lapse imaging, cells were monitored every 20 min for a total of 46 h. The total number of cells, the single-cell area, and the number of division and lysis events were measured during each step of the experiment.

During the first 3 h phase, B. cenocepacia cells were able to adapt to the microfluidic device and replicate every 60 min (Figures 5, 6). After the first treatment with C109 (12.5X-MIC), 70% of the cells died from lysis(Figures 5, 7A) and the growth rate and the number of cell divisions decreased (Figures 6, 7B), until cells stopped dividing (Figure 7B). During the recovery phase in fresh 7H9 medium, 3.5 % of the remaining intact cells (30%) were able to resume growth and the cell number and the division rate increased again (Figures 5, 7A,B). After, the cells that had survived and resumed growth were treated for the second time with C109 (12.5X-MIC), we found that the compound caused again a decline in cell population by 92%, and finally cells stopped dividing (Figure 7A). Importantly, during the second treatment with C109 the population derived from the subpopulation of survivors showed a lysis rate comparable to the lysis rate of the initial population subject to the first treatment with C109, implying the absence of stable genetic resistance in the survivors, and reminiscent of a phenotype conceivably ascribable to persistent cells (Figure 7B).


[image: Figure 5]
FIGURE 5. Single-cell imaging of B. cenocepacia cells treated with C109. Contrast-phase image stacks of B. cenocepacia J2315 during the time-lapse microscopy in the microfluidic chamber. The white arrow indicates a cell that after the C109 treatment died, while a filamentous cell is indicated by the red arrow. Time is indicated in h at the bottom-right corner of each picture. C109 treatment (12.5X-MIC) is indicated on the top-right corner. Scale bar in the first picture is 5 μm.



[image: Figure 6]
FIGURE 6. Single-cell analysis of growth rate for different cell categories. Single-cell growth rate of survivor cells (A) and cell dead by lysis (B) prior to and following C109 exposure (n = 30). Early recovery was defined between 6 and 10 h and late recovery was defined between 10 and 18 h, from the beginning of the experiment. 2nd C109 treatment early is defined between 19 and 22 h and 2nd C109 treatment late is defined between 22 and 46 h from the beginning of the experiment. The data shown are from 2 independent experiments. Black lines indicate mean ± SD. Asterisks denote significance by Paired samples T-test: N.S., not significant; *p ≤ 0.05 and **p ≤ 0.01.



[image: Figure 7]
FIGURE 7. Single-cell analysis of B. cenocepacia cells treated with C109. (A) Total cell number (black line) and percentage of filamentous cells (red bars) for each time point during the time-lapse experiment. Data points are mean values of 8 different frames taken during two independent experiments. (B) Rates of cell division and lysis (mean ± SEM). Data points are mean values of different frames (n = 10) before, during and after C109 treatment, taken during two independent experiments. (C) Cell area measurements (μm2) of two-cells: cell dead by lysis (black line) and survivor filamentous cell (red line). The two cells are representative of 50 cells analyzed in two independent experiments.


From the single-cell point of view, the B. cenocepacia cell population exhibited two different phenotypes in the presence of C109 compound. During the first treatment with C109, 70% of the cells slowly decreased their rate of growth and division (Figures 5, 6B, 7B), increasing their area of 2-fold, and then died by lysis (Figures 5, 7C). These results were expected and consistent with previous observations upon inhibition of an essential component of the cell divisome by treatment with C109, and in case of other FtsZ inhibitors (Scoffone et al., 2015; Hogan et al., 2018; Tripathy and Sahu, 2019). The lytic phenotype could be explained because FtsZ is an essential component of the cell divisome and controls the cell wall biosynthesis at the septum site (Yang et al., 2017). Interestingly, 3.5% of cells decreased their growth rates, but were still able to grow and underwent considerable filamentation, increasing the cell area up to 5-fold (Figures 5, 6A, 7C and Supplementary Movie 1). During C109 washout with the fresh medium, 30% of these filamentous cells started again to divide from both poles, decreasing the cell area to 1.5 μm2, which is comparable to the size of healthy wt cells (Figures 5, 6A, 7B,C and Supplementary Movie 1), while the other cells remained frozen to the initial state. To determine whether the cell population that expanded from the cells that survived the first treatment with C109 had become genetically resistant, we treated the cells a second time with the C109 compound for 24 h. The population showed again both phenotypes; namely, 94% of the cells stopped to divide during the treatment (Figures 5, 6A, 7A,B and Supplementary Movie 1), while a smaller population (about the 6% of the total cell number) showed again the elongated phenotype (Figures 5, 7C and Supplementary Movie 1). These cells were unable to divide but increased their area up to 10-fold (8–10 μm2) the normal size of the cell (Figures 5, 7C and Supplementary Movie 1). Then, these elongated cells stopped to increase their area and died during the exposure to C109 (Figures 5, 7C and Supplementary Movie 1).

These results indicate that B. cenocepacia cells exposed to C109 produce a subpopulation with a phenotype ascribable to possible persistent cells. In particular, these survivor cells remain elongated in presence of the compound but restore their normal size and life cycle once the C109 is removed, giving rise to a new non-filamentous population. The latter population, once treated again with C109, shows again both phenotypes, i.e., a fraction of cells (94%) that is again sensitive to C109 and a second fraction of elongated cells (6%) that is still sensitive to C109 extended exposure, and does not show any sign of resistance. Among a representative population of 3,000 elongated cells that formed during the first exposure to C109, 8 cells (0.27%) resumed normal growth during drug washout and, being sensitive to the second exposure to C109, were ascribable to possible persistent cells.




DISCUSSION

Burkholderia spp infections represent a problematic threat for CF patients. However, due to the low infection rate, the development of novel antimicrobials has been limited and remains an urgent priority for these patients (Regan and Bhatt, 2019). For this reason, in the past few years we identified and characterized the FtsZ inhibitor C109, which showed strong activity against B. cenocepacia, including several clinical isolates (Scoffone et al., 2015; Hogan et al., 2018). Moreover, this compound proved to be active against both planktonic and sessile B. cenocepacia strains, and against different other Gram-positive and -negative bacteria (Hogan et al., 2018; Costabile et al., 2020).

However, despite its great potential, this compound displays two main drawbacks. First, we showed that C109 is a substrate of the RND-9 efflux pump (Scoffone et al., 2015), and efflux pumps are known to be among the most common mechanisms of resistance to antibiotics in B. cenocepacia (Perrin et al., 2010). Second, the compound is characterized by the presence of a nitro group, which is considered a structural alert in a potential drug, due to its possible association with mutagenicity and genotoxicity (Nepali et al., 2019). In addition, this nitro group could be the substrate of modifying nitroreductase enzymes, which can alter the efficacy of the compound (Nepali et al., 2019).

In particular, we explored the effects of the typical metabolic reactions of hydrolysis, oxidation and reduction on the activity of C109. However, none of the synthesized derivatives showed improved potency. Similarly, the modification introduced to synthetize close derivatives, such as acetylation, methylation of the benzothiadiazole group, substitution of the sulfur atom with oxygen or nitrogen atom, or the extension of the side chain, gave no improvement.

It is noteworthy that the majority of the derivatives, showing worsened potency in B. cenocepacia and in E. coli, maintained a similar or improved activity in S. aureus, further confirming that the main drawback of these compounds is the difficulty to access the cell, or to be maintained into Gram-negative cells. Indeed, the main issue of these compounds is that they are good substrate of efflux pumps, as we demonstrated in both B. cenocepacia clinical isolates and P. aeruginosa.

The other drawback of our benzothiadiazole compound is the presence of an essential nitro group, that could be subjected to different modifications. It is noteworthy that modifications occurring to nitro group could lead to the inactivation of the drug (Nepali et al., 2019), whereas in the case of pro-drugs these modifications can cause their activation (Mori et al., 2017). Thus, to better characterize the behavior of C109, we investigated how it can be metabolized by B. cenocepacia cells. As expected, the main transformations taking place are reductive reactions on the nitro moiety, and hydrolytic reactions occurring between the sulfur atom linking the benzothiazole with the methylacetate. We were able to isolate and characterize certain C109 metabolites, but all of them were shown to be inactive, demonstrating that the compound is not subjected to any activation process. However, having found that C109 is intracellularly inactivated through nitroreduction, we looked for possible enzymes responsible for this reaction. We found that B. cenocepacia possesses a gene encoding the putative nitroreductase BcNR. However, we exclude that BcNR confers resistance to the compound, being its basal level of expression negligible. At this stage, we cannot exclude that there are other possible endogenous nitroreductases that could be responsible for the inactivation of C109 in B. cenocepacia, although none has been reported in the literature so far.

The C109 compound is also particularly susceptible to the action of the RND-9 efflux pump, which is over-expressed in two clinical isolates we tested (Papaleo et al., 2010; Scoffone et al., 2015). Remarkably, stochastic expression of efflux pumps can induce a fraction of the bacterial population to become persistent to drugs (Pu et al., 2016; Bergmiller et al., 2017). Furthermore, it has been recently proposed that recurrent drug-persistent infections, such as those caused by B. cenocepacia in CF patients, may promote the onset of genetic drug resistance (Balaban et al., 2019). Here we decided to assess the single-cell behavior of a clonal population of B. cenocepacia J2315 when confronted with the compound C109, by using quantitative time-lapse imaging. Although the majority of the bacterial population stopped dividing and died during treatment, consistent with the essentiality of FtsZ and with the mislocalization of FtsZ-GFP in E. coli cells treated with C109 (Hogan et al., 2018), a small fraction of B. cenocepacia cells was still viable and exhibited a considerable filamentous phenotype, which reflects the ability of a subpopulation to tolerate dysfunctional cytokinesis. During the recovery in C109-free medium, these surviving cells gave rise to a new population with normal cell size that, following a second treatment, was still sensitive to C109 and did not develop stable resistance to the compound. These results imply that these transient filamentous cells could be considered cells with a phenotype ascribable to possible persisters, which will be subjected to further investigations. Interestingly, we found that cells that survived the C109 compound originated from metabolically active cells, which had a growth rate comparable to drug-sensitive cells, as previously described in different bacterial species (Van den Bergh et al., 2017). Although non-growing populations are usually enriched with drug-persistent cells, the phenomenon of persistence is not exclusively linked to the absence of growth ahead of drug exposure, but is multifactorial and can also be associated with the environmental conditions; species-specific factors; pre-existing cell-to-cell phenotypic variation; the drug class and the dynamics of drug exposure (Van den Bergh et al., 2017; Balaban et al., 2019; Goormaghtigh and Van Melderen, 2019; Manina et al., 2019). Here we report that the single-cell growth rate prior to C109 exposure is not predictive of survival toward C109 compound in B. cenocepacia. At present, we cannot discriminate whether C109-survivors might result from the exposure to the compound, or might derive from a subpopulation having a distinct phenotype before exposure to the compound. In the future, it will be interesting to explore whether stochastic over-expression of RND-9 or of another efflux pump may be responsible for the onset of persistence in a subpopulation of B. cenocepacia. We think that a better understanding of this phenomenon may help to conceive a drug combination that makes C109 more effective against B. cenocepacia.

In conclusion, within this work, we thoroughly characterized the potential of the C109 scaffold for the development of new antimicrobial compounds against microbial species that are life-threatening for CF patients. Despite most of the derivatives being effective against the cellular target FtsZ in vitro, none showed improved activity against Gram negative bacteria. However, five of these derivatives (10026149, 11026176, 11026177, 11126010, 11426142) showed promising activity against the CF and nosocomial pathogen S. aureus, suggesting another possible application for this class of compounds.
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The insurgence of antibiotic resistance and emergence of multidrug-resistant (MDR) pathogens prioritize research to discover new antimicrobials. In this context, medicinal plants produce bioactive compounds of pharmacological interest: some extracts have antimicrobial properties that can contrast different pathogens. For such a purpose, Origanum vulgare L. (Lamiaceae family) is a medicinal aromatic plant, whose essential oil (EO) is recognized for its antiseptic, antimicrobial and antiviral activities. The cultivable bacteria from different compartments (i.e., flower, leaf, stem and soil) were isolated in order to: (i) characterize the bacterial microbiota associated to the plant, determining the forces responsible for the structuring of its composition (by evaluation of cross inhibition); (ii) investigate if bacterial endophytes demonstrate antimicrobial activities against human pathogens. A pool of plants belonging to O. vulgare species was collected and the specimen chemotype was defined by hydrodistillation of its essential oil. The isolation of plant associated bacteria was performed from the four compartments. Microbiota was further characterized through a culture-independent approach and next-generation sequencing analysis, as well. Isolates were molecularly typed by Random Amplified Polymorphic DNA (RAPD) profiling and taxonomically assigned by 16S rRNA gene sequencing. Antibiotic resistance profiles of isolates and pairwise cross-inhibition of isolates on agar plates (i.e., antagonistic interactions) were also assessed. High level of diversity of bacterial isolates was detected at both genus and strain level in all different compartments. Most strains were tolerant against common antibiotics; moreover, they produced antagonistic patterns of interactions mainly with strains from different compartments with respect to that of original isolation. Strains that exhibited high inhibitory properties were further tested against human pathogens, revealing a strong capacity to inhibit the growth of strains resistant to several antibiotics. In conclusion, this study regarded the characterization of O. vulgare L. chemotype and of the bacterial communities associated to this medicinal plant, also allowing the evaluation of antibiotic resistance and antagonistic interactions. This study provided the bases for further analyses on the possible involvement of endophytic bacteria in the production of antimicrobial molecules that could have an important role in clinical and therapeutic applications.
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INTRODUCTION

Increasing antibiotic resistance, due to an overuse of antibiotics, and emergence of multidrug-resistant (MDR) pathogens prioritize research to discover new antimicrobials. The use of plants or their derivatives for prevention and treatment of various health ailments and infections is in practice from immemorial time (Sahoo et al., 2010): in fact, some plant extracts have antimicrobial properties able to affect different pathogens (Shityakova et al., 2019).

Microorganisms are naturally associated to plants in different ways (Reinhold-Hurek and Hurek, 2011). According to a widely used definition, “endophytic bacteria and fungi internally colonize the host tissues, sometimes in high numbers, without damaging the host or eliciting symptoms of plant disease” (Quispel, 1992). Most of the microorganisms inhabiting plants are important for the host’s development and health, despite, sometimes they could also be neutral (Mendes et al., 2013; Philippot et al., 2013).

Increasing knowledge indicates that microbes and/or their interactions with the host are responsible for the synthesis of natural products (Gunatilaka, 2006): for several medicinal plants, according to Köberl et al. (2013), “it is presumed that the plant-associated microbiome, especially the complex community of the endomicrobiome, is directly or indirectly involved in the production of bioactive phytochemicals”. Indeed, endophytic microorganisms play an important role in searching for natural bioactive compounds, with potential use in the health sector and in drug discovery (Lam, 2007). It is well known that, within plant diversity, a distinctive microbiota is harbored by medicinal plant species due to their structurally divergent and unique secondary metabolites (Qi et al., 2012).

Origanum vulgare L. is a medicinal aromatic plant belonging to the Lamiaceae family, which comprises many essential oil (EO) producing species. O. vulgare is morphologically considered to be one of the most variable species within the genus Origanum. Moreover, its variability is also exhibited in the chemotype, which is highly influenced by the plant growth environment. The most represented compounds in oregano EO are phenolic monoterpenes, such as carvacrol and thymol (Werker et al., 1985; De Mastro et al., 2017), followed by linalool and linalyl acetate (De Mastro et al., 2017). Thymol and carvacrol have been reported to exert a substantial inhibitory activity against microbes (Lambert et al., 2001): in fact, it is known that the antibacterial properties of EO are mainly due to its phenolic compounds (Cosentino et al., 1999). Other published studies report EO compositions rich in sesquiterpene hydrocarbons, such as germacrene D and β-caryophyllene (Mockute et al., 2001). These two compounds are major components also in other medicinal plants EOs, such as those of Cedrus libani A. Rich. and Artemisia vulgaris L., and they are known to act as antimicrobial, anesthetic and anti-inflammatory compounds, with cytotoxic activity against several cancer cell lines (Saab et al., 2018; Malik et al., 2019). According to Checcucci et al. (2017), the plant species (medicinal or aromatic ones) that produce EOs could represent a suitable model for “testing the hypothesis of an effect of the endophyte-microbiome dichotomy on the production of EOs and, consequently, of a colonization of plant tissues by bacteria resistant to these oils,” as well as the role of plant-bacteria interaction in the modulation of medicinal plant secondary metabolism (Maggini et al., 2019a, b, 2020).

In this work, the chemotype of O. vulgare EO was determined and the cultivable bacteria from different compartments (flower, leaf, stem and soil) were isolated. The main goals were (i) to characterize the bacterial microbiota associated to the plant, determining the forces responsible for the structuring of its composition (by evaluation of cross inhibition); (ii) to investigate if bacterial endophytes demonstrate antimicrobial activities against human pathogens.



MATERIALS AND METHODS


Hydrodistillation of the Essential Oil

A pool of three plants of O. vulgare L. cultivated in an open-air common garden at the “Giardino delle Erbe - Augusto Rinaldi Ceroni,” Casola Valsenio (Ravenna, Italy), were collected in July 2018. 1 kg of above ground tissues was distilled. The steam distillation of EO was carried out at the Giardino delle Erbe (Casola Valsenio, RA, Italy), following the method described in Hanci et al. (2003).



Determination of the Essential Oil Composition

The pure EO was diluted at 5% in HPLC-grade n-hexane and then injected in the GC/EI-MS apparatus. The GC/EI-MS analyses were performed with a Varian CP-3800 apparatus equipped with a DB-5 capillary column (30 m × 0.25 mm i. d., film thickness 0.25 μm) and a Varian Saturn 2000 ion-trap mass detector. The oven temperature was programmed rising from 60 to 240°C at 3°C/min. The set temperatures were as follows: injector temperature, 220°C; transfer-line temperature, 240°C. The carrier gas was He, at 1 ml/min flow. The injection volume was set at 1 μl. The acquisition was performed with the following parameters: full scan, with a scan range of 35–300 m/z; scan time: 1.0 s; threshold: 1 count. The identification of the constituents was based on the comparison of their retention times (tR) with those of pure reference samples and their linear retention indices (LRIs), which were determined relatively to the tR of a series of n-alkanes. The detected mass spectra were compared with those listed in the commercial libraries NIST 14 and ADAMS, as well as in a homemade mass-spectral library, built up from pure substances and components of commercial essential oils of known compositions, and in MS literature data (Masada, 1976; Jennings and Shibamoto, 1982; Davies, 1990; Swigar and Silverstein, 1992; Adams, 1995; Adams et al., 1997).



Sampling of O. vulgare and Plant-Associated Bacteria Extraction

From the same pool of plants of O. vulgare used for hydrodistillation, plant anatomical parts (i.e., flower, leaf, stem) and soil near the plant roots (bulk soil) were separately collected and treated as independent samples. Flowers were grouped and pooled, as well as the stems and leaves. 1 g of fresh tissue from each pool was surface sterilized with 1% v/v HClO in a sterile 50 ml tube at room temperature in order to remove the epiphytic bacteria, as described in Chiellini et al. (2014). After this, samples were washed three times with sterile water, and then they were pottered in a sterile mortar with the addition of 2 ml of 0.9% w/v NaCl sterile solution. Water used for the last wash was plated on TSA to verify sterility of sample external surface. Bulk soil was treated separately at room temperature for 1 h with 20 ml of 10 mM Mg2SO4 in a 50 ml sterile tube under shaking, to allow the detachment of bacteria from soil particles.



Extraction of Genomic DNA and NGS Sequence Analysis

Genomic DNA was extracted from flower, leaf and stem samples using PowerLyzer® PowerSoil® DNA Isolation Kit (MO BIO laboratories, Inc., Carlsbad, CA, United States) following the manufacturer’s instruction. Hypervariable regions of bacterial 16S rRNA gene (V1–V9) (Chakravorty et al., 2007; Petrosino et al., 2009) were used as molecular markers for bacterial identification in HTS analysis (Huse et al., 2008). In this study, the V3–V4 regions were sequenced using the primer 341F and 805R (Herlemann et al., 2011) according to the protocol reported in the 16S Metagenomic Sequencing Library Preparation protocol from Illumina (Kozich et al., 2013). Library preparation and demultiplexing were performed following Illumina’s standard pipeline (Caporaso et al., 2012). Libraries were sequenced in a single run using Illumina MiSeq technology with pair-end sequencing strategy with MiSeq Reagent Kit v3. Library construction and sequencing were performed by an external company (BMR Genomics, Padua, Italy). Sequence files have been submitted in the NCBI sequence read archive (SRA) and are available under the accession PRJNA606513.



Amplicon Sequence Variant Inference

Sequences were clustered into ASVs using the DADA2 pipeline reported at https://benjjneb.github.io/dada2/tutorial.html (Callahan et al., 2016). PCR primers were removed with cutadapt (Martin, 2011) with default settings. Sequences were discarded if the software did not detect one or both primers (–discard-untrimmed option). To ensure that sequences were paired after the trimming process the ‘-pair-filter = any’ option was used. Sequences were then filtered using the ‘filterAndTrim’ function of DADA2 with a maximum error rate of 2 and a fixed length of 270 and 200bp for forward and reverse reads, respectively. Trimmed sequences were used for error rate estimation (the ‘learnErrors’ function with default parameters). Finally, sequences were denoised and merged, and variants were inferred using the DADA2 algorithm. Taxonomic annotation was performed after chimera removal using DECIPHER package (Murali et al., 2018) (version 2.0) with the Silva training set 132 (Quast et al., 2013). Tables produced by the DADA2 pipeline were imported into phyloseq (through the phyloseq R package version 1.22.3), ASVs assigned to chloroplasts and mitochondria have been excluded, and bacterial communities of the three compartments were analyzed.



Count and Isolation of Cultivable Bacteria

Tissue extracts and soil suspensions were diluted (10–1, 10–3, 10–5, 10–7) and 100 μl of each dilution were plated on tryptic soy agar (TSA) medium (Bio-Rad) in triplicate. Plates were incubated at 30°C and the CFU (colony forming units) were counted after 48 h. For each compartment about 25 different colonies were randomly chosen; then, they were streaked on TSA medium and grown at 30°C for 48 h.



Bacterial Strains and Growth Conditions

The bacterial collection is represented by a panel of 97 isolates from different compartments of O. vulgare L. plants (24 isolates from flower compartment, 24 from leaf, 25 from stem and 24 from bulk soil). Isolates are referred to as OV followed by F, L, S or T for flower, leaf, stem and bulk soil districts, respectively, and numerated. Bacterial isolates were grown on TSA medium for 48 h at 30°C.



Random Amplified Polymorphic DNA Analysis

Cell lysates were prepared by processing a single isolated colony resuspended in 20 μl of sterile dH2O, by thermal lysis (95°C for 10 min), followed by cooling on ice for 5 min. RAPD profiles of the bacterial isolates were obtained using the primer 1253 (Table 1). The reaction mix was performed in a 25 μl-volume with 1× DreamTaq Buffer, 200 μM dNTPs, 500 ng of primer 1253, 1 U of DreamTaq DNA Polymerase (Thermo Scientific) and 2 μl of thermal lysate used as template. The PCR cycling adopted was set up in a Bio-Rad T100 thermal cycler as follows: 90°C for 1 min, 95°C for 95 s followed by 45 cycles of 95°C for 30 s, 36°C for 1 min, 75°C for 2 min, then 75°C for 10 min and finally 60°C for 10 min. Amplicons were visualized through a 2% w/v agarose gel electrophoresis. The assignment of different isolates to the same haplotype group was determined on the basis of the fingerprint pattern of each RAPD product, comparing them for the presence/absence of bands. For haplotypes represented by more than one isolate derived from the same compartment, a single bacterial isolate was randomly chosen as representative strain for that RAPD haplotype.


TABLE 1. Primers used in this work.
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16S rRNA Gene Sequences

For each recognized RAPD haplotype, the 16S rRNA coding gene sequence was used for the taxonomic affiliation of the bacterial isolates. Amplification of 16S rDNA gene was obtained in a total volume of 20 μl, containing 1× DreamTaq Buffer, 250 μM dNTPs, 0.6 μM of primers P0 and P6 (Table 1), 2 U of Dream Taq DNA Polymerase (Thermo Scientific), and 1 μl of thermal lysate used as template. Samples were incubated for 3 min in a thermal cycler (Bio-Rad T100) at 95°C, then amplification was achieved with 30 cycles of 30 s at 95°C, 30 s at 50°C, and 1 min at 72°C, with a final extension at 72°C for 10 min. Amplicons were analyzed through a 0.8% w/v agarose gel electrophoresis. Sequencing of the 16S rDNA amplicons was performed by the Microsynth Seqlab (Germany). Each sequence was submitted to Gene Bank and the accession numbers from No MN811044 to No MN811099 (Supplementary Table S1).



Phylogenetic Tree Analysis

Taxonomic affiliation of the strains was determined through the analysis of 16S rRNA gene sequences obtained. They were aligned to those of type strains retrieved from the Ribosomal Database Project (RDP) (Cole et al., 2014) using BioEdit (Hall, 1999). The obtained alignment was then used to build a phylogenetic tree through MEGA X (Kumar et al., 2018) for each genus, applying the Neighbor-Joining algorithm with a 1000-bootstrap resampling.



Antibiotics Resistance Profile of Cultivable Bacteria Associated to O. vulgare

Evaluation of antibiotic resistance was performed by streaking each strain on TSA medium containing different concentration of selected antibiotics, according to Mengoni et al. (2014). The chosen antibiotics were chloramphenicol, ciprofloxacin, rifampicin, streptomycin, kanamycin, and tetracycline (Table 2). After growing on TSA medium for 48 h at 30°C, a colony of each strain was suspended in 100 μl saline solution (0.9% w/v NaCl), streaked on TSA medium supplemented with different antibiotics and then incubated at 30°C for 48 h. The following antibiotic concentrations (μg/ml) were tested: chloramphenicol (1-2.5-5-10-25-50); ciprofloxacin, streptomycin and kanamycin (0.5-1-2.5-5-10-50); rifampicin (5-10-25-50-100); tetracycline (0.5-1.25-2.5-5-12.5-25). The different growth levels were indicated as follows: complete growth (+ +), strong (+), weak (+ −), very weak (+ −), and absence of growth (−), and MIC (Minimal Inhibiting Concentration) values were identified.


TABLE 2. Classes and targets of the antibiotics used in this work.
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Analysis of Antagonistic Interactions Through Cross-Streaking

Bacterial strains isolated from each compartment of O. vulgare plants were tested for cross antagonism, using representatives of each RAPD haplotype. Antagonistic interactions were assayed between each compartment of O. vulgare within-niche and cross-niche. Tester strains were firstly streaked across one half of a TSA plate and grown at 30°C for 48 h in order to allow the possible production of antimicrobial compounds. Target strains were then streaked perpendicularly to the tester strain and plates were incubated at 30°C for further 48 h. Additionally, target strains were grown at 30°C for 48 h in the absence of the tester, as growth control. The antagonistic effect was evaluated as the absence or reduction of the target strains growth compared to their growth in the absence of the tester strain. The different inhibition levels were indicated with numbers from 0 to 3 as follows: complete (3, red), strong (2, orange), weak (1, salmon), and absence (0, white) of inhibition (Maida et al., 2016).



Inhibition of Human Pathogens by O. vulgare Associated Bacteria

A panel of selected strains of O. vulgare for which high antagonistic interactions were evidenced, was tested against 46 pathogenic strains: 10 for Staphylococcus aureus, 10 for Coagulase-negative staphylococci, 10 for Pseudomonas aeruginosa, 6 for Klebsiella pneumoniae characterized by their resistance to multiple antibiotics (as reported in Table 3), and 10 of a Burkholderia cepacia complex (BCC) collection, MDR BCC bacteria able to resist to different antibiotic classes (e.g., polymyxins, most of beta-lactams and aminoglycosides) (Saiman et al., 2003). The bacterial strains were isolated from different sources (hospital devices, foods, patients, healthy subjects, environment), as shown in Table 3. As reported in the BCCM/LMG bacteria collection database, origins of the BCC strains classified as environmental are the following: LMG1222, onion; LMG17588, soil; LMG19182, pea rhizosphere; LMG19230, wheat roots. Each strain was maintained at −80°C under glycerol (25%, v/v) stock, cultured in Brain Heart Infusion Broth (Thermo Scientific) for 24 h at 37°C, then streaked on TSA, and incubated at 37°C for 24 h before the use. The isolated bacterial strains (S. aureus, CoNS, P. aeruginosa, K. pneumoniae) were provided from the Applied Microbiology laboratory (Health Sciences Dept., University of Florence, Italy), while the standard bacteria Staphylococcus aureus ATCC 25923, Pseudomonas aeruginosa ATCC 27853 and Klebsiella pneumonia ATCC 700603 were obtained from Thermo Fisher Diagnostics S.p.A. The antimicrobial activity was evaluated through the cross-streak method, as previously described, except for the incubation temperature of target strains: 48 h at 37°C for CoNS (Coagulase-negative staphylococci) and 24 h at 37°C for all the other pathogens. The degree of antagonistic effect was evaluated by measuring the inhibition or reduction zone and the results were presented with numbers from 0 to 3 as previously described. The sum of numbers of each bacterial strain represents the total score of inhibition (TSI) ability against human pathogens. TSI was scored as absence of activity (TSI = 0), very low activity (TSI = 1–10), low activity (TSI = 11–20), strong activity (TSI = 21–27), and very strong activity (TSI = 28–30) (Maida et al., 2016).


TABLE 3. Pathogenic strains used in the study and related antibiotic resistance profiling.
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RESULTS


Chemical Characterization of the O. vulgare L. Essential Oil and Chemotype Attribution

The complete composition of the EO hydrodistilled from the analyzed O. vulgare specimen is reported in Supplementary Table S2. Terpene hydrocarbons dominated the composition, since they were detected in a relative amount accounting for over 90% of the total. Sesquiterpene hydrocarbons, in particular, added up to over 70% of the total: among them, germacrene D and β-caryophyllene were the most abundant, exhibiting relative abundances of 29.4 and 19.2%, respectively. The plant was, thus, a germacrene D/β-caryophyllene chemotype. The oxygenated terpenes were far less represented, accounting only for the remaining 8.6%: among them, only 4-terpineol, caryophyllene oxide and spathulenol exhibited relative concentrations higher than 1%.



Characterization of the Plant Microbiota

Bacterial communities of plant samples of the same compartments from which the EO of O. vulgare plants was obtained (i.e., flower, leaf, and stem) were examined through NGS. Quality filtering steps obtained a total of 53 ASVs, and representative sequences for each ASV were classified into 28 genera belonging to 4 phyla according to the Silva database, with a different distribution between leaves (with only one genus, Acinetobacter, found) and the other two compartments. The majority of the ASVs (62.26%) belong to Proteobacteria phylum, followed by Firmicutes (15.09%), Actinobacteria (11.32%), and Bacteroidetes (11.32%). Data obtained are shown in Figure 1.


[image: image]

FIGURE 1. Bar plot showing the relative abundances of bacterial genera in each sample. OVF = flower, OVL = leaf, OVS = stem compartment.




Isolation of Cultivable Bacteria

Bacteria extracted from flower, leaf, stem of O. vulgare plants and bulk soil were plated as described in Materials and Methods. Data obtained revealed that the highest bacterial titers were detected in the soil (5.1 × 105), while the lowest CFU/g value was represented by the leaves (7 × 102); flower and stem compartments had 2.16 × 105 and 8.5 × 103 CFU/g, respectively.



Strain-Level Profiling of Isolates

To investigate the structure of the culturable microbiota and to define the haplotypes (i.e., individual genotypes) present, a RAPD analysis was performed assuming that isolates sharing the same RAPD fingerprinting correspond to the same strain (Chiellini et al., 2014 and references therein): a total of 62 different RAPD haplotypes was identified, corresponding to 62 different bacterial strains. The distribution of the RAPD haplotypes within the different compartments is shown in Supplementary Table S3. The highest number of haplotypes was detected in the stem compartment (19 haplotypes out of 25 bacterial isolates), while the soil compartment exhibited the lowest number of haplotypes (12 haplotypes out of 24 isolates) as shown in Table 4. Notably, a very low number of haplotypes was shared between the different compartments: indeed, only 2 strains were shared by the leaf and stem compartments.


TABLE 4. Distribution of bacterial haplotypes, species, and genera detected in the four districts of O. vulgare plant.
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Taxonomic Assignment of Strains

The taxonomic identification of strains from RAPD haplotyping by 16S rRNA gene sequencing is summarized in Figure 2.


[image: image]

FIGURE 2. Composition of cultivable bacterial communities of O. vulgare. Number of genera for each district: flower (8), leaf (8), stem (8), soil (6).


This analysis revealed that: (i) strains were affiliated to 19 different bacterial genera (42.1% Gram negative, 57.9% Gram positive); (ii) the majority of the 16S rDNA gene sequences was affiliated to the genus Bacillus (28.12%); (iii) Arthrobacter was the second most highly represented genus (14.06%); (iv) seven genera (Pseudomonas, Sphyngomonas, Curtobacterium, Arthrobacter, Bacillus, Staphylococcus, Rhodococcus) were shared among compartments, however just the genus Bacillus was shared by all the four districts. Moreover, a total of 12 genera were represented in only a single district, such as Pantoea, Rhizobium, Paenibacillus, Micrococcus, and Rathayibacter, which were detected only in the flower compartment (Figure 3).


[image: image]

FIGURE 3. Bacterial genera shared by the different anatomical parts of the plant and in the bulk soil. The number of different genera identified is reported in brackets.


For each genus a 16S rRNA gene phylogenetic tree was constructed as described in Materials and Methods. The analysis of the obtained phylogenetic trees (shown in Supplementary Material from Figures S1 to Figure S18) allowed to affiliate the 62 strains to 32 (possible) different species. The 28.1% of species resulted to be shared by the flower, leaf, stem, and soil compartments. Only one species (i.e., Bacillus megaterium) resulted to be shared between all the four districts. The compartments with the highest number of species were leaf and stem districts (for both of them 13 different species were identified).



Antibiotics Resistance Profiles

The antibiotic resistance profiles of bacteria associated to the four O. vulgare compartments were investigated, as described in Materials and Methods. The Minimal Inhibitory Concentration (MIC) of each antibiotic was evaluated and the values are reported in Table 5. The 45.16% of the O. vulgare associated bacteria showed MIC value for the antibiotic streptomycin < 2.5 μg/ml, and the 37.09% showed a very high MIC level (50 μg/ml). Regarding the antibiotic kanamycin the 41.93% revealed MIC value at the maximum concentration used or more. In particular, a very high tolerance to streptomycin and kanamycin, even to the highest concentrations used (MIC values > 50 μg/ml), was revealed by some strains associated to the bulk soil and leaves. MIC value for tetracycline was evaluated at low concentrations (< 2.5 μg/ml) for the majority of the strains (83.87%). Some strains showed the capacity to grow in presence of low concentrations of chloramphenicol and ciprofloxacin, and only a few strains (12 out of 62) demonstrated to tolerate the lowest concentrations (5 μg/ml) of rifampicin as well. Moreover, the 89.40% of the bacteria associated to the stem were almost totally inhibited by streptomycin, even at the lowest concentration. The different antibiotic resistance profiles seemed to not correlate with the species affiliation and/or the districts from whom bacteria were isolated. Nonetheless, just in case of streptomycin resistance of Arthrobacter strains, those isolated from the stem were much more sensitive in comparison to those ones associated to the leaves. Overall, strains associated to the bulk soil resulted tolerant to the great majority of the antibiotics tested, even at the highest concentrations used.


TABLE 5. Antibiotic resistance assay of O. vulgare associated bacteria.
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Antagonistic Interaction Between O. vulgare Associated Bacteria

Antagonistic interactions, at both inter- and intra-compartment level, were tested through cross-streak test, as described in Materials and Methods. To this purpose, each strain was used either as a tester or target. The antagonistic effect was indicated by the absence or reduction of the target strain growth. Data obtained, schematically shown in Figure 4, revealed that: (i) all the tested strains were able to inhibit at least one strain; (ii) soil-associated bacteria revealed a higher capacity to inhibit strains belonging to the other compartments, with those from stem and leaf following; (iii) flowers associated bacteria revealed the lowest capacity to inhibit other strains; (iv) regarding the inhibition sensitivity, the highest values were obtained from stem compartment, with leaf and flower following; and (v) the lowest inhibition sensitivity was revealed by soil-associated bacteria, as they were less inhibited by strains extracted from the different anatomical part of the plants.


[image: image]

FIGURE 4. Heatmap showing the antagonistic interactions existing between endophytic (flower, leaf, stem) and soil bacteria isolated from the medicinal plant O. vulgare. Each strain was tested either as tester or target strain versus all the other ones. The inhibition values reflect three different inhibition levels observed during the cross-streak experiments, that is: complete (3, red), strong (2, orange), weak (1, salmon), and absence (0, white) of inhibition. Nd (not detected) refers to results that were not obtained.


Figure 5 shows a representation of the inhibitory pattern among strains from the same and different compartments. In this scheme, each node represents a plant compartment whereas numbers indicate the sum of the inhibiting scores of the bacteria isolated from those compartments and the inhibition potential of tester strains calculated as the sum of inhibition scores divided by the tester number. Inhibition patterns were represented by directed links, while the occurrence and the extent of self-inhibition were reported with dashed links.


[image: image]

FIGURE 5. Schematic representation of inhibiting activity of bacterial strains isolated from the medicinal plant O. vulgare bulk soil (T), stem (S), leaf (L) and flowers (F). Each node represents a plant compartment whereas numbers represent the sum of the inhibiting scores of the bacteria isolated from those compartments (A) and the inhibition potential of the tester strains calculated as the sum of inhibition scores divided by the tester number (B). Directed links represent inhibition patterns. Dashed links indicate the occurrence and the extent of self-inhibition.


The analysis of these results suggested that the bacterial communities from stem and soil were much more able to antagonize the growth of bacteria belonging to the other two compartments (Table 6). The relative degree of inhibitory score and sensitivity score of strains belonging to different compartments are respectively as following: soil > stem >leaves > flowers; soil < stem <flowers < leaf. Additionally, stem community showed the highest self-inhibition, whereas flower-associated bacteria revealed the lowest one. So, the different antagonistic activity observed could be, apparently, influenced by the ecological niche inhabited by bacteria.


TABLE 6. Inhibitory and sensitivity score of the endophytic bacteria associated to the four compartments of O. vulgare.
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Inhibition of Human Pathogens by O. vulgare Associated Bacteria

The endophytic strains (Table 7) exhibiting high antagonistic interactions, have been further tested against human pathogens through cross-streak method, as described in Materials and Methods.


TABLE 7. O. vulgare associated bacteria tested against 46 pathogenic strains.
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In Figure 6 the antagonistic interactions of O. vulgare tester strains against 46 human pathogens are shown.


[image: image]

FIGURE 6. Antagonistic interactions of O. vulgare associated strains against human pathogenic strains. The inhibition values reflect three different inhibition levels observed during the cross-streak experiments, that is, complete (3, red), strong (2, orange), weak (1, salmon), and absence (0, white) of inhibition. Nd (not detected) refers to results that were not obtained. TSI refers to the total score of inhibition.


Interestingly, focusing on the antagonistic activity against BCC, O. vulgare strains were much more able to inhibit the growth of BCC members isolated from CF patients than those of environmental origins (Figure 7). All the flower testers exhibited a low total score of inhibition (TSI = 11–20), the 50% of leaves tester a strong TSI (TSI = 21–27), the 44.5% of stem tester a strong or very strong TSI (TSI = 21–27, 28–30), all the soil testers had a strong or very strong total score of inhibition (TSI = 21–27, 28–30).
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FIGURE 7. Antagonistic interactions of O. vulgare associated strains against BCC strains.


Focusing on the antagonistic activity against S. aureus, CoNS, P. aeruginosa, K. pneumoniae, among the 23 endophytes strains screened for antimicrobial activity, 11 (47.8%) showed antagonistic activity against at least one human pathogenic strain (Figure 6). This preliminary test demonstrated that 54.5% of the inhibitory strains belong to Bacillus genera, 27.3% to Arthrobacter and the remaining 18.2% to Paenibacillus and Chryseobacterium genera. Moreover, the interaction among inhibitory endophytes and pathogens gave better antagonistic results for Gram-positive bacteria (25.9%) than for Gram-negative bacteria (3.98%). The obtained data revealed that the major effect was recorded against the CoNS strains; the inhibitory interactions observed against this group of bacteria, indeed, were strong or complete in most cases (83.8%). In particular, the multidrug resistant strains S. epidermidis 5323, 5377 and 5321 were strongly inhibited by the endophytic isolates. Finally, stem-associated bacteria revealed the highest ability to inhibit pathogenic strains, while bulk soil associated bacteria revealed the lowest ability of inhibition. Figure 8A shows the percentage of the antagonistic activity exhibited by endophytes isolates against human pathogenic bacteria. OVS 26 showed broad spectrum of antagonistic activity against S. aureus and CoNS isolates (90% and 100%, respectively); the endophytes OVF 10, OVL 9, OVS 6 and OVT 9 showed the capacity to be active against four strains of K. pneumoniae (from 16.7 to 33.3%), while just OVS 8 was able to inhibit one P. aeruginosa strain. In general, all the eleven inhibitory endophytes showed degrees of antagonism against CoNS from 10 to 100%. Figure 8B shows the TSI of the antagonistic activity exhibited by endophytes strains against S. aureus, CoNS, P. aeruginosa, K. pneumoniae human pathogenic bacteria.
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FIGURE 8. Antagonistic activity exhibited by endophytes strains against human pathogenic bacteria (S. aureus, CoNS, P. aeruginosa, K. pneumoniae) expressed as percentage of the antagonistic activity (A) and TSI (B).




DISCUSSION AND CONCLUSION

The potential of endophytes from medicinal plants to produce antibacterial, anticancer, and antifungal compounds is an emerging area in the last years (Miller et al., 2012; Maida et al., 2016; Chiellini et al., 2017; Maggini et al., 2018). O. vulgare is an aromatic and medicinal plant, whose EO has been extensively studied because of its diverse compositions among different specimens and remarkable characteristics (Lukas et al., 2015). Ecological and environmental effects, along with genetic variability, are some of the various reasons why EOs of Origanum species show major differences in their chemical composition (Vokou et al., 1993). The studied specimen, in particular, exhibited a germacrene D/β-caryophyllene chemotype, showing a predominance of the sesquiterpene hydrocarbon fraction. Other than the volatile compounds, the aerial parts of O. vulgare contain a remarkable variety of therapeutic bioactive compounds, including phenolic glycosides, flavonoids, tannins, sterols and high amounts of terpenoids (Pezzani et al., 2017).

The analysis of the total microbiota, obtained though NGS analysis, revealed that flower and stem compartments host a similar endophytic community, with a high diversity of genera; on the contrary, the leaf compartment appears to be very less diverse, containing only Acinetobacter genus.

The cultivable bacterial load in O. vulgare different districts ranged from about 102 to 105 CFU/g of soil, stem, leaf and flowers (fresh weight); these data are in agreement with previous reports on other different medicinal plant species (Emiliani et al., 2014; Checcucci et al., 2017).

The analysis of the structure of bacterial communities revealed that the dataset obtained with RAPD analysis highlights a high level of biodiversity at the strain level, especially regarding the anatomical parts of the plant. On the contrary, fingerprinting of the isolates associated to the bulk soil revealed a more clonal community. Moreover, a very low degree of sharing (3.1%) between the different compartments was revealed (only two haplotypes were shared between the leaf and the stem compartments), in agreement with data reported by Chiellini et al. (2014) about cultivable bacterial communities isolated from Echinacea purpurea (L.) Moench and Echinacea angustifolia (DC.).

The different genera identified through 16S rDNA gene amplification in O. vulgare plant have been detected in other plant species too, such as E. purpurea and E. angustifolia (Chiellini et al., 2014). In this work, Bacillus resulted to be the most represented genus and it was present in all districts analyzed, while other genera were exclusively present in specific ones. Overall, the RAPD and 16S rRNA gene analysis revealed that the selection of bacteria mainly occurs at the strain level, in agreement with previous data obtained with other medicinal plants, such as Lavandula angustifolia Mill. (Emiliani et al., 2014), Echinacea purpurea and Echinacea angustifolia (Chiellini et al., 2014; Maida et al., 2016). Therefore, different endophytic bacterial species are selected not only at the root or stem level, but also within plant tissues, as the different distribution of genera could suggest. Hence, it is possible that plant might “select” specific taxa to access its compartments.

In this work we have analyzed the antibiotic resistance profile of 62 cultivable bacterial strains isolated from different anatomical parts of O. vulgare plant and from the bulk soil. The obtained data revealed that: (i) most of the strains showed tolerance to at least the lowest concentrations of the antibiotic streptomycin and kanamycin used, and only a few strains were able to grow in presence of low concentrations of the antibiotic chloramphenicol and ciprofloxacin; a similar trend has already been evidenced in the case of E. purpurea (Mengoni et al., 2014); (ii) only a small number of strains (2 out of 19) tolerated the lowest concentrations of rifampicin; (iii) strains associated to the bulk soil resulted resistant against the great majority of the antibiotics tested, even at the highest concentrations used. The high tolerance to both streptomycin and kanamycin, shown by tested strains, could be due to similar resistance mechanisms. Moreover, the high resistance of strains associated to the bulk soil might be probably due to their exposure to commonly used antibiotics: in this scenario, their greater resistance to antibiotics could be explained.

Antagonistic inter and intra- compartment interactions were also evaluated. These analyses suggested that the bacterial communities from the stem and the soil compartments were particularly able to antagonize the growth of bacteria belonging to the other two compartments. Moreover, stem community revealed the highest self-inhibition levels, whereas flower-associated bacteria revealed the lowest one. Thus, the different antagonistic activity observed could be (apparently) influenced by the ecological niche inhabited by bacteria. Overall, the obtained results suggest that antagonistic interactions between bacterial strains might play a role in driving the diverse composition of the bacterial communities in the anatomical districts of the plants. It is important to stress that the used medium could influence the inhibitory patterns, and also that in different environmental conditions the inhibitory patterns could be different: for example, strains that do not show any inhibition on plates, in vivo could be stronger antagonists, and vice versa.

Strains that exhibited high inhibitory properties were tested against multidrug resistant human pathogens. Interestingly, regarding the antagonistic activity against BCC, O. vulgare strains were much more able to inhibit the growth of BCC members isolated from CF patients than those of environmental origins. On the other hand, 47.8% of O. vulgare strains showed antagonistic activity against at least one human pathogenic strain among S. aureus, Coagulase-negative staphylococci (CoNS), P. aeruginosa and K. pneumoniae, with the most active isolates displaying greater capacity of inhibition mainly against Gram-positive bacteria than Gram-negative ones. It has been proposed that, regarding Gram-negative bacteria, the presence of the outer polysaccharide membrane (made of various lipopolysaccharide constituents) could make them impermeable to lipophilic solutes (Silhavy et al., 2010; Naikpatil and Rathod, 2011).

At the same time, we can speculate that the different antimicrobial activity can depend on the different type of habitats that bacteria occupy: Staphylococcus aureus and CoNS are common colonizers of human epithelia, while P. aeruginosa and K. pneumoniae are opportunistic pathogens widely recovered from the environment. Hence, it is reasonable that bacteria capable of colonizing environmental habitats can exhibit intrinsic or acquired resistance against antimicrobial compounds produced by competing bacteria commonly found in the same ecological niches. Further studies should be performed to better understand this behavior.

In our opinion, data obtained in this work offer a preliminary but very promising example of the biotechnological potential of bacteria isolated from medicinal plants. In fact, the majority of the tested strains revealed a marked inhibitory effect between different compartments, widespread resistance to common antibiotics, and a strong capacity to inhibit the growth of MDR human pathogens. This last point is very important: nowadays research for new molecules active against human pathogens (MDR in particular) is one of the most important goals to achieve, mainly due to the increased resistance to commercially used antibiotics, an inevitable side effect of both the unsuitable use and over prescription of antibiotics in human medicine therapy and the antibiotics released into the environment (Helal et al., 2019). As known, medicinal plants and their associated microbiome represent a natural reservoir for bioactive compounds of pharmacological interest. Therefore, the bioactive compounds of selected strains could be purified and then tested for their bioactivity (or cytotoxicity) on human cultures and on animal models; it could be interesting to find out if the production of antimicrobial molecules in O. vulgare could be dependent on its associated microbiota. Furthermore, this study suggests that antagonistic interactions between bacterial strains might play a role in driving the diverse composition of the bacterial communities in the anatomical districts of the plants.
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Thanatin Impairs Lipopolysaccharide Transport Complex Assembly by Targeting LptC–LptA Interaction and Decreasing LptA Stability
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The outer membrane (OM) of Gram-negative bacteria is a highly selective permeability barrier due to its asymmetric structure with lipopolysaccharide (LPS) in the outer leaflet. In Escherichia coli, LPS is transported to the cell surface by the LPS transport (Lpt) system composed of seven essential proteins forming a transenvelope bridge. Transport is powered by the ABC transporter LptB2FGC, which extracts LPS from the inner membrane (IM) and transfers it, through LptC protein, to the periplasmic protein LptA. Then, LptA delivers LPS to the OM LptDE translocon for final assembly at the cell surface. The Lpt protein machinery operates as a single device, since depletion of any component leads to the accumulation of a modified LPS decorated with repeating units of colanic acid at the IM outer leaflet. Moreover, correct machine assembly is essential for LPS transit and disruption of the Lpt complex results in LptA degradation. Due to its vital role in cell physiology, the Lpt system represents a good target for antimicrobial drugs. Thanatin is a naturally occurring antimicrobial peptide reported to cause defects in membrane assembly and demonstrated in vitro to bind to the N-terminal β-strand of LptA. Since this region is involved in both LptA dimerization and interaction with LptC, we wanted to elucidate the mechanism of inhibition of thanatin and discriminate whether its antibacterial effect is exerted by the disruption of the interaction of LptA with itself or with LptC. For this purpose, we here implemented the Bacterial Adenylate Cyclase Two-Hybrid (BACTH) system to probe in vivo the Lpt interactome in the periplasm. With this system, we found that thanatin targets both LptC–LptA and LptA–LptA interactions, with a greater inhibitory effect on the former. We confirmed in vitro the disruption of LptC–LptA interaction using two different biophysical techniques. Finally, we observed that in cells treated with thanatin, LptA undergoes degradation and LPS decorated with colanic acid accumulates. These data further support inhibition or disruption of Lpt complex assembly as the main killing mechanism of thanatin against Gram-negative bacteria.

Keywords: bacterial cell wall, lipopolysaccharide, Lpt system, thanatin, antimicrobial peptides, BACTH technique, NMR


INTRODUCTION

The emergence and spread of multidrug resistant pathogens pose an alarming threat to human and animal health worldwide. The old classes of antibiotics are becoming ineffective at killing an increasing number of pathogens and the decline in the discovery and development of new drugs, experienced in recent years, is seriously eroding the ability of clinicians to control infectious diseases, making the identification of new antimicrobial compounds with novel mechanisms of action an urgent need (Tacconelli et al., 2018). This situation is even more worrisome for Gram-negative pathogens since they are endowed with an asymmetric outer membrane (OM), surrounding the inner membrane (IM) and delimiting a peptidoglycan-containing periplasmic space, that protects them from harmful hydrophobic compounds such as antibiotics (Nikaido, 2003). The peculiar permeability barrier properties of the OM are conferred by the presence of a layer of tightly packed molecules of lipopolysaccharide (LPS) in its outer leaflet (Raetz and Whitfield, 2002; Silhavy et al., 2010). LPS consists of three covalently linked moieties: lipid A, the conserved hydrophobic anchor of the molecule in the membrane; a core oligosaccharide; and a somewhat variable polysaccharide chain, termed O antigen (Raetz and Whitfield, 2002). The biosynthesis of the lipid A-core domain takes place at the cytoplasmic side of the IM, whereas the assembly of mature LPS occurs at the periplasmic side of the IM, after flipping of the lipid A-core across the IM by the essential transporter MsbA (Polissi and Georgopoulos, 1996; Raetz and Whitfield, 2002; Doerrler et al., 2004).

Translocation of LPS from the IM to the OM, across the periplasm, requires the activity of the LPS transport (Lpt) machinery. This assembly is a conserved multiprotein complex composed, in Escherichia coli, of seven essential proteins (LptA-G) that bridges the IM and OM (Wu et al., 2006; Sperandeo et al., 2007, 2008; Ruiz et al., 2008; Freinkman et al., 2012) (Figure 1A). The Lpt partners are organized in three sub-complexes, located in each cell envelope compartment (IM, periplasm, and OM), that interact with each other to allow the transport of LPS to the OM, shielding the hydrophobic moieties of lipid A in the hydrophilic environment of the periplasm (Sperandeo et al., 2008). At the IM, the ABC transporter LptB2FGC provides the energy for LPS extraction from the IM (Okuda et al., 2012; Li et al., 2019; Owens et al., 2019). The unconventional subunit LptC plays a dual role in the transporter, regulating the ATPase activity and providing the docking site for the periplasmic protein LptA at the membrane (Sperandeo et al., 2011; Owens et al., 2019). After extraction, LPS is transferred from LptC to LptA (Tran et al., 2010; Okuda et al., 2012), that then interacts at the OM with the periplasmic domain of LptD forming the bridge that connects the IM and OM (Okuda et al., 2016). LptA has the tendency to oligomerize in vitro (Suits et al., 2008; Merten et al., 2012; Santambrogio et al., 2013); however, the number of LptA monomers that constitute the Lpt bridge is still not known. At the OM, the translocon composed of the β-barrel protein LptD and the lipoprotein LptE receives LPS from LptA for its final assembly at the cell surface (Freinkman et al., 2011; Dong et al., 2014; Qiao et al., 2014). The interaction between the Lpt proteins is crucial in building a functional machinery (Sperandeo et al., 2011; Falchi et al., 2018) and is mediated by a conserved domain with a peculiar structural architecture (the β-jellyroll fold) shared by all the periplasmic domains of the Lpt proteins (LptF, LptG, LptC, LptA, and LptD) (Suits et al., 2008; Tran et al., 2010; Qiao et al., 2014). Alignment of the β-jellyroll folds of LptF, LptC, LptA, and LptD in a C-terminal-to-N-terminal arrangement is thought to allow the formation of a hydrophobic groove that spans the periplasm and accommodates the acyl chains of the LPS molecules during transport (Villa et al., 2013; Okuda et al., 2016; Sperandeo et al., 2019). Inhibition of bridge formation, as a consequence of Lpt protein depletion in conditional expression mutants or due to mutations that interfere with protein–protein interactions at any level in the system, results in cell growth arrest and blocking of Lpt, with accumulation of newly synthesized LPS in the IM and formation of membranous bodies in the periplasm (Wu et al., 2006; Sperandeo et al., 2007, 2008; Ruiz et al., 2008). Accumulated LPS molecules can be decorated at the periplasmic side of the IM by the addition of colanic acid units (Majdalani and Gottesman, 2005; Sperandeo et al., 2008, 2011). Overall, the Lpt mechanism mediated by the Lpt machinery has been compared to that of a PEZ candy dispenser, where a spring at the base of the dispenser loads the candy into the tube and pushes them up to the cap, which then opens to release them to the customer (Okuda et al., 2016). Interestingly, when the Lpt bridge is not properly assembled, LptA undergoes degradation, suggesting that the steady-state level of LptA in the cell, together with the appearance of colanic acid-modified LPS, are diagnostic of Lpt defects (Sperandeo et al., 2011).
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FIGURE 1. The Lpt machinery and thanatin. (A) The lipopolysaccharide transport system in Escherichia coli consists of a seven-protein complex organized in an inner membrane (IM) ABC transporter (LptB2FGC) and an outer membrane (OM) translocon (LptDE) connected by a periplasmic protein, LptA, that bridges the membranes. LptA is anchored to the IM through its interaction with LptC. The number of LptA molecules forming the bridge is not known. For clarity, only two molecules of LptA are depicted. (B) Structure of thanatin.


Due to its relevance in Gram-negative bacteria cell physiology, LPS biogenesis can be considered a promising target for the development of novel antibacterial molecules. Potent inhibitors of the lipid A biosynthesis were identified in past studies and are continuously in development (Simpson and Trent, 2019). Moreover, two compounds targeting the MsbA-mediated IM translocation process have been recently reported (Ho et al., 2018; Zhang et al., 2018). However, the only inhibitor of LPS biogenesis to have entered, so far, Phase III trials is Murepavadin, a macrocyclic peptidomimetic selectively directed against Pseudomonas aeruginosa LptD (Srinivas et al., 2010; Lehman and Grabowicz, 2019). Unfortunately, the clinical trials have been suspended recently due to nephrotoxicity (Lehman and Grabowicz, 2019). Nevertheless, the identification of Murepavadin highlights the Lpt machinery as a good target for the discovery of molecules endowed with antibacterial activity.

Very recently, a screening strategy based on the yeast two-hybrid (YTH) system has allowed the isolation of a compound, IMB-881, that disrupts LptC–LptA interaction, exerting bactericidal activity against E. coli and other Enterobacterial species (Zhang et al., 2019).

Here we show the implementation of the Bacterial Adenylate Cyclase Two-Hybrid (BACTH) system (Karimova et al., 1998), based on the interaction-mediated reconstitution of the adenylate cyclase activity in E. coli, to allow the detection of LptC–LptA and LptA–LptA interactions in their native environment, the periplasm. We successfully reconstituted both interactions and exploited this system to more thoroughly investigate the effect of the antimicrobial peptide thanatin.

Thanatin is a 21-residue inducible cationic defense peptide isolated from the hemipteran insect Podisus maculiventris, that contains one disulfide bond and exhibits a broad range of antibacterial and antifungal activity (Fehlbaum et al., 1996) (Figure 1B).

Important new insights into thanatin’s mode of action against Gram-negative bacteria have been provided by a recent work showing that thanatin binds to E. coli LptA and LptD in vivo and in vitro (Vetterli et al., 2018). Accordingly, spontaneous thanatin-resistant mutants isolated in the same work share a single point mutation in the lptA gene, strongly indicating LptA as the major target of thanatin. Analysis of the nuclear magnetic resonance (NMR) structure of the LptA–thanatin complex reveals that the interaction occurs at the N-terminal β-strand of the β-jellyroll of LptA, region involved in LptA interaction with LptC and/or with another monomer of LptA (Suits et al., 2008; Freinkman et al., 2012). It has been thus speculated that thanatin might exert its antibacterial activity by interfering with the interactions established by LptA within the Lpt bridge (Vetterli et al., 2018). However, no evidence supporting this hypothesis has been published yet.

Our investigation provides more insights into thanatin’s mode of action against Gram-negative bacteria showing that it interferes with LptC–LptA interaction in vivo. Disruption of the Lpt protein bridge is further supported by LptA degradation and appearance of LPS modified by colanic acid in thanatin treated cells. The results of this work strongly validate the assembly of the Lpt machinery as a promising target for the development of a novel class of antibacterial or adjuvant drugs.



MATERIALS AND METHODS


Bacterial Strains and Media

Escherichia coli strains and plasmids used in this study are listed in Table 1. AM604 genomic DNA was used as template for PCR and the XL1-Blue strain was used in all cloning steps. The strain MG1655 was used in the study of LptA stability and in the analysis of LPS profiles. BACTH assays were performed with the E. coli Δcya strain BTH101 (Karimova et al., 1998; Ouellette et al., 2017). The strains M15/pREP4 and BL21(DE3) were used in the purification of LptC24–191 (Sperandeo et al., 2011) and LptAm (Laguri et al., 2017), respectively. Bacteria were grown in Luria–Bertani (LB) medium (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl) or LB-agar medium (LB medium with 10 g/L agar). When required, antibiotics or inducer were added at the following concentrations: ampicillin at 100 μg/mL, spectinomycin at 50 μg/mL, isopropyl-β-D-thiogalactopyranoside (IPTG) at 0.5 mM.


TABLE 1. Escherichia coli strains and plasmids.
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Plasmid Construction

To construct the recombinant plasmids used in the BACTH assay (listed in Table 1), the genes encoding the Lpt proteins of interest (or their subdomains) were PCR-amplified using the appropriate primer pairs, as listed in Table 2. The PCR products were then digested with the indicated restriction enzymes and subcloned into the corresponding sites of the pSTM25 and pUTM18C vectors. These BACTH vectors, expressing the T25 and T18 fragments of the adenylate cyclase toxin of Bordetella pertussis fused at their C-terminal ends with the first transmembrane domain of the E. coli OppB protein (TM), were employed in order to study protein interactions in the periplasm (Ouellette et al., 2014). In the recombinant plasmids pST25-LptC and pUT18C-LptC, full-length LptC (comprising its own transmembrane domain) was fused at the C-terminal end of the T25 and T18 fragments, respectively. MalE, LptA, and LptAm were fused to the C-terminal end of TM to originate the constructs pUTM18C-MalE, pSTM25-LptA, pUTM18C-LptA, pSTM25-LptAm, and pUTM18C-LptAm. The recombinant plasmids pSTM25-LptAQ62L, pUTM18C-LptAQ62L, and pUTM18C-LptAmQ62L were constructed by using a Q5 site-directed mutagenesis kit (New England Biolabs) with the primer pair AP733-AP734. Transformation was performed in XL1-Blue electrocompetent cells and transformants were selected at 30°C on LB plates supplemented with the appropriate antibiotics (ampicillin or spectinomycin), and 0.4% glucose to repress expression. All the cloned DNA regions obtained by PCR were verified by sequencing.


TABLE 2. Oligonucleotides.
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Bacterial Adenylate Cyclase Two-Hybrid (BACTH) Assay

To study protein–protein interactions with the BACTH system, electrocompetent BTH101 cells were co-transformed with each pair of plasmids to be tested (Figure 2A), plated onto LB plates containing selective antibiotics (100 μg/mL ampicillin and 50 μg/mL spectinomycin) and incubated at 30°C for 24–48 h. Interaction efficiencies were quantified by determining the β-galactosidase activities in 96-well microtiter plates according to a protocol adapted from Paschos et al. (2011). For this measurement, at least eight clones from each plasmid combination were analyzed for β-galactosidase activity in two independent experiments. Each clone was inoculated in 1 mL of LB medium supplemented with antibiotics and 0.5 mM IPTG for overnight induction. The β-galactosidase activity was measured from 20 μL culture diluted in 80 μL PM2 buffer (70 mM Na2HPO4. 12H20, 30 mM NaH2PO4. H2O, 1 mM MgSO4, 0.2 mM MnSO4, pH 7.0) containing 8 mg/mL ortho-nitrophenyl-β-galactoside (ONPG), 0.01% SDS, and 50 mM β-mercaptoethanol. Reaction mixtures were incubated at room temperature for 20–30 min or until a sufficiently yellow color had developed, and the reactions were stopped with 100 μL 1 M Na2CO3. The optical densities at 420 and 550 nm were recorded for each sample using a plate reader (EnSpire Multimode Plate Reader, PerkinElmer) and the specific activity was calculated with the formula: Miller units = [OD420 - (1.75 × OD550)]/[t × OD600 × (volume in mL)] × 1000, where OD600 is the optical density at 600 nm after overnight incubation and t is the time in minutes needed for color formation.
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FIGURE 2. BACTH analysis of interactions between the tested combinations. (A) List of constructs co-expressed in the BTH101 strain for BACTH analysis. (B) β-Galactosidase activities are the results of at least two independent experiments in cells grown overnight in selective medium supplemented with IPTG. All values were normalized by the average activity obtained for T25LptC–TM18LptAm (CAm) interaction. Each bar represents the mean value with standard deviation. (C) Schematic representation of the interactions T25LptC–TM18LptAm (CAm) and TM25LptA–TM18LptA (AA). Full length LptC and truncated LptA were cloned in frame to the T25 and T18 fragments, respectively (left diagram). Full length LptA was fused in frame to both adenylate cyclase fragments (right diagram). TM indicates the transmembrane domain of OppB from E. coli. Peri, periplasm; IM, inner membrane; Cyt, cytoplasm.




Peptide Synthesis

Peptides were synthesized on a 0.1 mmol scale on a Wang resin 0.99 mmol/g. The first amino acid was attached to the resin following a protocol described in the literature (Avitabile et al., 2019). The peptides were then elongated on a Liberty Blue CEM synthesizer using standard protocols. At the end of the synthesis, the peptides were cleaved from the resin and protecting groups were removed by treating the resin with a solution of TFA/thioanisol/H2O 95/2.5/2.5 v/v/v for 2 h. The peptides were then lyophilized. Wild type (WT) peptide was cyclized as reported by Fehlbaum et al. (1996). Peptides were purified by RP-HPLC on a Jupiter 10μ Proteo 90A° (100 × 21.20 mm) column using a gradient of CH3CN (0.1% TFA) in H2O (0.1% TFA) from 10 to 50% in 20 min and analyzed on a Vydamass C18 100A 5μ 150 × 4.6 mm column with the same gradient. Peptides were characterized by mass spectrometry on a Thermo Scientific LCQ Fleet ion trap. Pure peptides were then lyophilized three times, the first to eliminate HPLC solvents, the second from a solution 6/4 v/v H2O/CH3COOH, and the third in water.


Thanatin WT Cyclic


Sequence: GSKKPVPIIYCNRRTGKCQRM

Calculated mass (Da): 2433.95; found (Da): 1217.08 [M+2H]2+; 812.33 [M+3H]3+; 609.29 [M+4H]4+





Thanatin Scramble (Scr)


Sequence: YVCIRMNKISPKQRTPGGRCK

Calculated mass (Da): 2435.95; found (Da): 1219.02 [M+2H]2+; 813.47 [M+3H]3+; 610.50 [M+4H]4+





Determination of Minimal Inhibitory Concentration (MIC)

The minimal inhibitory concentration (MIC) values of thanatin, thanatin scramble, and vancomycin (as a positive control) were assessed with a protocol adapted from Wiegand et al. (2008) using 96-well microtiter plates. Stationary phase cultures of the E. coli WT strain MG1655 (Blattner et al., 1997), the permeabilized mutants AS19 (Sekiguchi and Iida, 1967) and NR698 (Ruiz et al., 2005), and the BACTH strain BTH101 (Karimova et al., 1998; Ouellette et al., 2017) grown at 37°C in LB medium, were diluted in fresh medium adjusting the OD600 to a value of 0.05 and incubated in the presence of twofold decreasing concentrations of the compounds ranging from 64 μg/mL to 62.5 ng/mL. After 24 h of incubation at 37°C, the OD600 was measured by a plate reader (EnSpire Multimode Plate Reader, PerkinElmer). The MIC value was determined as the lowest concentration of compound leading to no detectable growth.



Analysis of Thanatin’s Effect on Lpt Protein Interactions Using the BACTH Assay

To assess thanatin’s effect on the periplasmic interactions LptA–LptA and LptC–LptAm, at least four clones from each combination were cultured in LB medium supplemented with antibiotics at 37°C to an OD600 around 1.0. These precultures were used to inoculate 1 mL of LB medium supplemented with antibiotics, 0.5 mM IPTG, and thanatin at different concentrations to an OD600 of 0.05; and the cultures were incubated for 18 h (overnight) at 30°C. After overnight induction of the expression of the hybrid proteins, the β-galactosidase activities were determined. For the clones expressing the BACTH combination T25LptC-TM18LptAm, thanatin was tested at 0.7, 1.0, and 1.4 μg/mL. For the TM25LptA–TM18LptA pair, a higher concentration of thanatin could be added to the cultures without affecting bacterial growth; thus, values of 0.7, 1.0, 1.4, and 2.8 μg/mL were tested. A scrambled version of thanatin (Scr) was also employed in this assay at the same concentrations as a control for the specificity of interaction inhibition.



Protein Production and Purification

Escherichia coli LptC lacking the first 23 residues of the transmembrane domain was expressed from a plasmid (LptC pQESH, QIAGEN) with an N-terminal His-Tag and purified as described (Laguri et al., 2017). LptC was expressed in 15N enriched deuterated medium with specific 13C-1H labeling of Isoleucines δ1 and Leucine and Valine proR methyl groups according to standard protocols (Kerfah et al., 2015) with NMRbio precursors1. LptAm coding for residues 28–159 followed by a SGRVEHHHHHH TAG in a pET21b vector was expressed and purified as described (Laguri et al., 2017). Both proteins were exchanged to 50 mM Na2HPO4 pH 8.0, 150 mM NaCl buffer.



NMR Spectroscopy

Nuclear magnetic resonance experiments were recorded at 25°C on Bruker 600 MHz spectrometer equipped with a triple resonance cryoprobe. 2D-[1H, 13C]-methyl-SOFAST experiments were recorded to follow LptC methyl groups on LptC 15N2H and 13C-1H specifically labeled on Iδ1, Lδ1, and Vγ1 at 20 μM prepared in 50 mM Na2HPO4 pH 8.0, 150 mM NaCl buffer with 10% D2O. Unlabeled LptAm at 40 μM prepared in the exact same buffer was added to LptC to achieve 100% of LptC complexed with LptAm. Thanatin or Scr at 42 μM was added to the complex and interaction experiments were followed using 2D-[1H, 13C]-methyl-SOFAST experiments. NMR experiments were processed and analyzed using Topspin 3.2 and CcpNmr 2.4.



Biacore Experiments

Surface plasmon resonance (SPR) experiments were performed on a Biacore T200 with a CM3 chip. HBS-P+ and HBS-N buffers (GE Healthcare) were used for immobilization and interactions, respectively. 66 Resonance units (RUs) of LptAm were immobilized on a flow cell by the amine (EDC-NHS) coupling method followed by ethanolamine saturation, with a flow cell modified only with EDC-NHS-ethanolamine as reference for subtractions. For interactions, protein and ligands were diluted in HBS-N running buffer and regeneration between injections achieved with a 30 s pulse of 10 mM HCl. Sensorgrams shown were subtracted with the reference flow cell as well as with injection of buffer alone. Determination of LptC–LptAm Kd was performed by injecting increasing concentrations of LptC (5.6–100 μM) over immobilized LptAm. Kinetics analysis of the data was unsuccessful due to very fast association, and the Kd was determined from steady-state binding levels obtained at the end of the association phase with Bioeval software (GE Healthcare).



Determination of LptA, LptD, and LptB Steady-State Levels Upon Thanatin Treatment

LptA, LptD, and LptB (as loading control) steady-state levels were assessed in the MG1655 strain by western blot analysis with polyclonal antibodies raised in rabbit against LptA, LptD, and LptB. Bacterial cultures were grown at 37°C in LB medium. At OD600 0.1, the cells were treated or not with 5.25 μg/mL of thanatin (1.5 × MIC). Cell growth was monitored by measuring the OD600 value at 30-min intervals and viability was determined by quantifying the colony-forming units (CFU) at 1-h intervals during a time period of 4 h. Whole-cell extracts for protein analysis were collected and harvested by centrifugation (5000 g, 10 min) 20, 30, 40, 60, and 120 min after treatment with thanatin. The cell pellets were resuspended in a volume (in mL) of SDS Laemmli buffer equal to 1/24 of the total optical density of the sample. The samples were boiled for 5 min and equal volumes (15 μL) were separated by 12.5% SDS-PAGE. Proteins were transferred onto nitrocellulose membranes (GE Healthcare), and immunodecoration was performed as previously described (Sperandeo et al., 2007). Polyclonal antibodies raised against LptA (GenScript Corporation), LptD (GenScript Corporation), and LptB (kindly provided by D. Kahne and N. Ruiz) were used as primary antibodies at dilutions of 1:1,000, 1:500, and 1:10,000, respectively. As secondary antibody, goat anti-rabbit immunoglobulin (Li-Cor) was used at a dilution of 1:15,000. Bands were visualized by an Odyssey Fc imaging system (Li-Cor GmbH).



LPS Analysis From Whole-Cell Extracts

Whole-cell extract samples for LPS analysis were obtained as described in the previous section. For LPS visualization, equal volumes (20 μL) of whole-cell extracts were digested with 6 μg of proteinase K (Sigma–Aldrich) at 60°C for 1 h and then separated by 18% Tricine SDS-PAGE (Lesse et al., 1990). Immunodecoration was performed using anti-LPS core WN1 222-5 monoclonal antibodies (Hycult Biotech) at a dilution of 1:500. As secondary antibody, goat anti-mouse immunoglobulin G-peroxidase (HRP) conjugate (Sigma–Aldrich) was used at a dilution of 1:5000.



RESULTS


Adaptation of the BACTH Assay for the Detection of Lpt Protein Interactions in the Periplasm

The BACTH system was implemented in this work to allow the detection in vivo of two crucial protein-protein interactions within the Lpt interactome, namely, LptC–LptA and LptA–LptA. The BACTH assay is based on the interaction-mediated reconstitution of the adenylate cyclase activity of the toxin of B. pertussis, whose catalytic domain can be divided in two complementary fragments, T25 and T18 (Karimova et al., 1998; Battesti and Bouveret, 2012). In this work, we used the BACTH vectors expressing these fragments fused in frame with the first transmembrane domain of the E. coli OppB protein (TM) (pSTM25 and pUTM18C). These plasmids allow expression of the targeted protein domains fused to TM25 and TM18 into the periplasm (Ouellette et al., 2014) which reflects the physiological environment of the tested interactions. To detect LptA–LptA dimerization, LptA was subcloned into both BACTH vectors at the C-terminal end of the TM, originating the hybrid TM25LptA and TM18LptA proteins. To detect LptC–LptA association, we fused at the C-terminal end of the TM a truncated monomeric version of LptA, referred to as LptAm, that lacks the last C-terminal β-strand and is not able to self-oligomerize, although still functional in vivo (Laguri et al., 2017). We decided to use LptAm to avoid titration of the fusion protein caused by interaction of LptA with itself, leading to a decrease in the β-galactosidase signal when testing LptC–LptA interaction with the BACTH technique. Full-length LptC was subcloned into both pSTM25 and pUTM18C vectors, in frame with the C-terminal end of the adenylate cyclase fragments, to obtain the constructs T25LptC and T18LptC.

As negative controls for the assay, we used: (i) the combination between the void plasmids pSTM25 and pUTM18C; (ii) the non-productive LptAm–LptAm association; and (iii) the association LptC–MalE, between LptC and the unrelated periplasmic binding subunit of the E. coli maltose transporter, MalE (Davidson et al., 1992; Ehrmann et al., 1998). Constructs were transformed into the adenylate cyclase-deficient strain BTH101 and the efficiency of interaction between the various protein fusions was quantified by measuring the β-galactosidase activity. The results for the BACTH complementation assay are presented in Figures 2A,B. As expected, LptC–MalE combination did not produce a positive interaction signal, confirming that the BACTH system is suitable to detect specific interactions occurring in the periplasm. Also, truncated LptA was confirmed to be unable to oligomerize. We successfully detected in vivo the LptC–LptAm interaction and the dimerization of LptA (schematic representation in Figure 2C). The signal obtained for the pair T25LptC–TM18LptAm (CAm) was twofold higher than the one obtained for the complementary combination TM25LptAm–T18LptC (AmC). This effect is not surprising since it was previously reported that β-galactosidase measurements may significantly vary according to the T25 and T18 combination chosen for the BACTH assay (Ouellette et al., 2017). Indeed, when testing the LptC–LptAm interaction, hybrid LptAm can be titrated away from the reaction by interaction through its N-terminal with native LptA. This effect is likely even more significant in the TM25LptAm–T18LptC configuration, where LptAm is expressed from a low-copy number vector (pSTM25), thus further diminishing the number of hybrid LptAm proteins free to interact with LptC and accounting for the lower β-galactosidase signal observed in AmC combination. Therefore, we decided to use the pair of constructs T25LptC–TM18LptAm in further tests. It should be noted that in our assay, the interaction of full-length LptA with itself (LptA–LptA) produced a lower β-galactosidase activity signal compared to LptC–LptAm. This is consistent with previously published in vitro measurements revealing that the affinity between LptA and LptC is stronger than the affinity for LptA oligomerization (Schultz et al., 2013).



Thanatin Inhibits LptC–LptAm and LptA–LptA Interactions in vivo

Interaction between the antibacterial peptide thanatin and LptA was recently demonstrated and NMR experiments clearly showed that the N-terminal strand of the β-hairpin of thanatin docks in parallel orientation onto the first N-terminal β-strand of the β-jellyroll of LptA (Vetterli et al., 2018). It is well known from structural studies that dimerization of LptA monomers with themselves or with LptC involves the N-terminal edge strand of the β-jellyroll of LptA (Suits et al., 2008; Schultz et al., 2013; Laguri et al., 2017). Thanatin’s binding site therefore overlaps with the interaction site of LptA with another LptA subunit in the homodimer LptA–LptA and with LptC in the heterodimer LptA–LptC, suggesting a possible mechanism for the antibacterial activity. We thus analyzed the effect of thanatin on these interactions with the adapted BACTH assay and used a scrambled version of thanatin, characterized by the same amino acid composition but with a different sequence (thanatin scramble, Scr), as specificity control (Figures 3, 4). The MIC of thanatin and thanatin scramble was assessed against WT MG1655, and permeabilized AS19 and NR698 E. coli strains. The MIC values were 1.8–3.5 and above 64 μg/mL for thanatin and thanatin scramble, respectively, when tested against the WT MG1655 strain (Table 3). Slightly lower MIC values were obtained for thanatin when tested against the permeabilized E. coli mutants (0.1–0.4 μg/mL). On the contrary, no significant difference relative to the WT strain was observed in the MIC values of thanatin scramble when tested against the permeabilized mutant strains, suggesting that the lower activity of the peptide cannot be attributed to its inability to cross the OM barrier.
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FIGURE 3. Thanatin’s effect on LptA–LptA (AA) and LptAQ62L–LptAQ62L (A*A*) interactions. Thanatin and thanatin scramble (Scr) were tested at concentrations ranging from 0.7 to 2.8 μg/mL. All values were normalized by the average activity obtained for the untreated LptA–LptA interaction. Values are averages of at least eight technical replicates from two independent experiments ± standard deviation.
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FIGURE 4. Thanatin’s effect on LptC–LptAm (CA) and LptC–LptAmQ62L (CA*) interactions. Thanatin and thanatin scramble (Scr) were tested at concentrations ranging from 0.7 to 1.4 μg/mL. All values were normalized by the average activity obtained for the untreated interaction LptC–LptAm. Values are averages of at least eight technical replicates from two independent experiments ± standard deviation.



TABLE 3. Minimal inhibitory concentrations (MICs) in μg/mL of thanatin, thanatin scramble, and vancomycin.

[image: Table 3]To explore whether thanatin’s antibacterial activity is due to the inhibition of LptA interaction with itself or with LptC, we evaluated the effect of increasing sub-MIC concentrations of the peptide on the TM25LptA–TM18LptA and T25LptC–TM18LptAm associations and the results are presented in Figures 3, 4, respectively. After overnight induction of the fusion proteins in the presence of thanatin, we could observe inhibition not only of LptA–LptA dimerization but also of LptC–LptAm interaction, but the inhibitory effect was much greater on the latter. A clear dose-dependent response could only be observed in the inhibition of LptC–LptAm interaction. The thanatin scramble was not capable of disrupting these periplasmic interactions in a dose-dependent manner, indicating that this is an effect specific to thanatin secondary and tertiary structures rather than to any cationic peptide with the same amino acid composition.

We also tested a previously isolated thanatin-resistant mutant presenting a glutamine to leucine substitution at position 62 in the LptA protein (lptAQ62L allele) (Vetterli et al., 2018). The lptA-Q62L mutation was introduced into the BACTH constructs and tested as described above (Figures 3, 4). The data obtained suggest that Q62L mutation in LptA specifically impairs the ability of thanatin to disrupt LptC–LptAmQ62L (CA∗) association, since the peptide is not effective against CA∗ at concentrations at which it is active against the WT CA pair, namely, 0.7 and 1 μg/mL (Figure 4). It should be noted that Q62L mutation exerts an unexpected stabilizing effect on LptAQ62L–LptAQ62L (A∗A∗) interaction, resulting in a β-galactosidase signal higher than that of the WT LptA–LptA combination. This effect is abolished upon treatment with thanatin, although not in a dose-dependent manner (Figure 3). Residue Q62 is not directly involved in the interaction of LptA with another LptA monomer, LptC, or with thanatin but belongs to a loop of the β-jellyroll of LptA that comes into contact with the short N-terminal α-helix of the WT protein upon thanatin interaction (Vetterli et al., 2018). This effect could be explained assuming that Q62L mutation induces a conformational change in the N-terminal region of LptA, which alters the way all these three interactions occur. Since thanatin’s binding site overlaps the binding site of LptA with another LptA protein, if the Q62L mutation somehow alters thanatin’s binding, then it is possible that it also alters the interaction of LptAQ62L with itself, perhaps by strengthening it.

A similar stabilizing effect is also observed when testing the LptC–LptAmQ62L combination. However, in this case, the effect is observed only upon treatment with low concentrations of thanatin, since the β-galactosidase signal of non-treated CA∗ is comparable to that of the WT (Figure 4). This suggests that LptAmQ62L is still able to bind thanatin and this binding determines a conformational change in the protein that somehow enhances the stability of LptC–LptAmQ62L complex. At higher thanatin concentrations, however, it seems that the inhibitory effect of the peptide on LptC–LptAmQ62L prevails over the stabilizing effect. This could be explained by hypothesizing that Q62L mutation in LptA creates a secondary high-affinity binding site for thanatin. According to this hypothesis, when low concentrations of thanatin are added, thanatin binds to the high-affinity site, leaving the binding site for LptC unoccupied (and possibly stabilizing LptC–LptAmQ62L complex). On the contrary, when higher concentrations of thanatin are used, all the available binding sites are occupied, thus impairing LptC–LptA complex formation.



Thanatin Disrupts LptC–LptAm Interaction in vitro

Thanatin’s ability to interfere with LptC–LptA complex formation was assessed by NMR and SPR. For these assays, the monomeric version of LptA (LptAm) was used to neglect the oligomerization of LptA. 1H-13C NMR of the specifically labeled Isoleucines of LptC efficiently report on the interaction with LptA (Laguri et al., 2017). In particular, Isoleucines 175 (175Ile) and 184 (184Ile) δ1 methyl groups at the C-terminus of LptC and in the vicinity of the binding interface change chemical shifts upon formation of the complex with LptAm (Figure 5A, left panel). After adding thanatin to the LptC–LptAm complex, we observed that 175Ile and 184Ile peaks completely shifted to a frequency corresponding to free LptC, indicating a total disruption of LptC–LptAm dimers (Figure 5A, right panel). The same experiment performed with the thanatin scramble (Scr) showed no disruption of the LptC–LptAm complex, suggesting specific competition and disruption of the binding interface by the thanatin (Figure 5A, right panel).
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FIGURE 5. LptC–LptA interaction is specifically disrupted by thanatin. (A) [1H, 13C]-correlation spectra of methyl labeled LptC in absence (black) and presence (red) of two molar equivalents of LptAm, focused on Isoleucines in black for signals corresponding to isolated LptC and in red for LptC in complex with LptAm (left panel). A 1D-13C projection of the 2D experiment is shown on the side for clarity. On the right panel, addition of thanatin disrupts LptC–LptAm interaction originating signals characteristic of LptC alone (black). Thanatin scramble (Scr) did not change LptC–LptAm spectra, indicating intact LptC–LptAm complexes (red). (B) Monitoring of LptC–LptAm interaction upon thanatin treatment by SPR. (Left panels) Thanatin or Scr were injected over surface-immobilized LptAm, with concentrations following a color-code in bold: 0 (black), 0.1 μM (yellow), or 1 μM (red). Thanatin interacts strongly with LptAm presenting rapid association and slow dissociation. (Right panels) For clarity, after previous injections with the same concentrations of thanatin/Scr, sensorgrams were readjusted to 0, followed by LptC injection at 10 μM and recording. Binding of LptC to immobilized LptAm is reduced with increasing thanatin concentrations previously flowed (maximum at 1 μM), while Scr displays no effect.


Complex disruption was also probed by SPR, in which the surface of a chip was functionalized with LptAm. First, we confirmed the binding of LptC to the immobilized LptAm (Supplementary Figure S1A) and we determined the Kd of the interaction (Kd = 80 ± 44 μM). Then, to assess thanatin’s effect, we injected thanatin over LptAm and confirmed stable interaction with LptAm on the surface, followed by the injection of LptC (Figure 5B, upper panels). We observed that, upon LptC injection, the response values decreased in a dose-dependent manner to the thanatin injected in the system (in concentrations up to 1 μM), indicating fewer surface-free LptAm epitopes available to interact with LptC (Figure 5B, upper right panel). The same experiment with the scrambled version showed no or little binding of Scr to immobilized LptAm and hence no effect on LptC binding (Figure 5B, lower panels), further demonstrating a specific effect of thanatin in preventing the formation of LptC–LptAm complex.



Thanatin Treatment Results in LptA Degradation and LPS Modification

Depletion of components of the IM and OM Lpt sub-complexes results in LptA degradation, which has been proposed to be a marker of incorrect complex assembly (Sperandeo et al., 2011). We reasoned that the disruption of LptC–LptA interaction by thanatin treatment could impair Lpt complex assembly. Therefore, we evaluated the LptA steady-state levels in E. coli WT cells upon treatment with thanatin. Samples were taken at different time points within 2 h from MG1655 cultures grown in the presence or absence of thanatin at 5.25 μg/mL (1.5 × MIC) and analyzed by western blotting using anti-LptA antibodies. The abundance of LptD, the OM docking element of LptA, was also assessed and the level of LptB was used as a sample loading control. Culture growth and cell viability were monitored by OD600 measurement and determination of CFU, respectively, for a time span of 4 h. In cultures treated with thanatin, we observed a decrease in the OD600 with minor effect on cell viability (Figure 6A). As shown in Figure 6B, substantial LptA degradation occurs within 60 min of incubation with thanatin and, after 120 min, the steady-state level of LptA is very low and almost undetectable with our antibody preparation. The abundance of LptD did not change over time, indicating that the steady-state level of this OM component is not affected by thanatin treatment. The decrease in LptA level suggests that the IM and OM are not properly bridged when cells are treated with thanatin.
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FIGURE 6. LptA steady-state level and LPS profile upon treatment with thanatin. (A) Growth curves of wild type strain MG1655 in the presence (+ Than) and absence (no Than) of thanatin at 5.25 μg/mL (1.5 × MIC) concentration. Growth was monitored by measuring the OD600 (left panel) and by determining CFU/mL (right panel). (B) Western blot analysis to reveal LptA steady-state levels. Samples were collected 20, 30, 40, 60, and 120 min after treatment with thanatin. Whole-cell extracts were prepared and analyzed by western blot with anti-LptA, anti-LptD, anti-LptB (as loading control) antibodies. An equal amount of cells (0.36 OD600 units) was loaded into each lane. (C) Western blot analysis to reveal LPS profiles. Whole-cell extracts obtained 30, 40, 60, and 120 min after treatment with thanatin were incubated with proteinase K and analyzed by western blot with anti-LPS antibodies. An equal amount of cells (0.48 OD600) was loaded into each lane. Results shown are representative of three independent experiments.


Depletion of any Lpt component leads to the accumulation of LPS decorated with colanic acid repeating units at the IM outer leaflet (Ruiz et al., 2008; Sperandeo et al., 2008). This phenotype is diagnostic of defects in Lpt occurring after MsbA-mediated flipping of lipid A-core across the IM. We therefore tested whether treatment with thanatin would induce similar LPS modifications. As shown in Figure 6C, LPS decorated with colanic acid, migrating as ladder-like bands in gel electrophoresis, was detected 120 min after adding thanatin to the culture; no LPS modification was observed in untreated cells. These data suggest that thanatin, by disrupting the LptC–LptA interaction, impairs Lpt complex assembly leading to the accumulation of LPS at the periplasmic side of the IM, where it is decorated with colanic acid. The observed LPS profile, together with the LptA degradation kinetic, strongly suggests that the disruption of the Lpt protein bridge could be the major killing mechanism of thanatin against Gram-negative bacteria.



DISCUSSION

The LPS export pathway is a valuable target for novel antibiotic discovery. Murepavadin, a macrocyclic peptidomimetic, has thus far been the most promising antibiotic candidate targeting the Lpt machinery. It was originally identified from a library of structural mimics of class I CAMP (cationic antimicrobial peptide) protegrin and later found to target the β-barrel OM protein LptD (Srinivas et al., 2010; Werneburg et al., 2012; Andolina et al., 2018).

Recent efforts to target the Lpt pathway have led to the identification, through a YTH assay, of IMB-881 as a synthetic molecule inhibiting LptC–LptA interaction (Zhang et al., 2019). The inhibitory activity of IMB-881 further suggests that interfering with the Lpt interactome is a good strategy to prevent Lpt to the cell surface. Nevertheless, in the YTH system, LptC–LptA interaction occurs in the cytoplasm of a yeast cell, and molecules active in this system may not be able to permeate the bacterial OM. To improve the screening system, we here implemented the BACTH assay (Karimova et al., 1998; Ouellette et al., 2014, 2017) that enables targeting of Lpt protein interactions in their native environment, preserving both protein functionality and folding state. This bacterial two-hybrid technique was used to probe LpC–LptA and LptA–LptA interactions. LptC has an important structural role in the Lpt machinery as it serves as the docking site for LptA binding to the IM LptB2FGC complex (Sperandeo et al., 2011; Freinkman et al., 2012). Indeed, mutations in LptC compromising interaction with LptA are lethal (Sperandeo et al., 2011; Villa et al., 2013). LptA molecules have a strong tendency to oligomerize in solution (Suits et al., 2008; Merten et al., 2012; Santambrogio et al., 2013) but we still do not know whether LptA self-oligomerization has a physiological relevance, since a monomeric LptA is still able to partially support cell growth (Laguri et al., 2017). In the BACTH assay, LptC–LptA interaction appears stronger than LptA–LptA dimerization, in line with the reported in vitro affinities (Schultz et al., 2013); however, we cannot exclude that the observed lower β-galactosidase signal could also be due to the formation of non-productive interactions between LptA molecules fused to the same (T25 or T18) adenylate cyclase fragment. The assay seems robust as no association is detected between unrelated non-interacting proteins: LptC and the maltose periplasmic binding protein MalE (Davidson et al., 1992) or between oligomerization deficient LptAm proteins (Laguri et al., 2017).

The BACTH system was also employed to explore the mechanism of action of thanatin, an antimicrobial peptide recently shown to bind the first β-strand of LptA (Vetterli et al., 2018). Thanatin inhibits LptC–LptA interaction in a dose-dependent manner, whereas very little and non-dose dependent inhibitory effect is observed against LptA–LptA association. LptA first N-terminal β-strand is a key determinant interacting with the C-terminal region of LptC or the C-terminal region of another LptA in head-to-tail LptA self-oligomerization (Freinkman et al., 2012; Laguri et al., 2017). LptC and LptA share a very similar protein architecture, despite no amino acid sequence similarity (Tran et al., 2010; Villa et al., 2013); indeed, in the LptC–LptAm complex, LptC precisely occupies the same position as LptA in the LptA oligomer (Laguri et al., 2017). Interestingly, thanatin seems able to discriminate between the two different interactions that LptA is implicated on via its N-terminal region and could, therefore, also serve as a tool to probe the different interactions occurring within the Lpt periplasmic protein bridge. This result is in agreement with earlier data showing that the enantiomeric form of thanatin (D-thanatin) is nearly inactive against Gram-negative strains, suggesting that a stereospecific recognition by a cellular target is required for thanatin to exert its antibacterial effect (Fehlbaum et al., 1996).

A scrambled version of thanatin, that maintains the overall peptide amino acid composition and charge, loses the antibacterial activity, fails to disrupt the LptC–LptA interaction in vivo (BACTH assay) and in vitro (NMR), and does not bind to LptAm (SPR analyses). These data further support a specific action of thanatin in binding to LptA and in competing with LptC for the formation of the LptC–LptA complex. Thanatin scramble does not display antibacterial activity against permeabilized E. coli strains, strongly suggesting that the lack of activity of the scrambled peptide is not due to its inability to reach its target in the periplasm.

It has been reported that E. coli cells carrying LptAQ62L amino acid substitution become resistant to thanatin (Vetterli et al., 2018). Residue Q62 does not appear to be implicated in thanatin binding and the mechanism underlying resistance is still unknown. LptC–LptAQ62L interaction is not inhibited by thanatin in the BACTH assay and, surprisingly, it appears stronger in the presence of the peptide. In the case of the interaction between LptAQ62L mutant proteins, the dimerization seems stronger than that observed between WT LptA, even in the absence of thanatin. We can speculate that Q62L mutation somehow alters the stability of both LptC–LptA and LptA–LptA complexes, affecting the binding of thanatin to LptA. However, it is difficult to explain these results since neither the effect of the Q62L substitution on LptA structure nor the mechanism of thanatin resistance are known.

Previous in vitro data revealed that besides LptA, thanatin binds to the LptDE complex in the low nanomolar range and, furthermore, its binding site in LptA has been shown by modeling studies to be highly conserved in the periplasmic domain of LptD (Robinson, 2019). This suggests that thanatin can inhibit multiple protein–protein interactions required for the Lpt complex assembly. It was not possible to test the periplasmic domain of LptD in the BACTH assay, since expression of a folded and functional LptD is strictly dependent on the expression and interaction with LptE (Chng et al., 2010). Nevertheless, the isolation of suppressor mutants exclusively at the N-terminal region of LptA (Vetterli et al., 2018), that is not involved in the LptA–LptD interaction, and the ability of the LptAm mutant protein, lacking the C-terminal β-strand implicated in both LptA–LptA and LptA–LptD interactions, to partially support the cell growth (Laguri et al., 2017) suggest that LptC–LptA interaction is thanatin’s main target.

Thanatin has been related to the group of CAMPs that kill bacteria by cell agglutination. In the host organism, this class of antimicrobial peptides does not permeabilize bacterial cell membranes but rather interacts with LPS or peptidoglycan, favoring cell aggregation and bacterial removal by phagocytosis (Shai, 2002; Jung et al., 2012; Pulido et al., 2012). Thanatin has indeed been shown to bind LPS in vitro and promote cell agglutination as a result of cell surface charge neutralization (Sinha et al., 2017). Recently, the comparison of thanatin’s affinity to LPS relative to Ca2+ and Mg2+ revealed that thanatin displaces divalent cations from LPS in vivo promoting LPS shedding from bacterial cells at concentrations 10-fold higher than the MIC, increasing OM permeability (Ma et al., 2019). Interestingly, the same study reports that thanatin is able to inhibit the enzymatic activity of New Delhi metallo-β-lactamase-1 (NMD-1), responsible for the resistance to β-lactam antibiotics in several multidrug resistant strains, by binding to the active site of the enzyme with higher affinity than Zn2+, displacing it and reversing carbapenem resistance. This evidences that, alongside a killing effect on Gram-negative pathogens based on OM permeabilization, thanatin may help restoring the activity of β-lactam antibiotics in multidrug resistant pathogens (Ma et al., 2019).

In the reported BACTH assay, inhibition of LptC–LptA interaction is observed at sub-MIC concentrations of thanatin, a condition that does not inhibit the growth of cells expressing LptC and LptAm protein fusions. Based on our data, we propose that LPS binding is employed by thanatin as a self-promoted mechanism of entry in the periplasm of bacterial cells where the LptA target resides. Supporting this hypothesis is the finding of a mutated version of thanatin, where Arg 13 and Arg 14 residues have been substituted by Ala, that presents reduced LPS binding affinity and loses the antibacterial activity (Sinha et al., 2017).

In E. coli cells treated with thanatin, LptA undergoes degradation and LPS is decorated with colanic acid. Notably, these phenotypes are observed in cells where LPS export machinery disassembles and transport of LPS molecules is impaired due to mutations in any of the Lpt complex components (Sperandeo et al., 2008, 2011). These data suggest that the main mechanism of action of thanatin occurring at MIC concentration is the disassembly of the Lpt machinery and consequently the blocking of LPS transport.

Overall, our results highlight OM biogenesis as an excellent target for novel antibiotic discovery. Thanatin joins the increasing list of molecules that disrupt the assembly of the OM with diverse mechanisms (Hart et al., 2019; Imai et al., 2019; Lehman and Grabowicz, 2019; Psonis et al., 2019). Based on their mechanisms, these compounds could be employed not only to fight multidrug resistant pathogens but also in combination with existing antibiotics not sufficiently effective.
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FIGURE S1 | SPR of LptC–LptAm interaction and its disruption by thanatin. (A) Determination of LptC–LptAm dissociation constant. Left panel: Sensorgrams of LptC injected at different concentrations over immobilized LptAm. Right panel: Steady-state analysis of LptC–LptAm interaction. (B) Raw Sensorgrams of the data presented in Figure 5B.
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Percutaneous devices are a key technology in clinical practice, used to connect internal organs to external medical devices. Examples include prosthesis, catheters and electrical drivelines. Percutaneous devices breach the skin’s natural barrier and create an entry point for pathogens, making device infections a widespread problem. Modification of the percutaneous implant surface to increase skin integration with the aim to reduce subsequent infection is attracting a great deal of attention. While novel surfaces have been tested in various in vitro models used to study skin integration around percutaneous devices, no skin model has been reported, for the study of bacterial infection around percutaneous devices. Here, we report the establishment of an in vitro human skin equivalent model for driveline infections caused by Staphylococcus aureus, the most common cause of driveline-related infections. Three types of mock drivelines manufactured using melt electrowriting (smooth or porous un-seeded and porous pre-seeded with human fibroblasts) were implanted in human skin constructs and challenged with S. aureus. Our results show a high and stable load of S. aureus in association with the skin surface and no signs of S. aureus-induced tissue damage. Furthermore, our results demonstrate that bacterial migration along the driveline surface occurs in micro-gaps caused by insufficient skin integration between the driveline and the surrounding skin consistent with clinical reports from explanted patient drivelines. Thus, the human skin-driveline infection model presented here provides a clinically-relevant and versatile experimental platform for testing novel device surfaces and infection therapeutics.
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INTRODUCTION

Percutaneous devices are routinely used in medicine to connect internal organs to external medical devices or their components. Examples include drivelines for the transmission of electrical currents to ventricular assist devices (VADs), urinary peritoneal and vascular catheters for the transfer of fluids, or bone protheses for the transfer of forces (von Recum, 1984). VADs are a type of mechanical circulatory support used in heart failure therapy. They are attached to the heart and assist the heart in generating sufficient output to ensure adequate end organ perfusion (Koval and Stosor, 2019). VADs are powered and controlled through an external battery pack and controller unit. The connection between the pump and the battery pack and controller unit is maintained via a driveline, which contains insulated wires to carry current and telemetric data (Feldmann et al., 2018). In the United States alone, a minimum of 2,500 patients are added to the patient registry for mechanical circulatory support in any given year (Kirklin et al., 2017). Percutaneous devices, such as drivelines, cross the skin through a surgical incision and disrupt the skin’s natural barrier creating an entry point for pathogens (von Recum, 1984). Thus, infections around percutaneous devices are highly prevalent with recent studies reporting catheter infection rates to be in the range of 2–33% over the life of the device, depending on the type of catheter (Salwiczek et al., 2014).

Driveline infections, in particular, account for 83% of ventricular assist device-specific infections, with incidence rates of 1.31 and 1.42 driveline infections per 100 patient months at 3 month pre- and post-device implantation, respectively (INTERMACS, 2015). More importantly, driveline infections are associated with an impaired clinical outcome, with patient survival rates only 76% by 24 month after the first driveline infection (Hannan et al., 2019). Driveline infections are primarily caused by bacteria, with fungal infections also reported less frequently (Hannan et al., 2019; Koval and Stosor, 2019). Gram-positive bacteria from the Staphylococcus genus are the most common causative agents, with Staphylococcus aureus accounting for 28–44% of all driveline infections (Koval and Stosor, 2019).

The most common drivelines currently in clinical practice are made from a smooth material (silicone or polyurethane, depending on the manufacturer) and surrounded by a porous poly(ethylene terephthalate) sleeve, commercialized as DacronTM. The purpose of the DacronTM sleeve is to increase tissue integration and prevent pathogen entry. While manufacturer guidelines recommend that the DacronTM sleeve should be implanted so that it interfaces with the skin at the exit site, recent studies have demonstrated significantly reduced infection rates with the DacronTM implanted subcutaneously and the smooth section of the driveline crossing the skin instead (Singh et al., 2012; Dean et al., 2015; McCandless et al., 2015; Camboni et al., 2016).

Despite clinical findings demonstrating reduced infection rates when smooth driveline sections cross the skin, there is evidence that smooth surfaces do not allow for sufficient skin integration, thus leading to the formation of a sinus tract around the implant (Winter, 1974; von Recum and Park, 1981; Isackson et al., 2011). A sinus tract is formed by the epidermal layer migrating downwards parallel to the device, in an attempt to restore epidermal continuity (von Recum, 1984). The epidermal downwards migration can be reduced by increasing skin integration into the implant through the inclusion of pores to the surface of the percutaneous implant (Winter, 1974; Fukano et al., 2010). The prevailing opinion in the field of percutaneous devices is that increased skin and tissue integration will in turn create a tighter biological seal at the device exist site against invading pathogens and thus decrease infection rates (von Recum, 1984; Tagusari et al., 1998; Choi et al., 1999; Fukano et al., 2010; Isackson et al., 2011).

We have previously shown that porous scaffolds manufactured by melt electrowriting (MEW), an additive manufacturing technique, supports fibroblasts growth (Farrugia et al., 2013) and increases skin integration compared to smooth tubes in a 3D reconstructed human skin equivalent (HSE) model. Moreover, pre-seeding the porous scaffolds with human dermal fibroblasts prior to device implantation in HSEs appeared to reduce epidermal downgrowth, compared to un-seeded porous implants (Bolle et al., 2019). Based on these findings, the aim of the present study was to investigate whether increased skin integration around MEW porous implants can create a better biological seal against pathogen entry. Using a reconstructed HSE model, this is the first study to investigate S. aureus driveline-specific infections and provides a versatile in vitro platform for the detailed investigation of factors contributing to this significant clinical challenge worldwide.



MATERIALS AND METHODS


Keratinocyte and Fibroblast Cell Isolation and Culture

Keratinocytes were isolated from human skin samples obtained from patients undergoing abdominoplasty surgery and breast reduction surgery (Xie et al., 2010) and cultured according to previously published protocols (Rheinwald and Green, 1975; Dawson et al., 2006; Haridas et al., 2016). In brief, following an enzyme digestion overnight in 0.125% trypsin (Invitrogen, Australia) the epidermal layer was separated from the dermal layer. Keratinocytes were isolated from the epidermal layer and cultured on a layer of irradiated 3T3 fibroblasts in keratinocyte growth medium (Invitrogen, Australia). Fibroblasts were isolated from the dermis and cultured in fibroblasts growth medium, as previously described (Haridas et al., 2016).



3D Reconstructed Human Skin Equivalent Preparation and Culture

The de-epidermised dermis (DED) was prepared following protocols described by Chakrabarty et al. (1999) and Dawson et al. (2006). The DEDs were between approximately 15 × 15 mm and 20 × 20 mm in size and were stored at 4°C in antibiotic/antimycotic medium consisting of DMEM supplemented with 1% v/v penicillin/streptomycin (Invitrogen). Skin constructs, referred to hereafter as HSEs, were generated as described previously (McGovern et al., 2013; Bolle et al., 2019). Briefly, 3.6 × 104 keratinocytes and 1.8 × 104 fibroblasts were seeded onto the DEDs through a stainless-steel ring with an inner diameter of 9 mm and lifted at the air liquid interface 48 h post seeding (Figure 1). HSEs were cultured in keratinocyte growth medium with fresh medium replaced every 48 h. DEDs and cells were not patient-matched.
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FIGURE 1. Summary of in vitro HSE-driveline infection model establishment. Human primary fibroblasts and keratinocytes were expanded and seeded onto a de-epidermised and de-cellularised dermis. Simultaneously, fibroblasts were expanded, seeded onto drivelines and cultured for 4 days. Skin constructs were punctured on the 10th day of culture and the three types of mock drivelines (smooth PCL, porous un-seeded, and porous pre-seeded) were inserted. The skin-driveline constructs were cultured for another 7 days prior to challenge with 107 CFU directly S. aureus ATCC 29213 directly at the skin-driveline interface. At 24 hpi samples were either processed for enumeration of viable bacteria or fixed, sucrose infiltrated and snap frozen for subsequent histological analysis.




Driveline Manufacture

All mock (wireless, i.e., do not carry electrical charge) drivelines utilized in this study were manufactured from medical grade polymer poly(ε-caprolactone; PCL, Corbion Purac, Netherlands). PCL scaffolds were manufactured via MEW as previously described (Bolle et al., 2019) using an in-house custom built machine previously described in Wunner et al. (2017). Briefly, the PCL was loaded into a plastic syringe (Nordson EFD, United States), heated (84°C) and extruded by applying air pressure. A voltage of 6.7 kV was applied to the needle and the jet was collected on a grounded and motorized x–y collector plate in a lattice with layers at 90° and 45° to each other. The scaffolds were cut into 10 × 10 mm squares using a scalpel.

To produce mock drivelines with different surfaces, a 4 mm stainless steel mandrel was dip-coated into a 10% w/v solution of PCL in chloroform, as previously described (Bolle et al., 2019). The mandrel was then immersed in ethanol to aid in the removal of the PCL from the mandrel, resulting in smooth, hollow PCL tubes, from now onward referred to as PCL drivelines. To obtain tubular scaffolds, the scaffolds were wrapped around the heated, PCL coated mandrels to fuse the bottom layers of the scaffolds to the PCL core. The PCL tube-scaffold constructs were removed from the mandrel with the aid of ethanol. This resulted in hollow tubes with a solid core and porous outer surface with an outer diameter of 4.5 mm, referred to as un-seeded drivelines from now onward. All drivelines were sterilized by immersion in 80% ethanol for 30 min, dried in a laminar flow hood and exposed to UV light for 20 min on either side. The MEW scaffolds and the PCL tube – scaffold constructs (porous mock drivelines) are shown in Figure 2. Scanning electron microscopy (SEM) images were acquired using a Zeiss Sigma Field Emission SEM, equipped with a Zeiss Gemini column at an accelerating voltage of 5 kV. All samples were gold sputter coated prior to imaging using a Leica EM-SCD005. Stereomicroscope images of the samples were acquired on a Nikon SMZ25 stereomicroscope (Nikon, Japan).
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FIGURE 2. Mock drivelines manufactured by melt electrowriting (MEW). SEM images of (A) a MEW scaffold used for constructing porous mock drivelines and (B) a porous mock driveline showing the MEW scaffold fused to the PCL tube (scale bars: 300 μm). The red circle highlights the surface morphology of the smooth PCL tube. Stereomicroscope images of (C) a smooth PCL tube and (D) a porous driveline (MEW scaffold – PCL tube) construct. Scale bars: 2 mm.




Pre-seeding of Porous Mock Drivelines With Human Fibroblasts

The tubular scaffolds were seeded with fibroblasts as previously described (Bolle et al., 2019). Briefly, the scaffolds were placed in 12-well plates following an overnight incubation in fibroblasts growth medium and seeded with human dermal fibroblasts isolated according to the above described protocol, by applying 30 μL containing 2 × 105 cells onto the scaffold. Following 30 min of incubation to allow for initial cell attachment, the scaffolds were inverted and another 30 μL containing 2 × 105 cells were placed on the scaffolds. Following a further 30 min incubation the samples were submerged in fibroblasts growth medium and cultured for 4 days, with medium changed every 48 h. The pre-seeded scaffolds are hereafter referred to as pre-seeded drivelines.



Implanting Human Skin Equivalents With Mock Drivelines

The mock drivelines were inserted into HSEs 10 day post seeding of fibroblasts and keratinocytes, as previously described (Bolle et al., 2019). Briefly, 4 mm holes were created in the HSEs with a biopsy punch (Stiefel) and the mock drivelines inserted from the dermal side and carefully pulled through using forceps (Figure 1). Skin-driveline constructs were cultured at the air liquid interface with medium replaced every 48 h.



Bacterial Strains and Culture Conditions

Staphylococcus aureus ATCC 29213 was used in this study and routinely cultured in Lysogeny broth (LB) medium with shaking (200 RPM) at 37°C. For HSE inoculations, bacterial cultures were collected at 16 h, centrifuged and resuspended in antibiotic-free keratinocyte growth medium at a cell density of 5 × 108 colony forming units (CFU)/mL. An inoculum volume of 20 μL (1 × 107 CFU) was used in all HSE infection assays.



S. aureus Infection Assay of Human Skin Equivalents Implanted With Mock Drivelines

Human skin equivalent culture medium was replaced with antibiotic-free keratinocyte growth medium 72 h prior to infection. Intact HSEs controls (without a driveline) were inoculated by depositing 1 × 107 CFU S. aureus ATCC 29213 in a small 20 μL volume at the centre of the construct surface. HSEs with implants were infected by depositing 4 × 5 μL of S. aureus inoculum in a cross-shape around the tubular implant interface. The cross-shaped pattern was chosen to ensure that the inoculum volume was evenly distributed around the entire circumference of the mock drivelines. Inoculated HSEs were incubated in antibiotic-free keratinocyte growth medium at 5% CO2 and 37°C. At 24 h post inoculation (hpi), HSEs were processed for histology or for viable CFU counts as described in sections below. Time-matched uninfected HSEs served as controls. A schematic overview of the entire experimental timeline is shown in Figure 1.



Enumeration of Viable S. aureus From Infected Human Skin Equivalents

Human skin equivalents collected at 24 hpi were dissected (roughly 3 × 3 mm pieces) under aseptic conditions, weighed and digested in a 1 mg/mL collagenase solution in phosphate buffered saline (PBS; Gibco, Australia) at 37°C for 3 h in a shaking incubator (200 RPM). The samples were then homogenized mechanically in a mini-Beadbeater (Daintree Scientific, Australia) with stainless steel beads (0.5 mm, Daintree Scientific). Samples were homogenized for 15 min in 2 min cycles at 2,500 RPM, with 1 min rest on ice between cycles. HSE homogenates were then serially diluted 10-fold in PBS and viable bacteria (CFU) in samples were enumerated by plating triplicate 5 μL aliquots of each dilution onto LB agar followed by overnight incubation at 37°C.



Histological Examination of S. aureus Infected Human Skin Equivalents

Intact HSEs and HSEs with mock drivelines collected at 24 hpi were prepared for histological analysis as described in Bolle et al. (2019). Briefly, the HSEs were rinsed in PBS supplemented with magnesium and calcium and fixed in 4% PFA for a minimum of 30 min. HSEs were then infiltrated in a sucrose–OCT solution (optimal cutting temperature, Tissue Tek, Finland) with increasing ratios of OCT to preserve tissue morphology. HSEs were then snap frozen in a dry ice-ethanol slush and stored at −80°C until required for further processing. Frozen HSE samples were sectioned at 20 μm thickness on a cryostat (Leica Biosystems) and stained with hematoxylin and eosin (Bolle et al., 2019). Coverslips were applied using prolong gold mounting medium (Life Technologies) and slides were imaged using a Zeiss Axio Imager M2 microscope (Zeiss) or a 3D Histech Scan II Brightfield Slide Scanner (3D Histech, Hungary). For localizing S. aureus within the tissue, HSE sections were stained following a published Gram staining protocol, with modifications (Becerra et al., 2016). Briefly, the sections were rinsed, stained with crystal violet for 1 min, incubated with iodine for 2 min, decolorised in acetone and counterstained with safranin for 1 min (ProSciTech, Australia) with a wash performed between each step. Slides were imaged on a Leica DM2500 microscope (Leica, Germany).



Fluorescence Microscopy of Explanted Mock Drivelines and S. aureus Staining

Drivelines were carefully removed from HSEs using forceps immediately after collection at 24 hpi and prepared for imaging of S. aureus colonization. Live/dead staining of S. aureus was performed using the LIVE/DEADTM BacLightTM Bacterial Viability kit L7007 (Life Technologies, Australia). Explanted drivelines were rinsed in saline (0.9%) for 30 s, then incubated in the dark at 30°C for 25 min, with SYTO9 and Propidium Iodide (PI; 200 μL). The final applied concentration of SYTO9 and PI was 3.35 μM and 20 μM, respectively. Following staining the drivelines were rinsed in saline (0.9%) for 30 s, mounted onto coverslips using ProLong® Diamond Antifade Mountant (Life Technologies, Australia) and immediately imaged on a Zeiss AxioVert A1 FL-LED microscope (Zeiss, Germany) utilizing a 100 × oil immersion objective. Images were analyzed using the instrument software (Zen 2.3).



Statistical Methods

DEDs from 3 different donors were used for all experiments reported herein. In each experiment, DEDs from the same donor were tested in triplicate for each group (intact, PCL, un-seeded, pre-seeded). A total of 8 samples per group were analyzed by histology and a minimum of 6 for bacterial viability counts. CFU were enumerated by plating on agar plates and presented as CFU per ml of HSE homogenate. CFU from technical repeats were averaged and the average of each biological repeat is presented in dot plots per group. Group medians were compared for statistical differences by the non-parametric Kruskal Wallis test.



RESULTS


Establishment of an in vitro Human Skin Equivalent Driveline Infection Model

Staphylococcus aureus is the leading cause of driveline infections (Koval and Stosor, 2019) and has been previously shown to remain confined to the outermost layer of the epidermis in an HSE wound infection model (Shepherd et al., 2009). This makes it an ideal organism for studying driveline-specific infections in HSEs in vitro as it does not invade into deeper tissue, unlike the Gram-negative wound pathogen Pseudomonas aeruginosa (Shepherd et al., 2009), ensuring that any bacterial penetration can only occur via the driveline opening. To confirm this in our model, we used reference S. aureus ATCC 29213 cultures to inoculate intact HSEs, devoid of a driveline, and HSEs with a PCL driveline mimicking the smooth surface of those currently used in clinical practice. S. aureus was recovered at 24 h post inoculation (hpi) in similar numbers from both HSE groups, with an average of 1.2 × 107 CFU/mL recovered from intact HSEs and 1.3 × 107 CFU/mL from HSEs implanted with the PCL driveline (Figure 3A). As the number of bacteria recovered at 24 hpi was similar to the number of inoculated bacteria, this suggests that S. aureus ATCC 29213 remained viable in our experimental model over this time-period maintaining a high tissue load.
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FIGURE 3. Staphylococcus aureus infection of intact HSEs. (A) Number of viable S. aureus colony forming units (CFU) recovered from intact skin HSEs (no driveline) or HSEs implanted with smooth PCL drivelines at 24 h post inoculation. Bacterial numbers are presented as CFU/mL with group means shown as horizontal lines. Dot plots show data from a minimum of 4 experimental repeats using HSEs derived from 3 skin donors. (B) Histological analysis of infected intact HSEs showing an overview of cross sections of the entire skin construct by H&E staining. Visible features include rete ridges between the epidermis and dermis (panel a, scale bar: 500 μm), connective dermal tissue (panel b, scale bar: 200 μm) and the epidermis and stratum corneum (panel c, scale bar: 100 μm). Gram staining of tissue cross-sections revealed S. aureus localizing exclusively on the uppermost layer of the epidermis in loose association with the skin tissue (panels d and e, scale bars: 100 μm and 50 μm, respectively).


While bacterial numbers recovered from tissues were similar, the localization of S. aureus differed between HSE groups (Figures 3B, 4). Gram staining of cross sections from intact HSEs revealed that S. aureus cells were exclusively present in the apical surface of the skin, with bacteria loosely associated with the uppermost layer and no bacteria present in deeper epidermal layers (Figure 3B). Similar analysis of HSEs implanted with PCL drivelines (Figure 4) revealed heavy S. aureus colonization at the driveline-skin exit site (inoculation site), with minimal bacterial presence observed further down this interface. Where bacteria were seen to be present deeper into the skin-driveline interface, they appeared to be mostly found in areas where gaps were present between HSE tissue and driveline (Figure 4).
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FIGURE 4. Staphylococcus aureus infection of HSEs implanted with smooth drivelines. Histological analysis by H&E staining of cross sections of HSEs implanted with a PCL mock driveline, exhibiting (A) epidermal downgrowth or (B) epidermal upgrowth, as indicated by the black arrows (scale bars: 2 mm). Panels (a) and (d) show digital magnifications of marked regions from H&E images shown in (A,B), scale bars: 500 μm. Irrespective of epidermal growth pattern, Gram staining revealed bacterial colonization at the driveline entry point [panels (b) and (e)], denoted by black arrowheads, but limited or no presence of bacteria further along the skin – driveline interface [panels (c) and (f), scale bars 100 μm]. All images are from sections from the same samples with specific regions marked by black boxes in (A,B).


H&E staining confirmed that all HSEs displayed a tissue morphology closely resembling that of native human skin (Figures 3B, 4). The epidermal growth patterns along the smooth PCL drivelines varied, with 5 out of 8 samples exhibiting epidermal downgrowth around the implant and 3 showing epidermal upgrowth. This is in line with our previous findings using smooth PCL drivelines in HSEs (Bolle et al., 2019) and suggests that the presence of S. aureus does not affect epidermal growth patterns.

Collectively, our microbiological and histological analyses suggest that the HSE model is able to sustain a high bacterial load without S. aureus-induced tissue damage or invasion of deeper epidermal and dermal layers. Bacterial non-invasiveness was considered a pre-requisite for an HSE-driveline infection model which sought to establish bacterial migration along the opening created by the presence of a driveline. Further, the results with the PCL drivelines suggest that the presence of the driveline does not affect total bacterial counts and that most bacteria are localized at the driveline exit site or associated with the driveline surface as a biofilm. We observed little S. aureus migration along the PCL implant interface and only where there were micro-gaps present, similar to recent clinical observations from explanted patient drivelines (Qu et al., 2019a). Thus, we conclude that our established in vitro HSE-driveline infection model is a suitable platform for investigating differences in the biological seal created by different driveline surfaces, which we investigated next.



S. aureus Forms a Biofilm at the Entry Site of Porous Drivelines and Migrates Along the Driveline-Tissue Interface via Micro-Gaps

To test whether skin integration around different porous driveline surfaces translates to differences in bacterial migration along the driveline, we inoculated HSEs with S. aureus as above, but this time the HSEs were implanted with MEW un-seeded and pre-seeded mock drivelines. The S. aureus tissue load recovered at 24 hpi was 3 × 106 CFU/mL and 8 × 106 CFU/mL, for the un-seeded and pre-seeded groups, respectively (Figure 5A). Histological staining revealed infected HSEs with un-seeded and pre-seeded drivelines to have an intact dermis and epidermis, with the lateral side of the pre-seeded drivelines exhibiting an intact thin layer of fibroblasts covering the scaffolds (Figure 5B– top right panel). All HSEs bearing un-seeded implants (8 out of 8) displayed epidermal downgrowth, but epidermal growth patterns around pre-seeded implants varied, with 4 exhibiting epidermal upgrowth and 4 epidermal downgrowth.


[image: image]

FIGURE 5. Staphylococcus aureus infection of HSEs implanted with porous drivelines. (A) Number of viable S. aureus recovered from HSEs with un-seeded or pre-seeded drivelines at 24 hpi. Bacterial numbers are presented as CFU/mL with group means shown as horizontal lines. Dot plots show data from a minimum of 6 experimental repeats using HSEs derived from 3 donors. (B) Histological analysis of infected HSEs implanted with un-seeded and pre-seeded drivelines retained an intact epidermis and dermis as shown by H&E staining of cross-sections (top panels; scale bars denote 2 mm). In HSEs with un-seeded drivelines, S. aureus (indicated by black arrows) localized at the inoculation site (a), with bacteria detected further along the interface and associated with deeper HSE tissue or present in gaps between the tissue and un-seeded driveline (b; Gram staining, left panel; scale bars denote 100 μm). In HSEs with pre-seeded drivelines, S. aureus localized at the inoculation site (c), but no bacterial colonization of the tissue in close contact with the driveline was observed (d; Gram staining, right panels; scale bars: 100 μm). Black asterisks denote PCL fiber struts.


Staphylococcus aureus colonization of the driveline-skin entry site was invariantly observed in both HSE groups but was only noticeable further along the driveline-HSE interface where gaps were present between the driveline and the surrounding HSE tissue. Only small S. aureus clusters were observed to be associated with the deeper dermis interface, and only in HSEs implanted with un-seeded drivelines (Figure 5B), as these contained more gaps with the HSE tissue compared to pre-seeded or PCL drivelines. Similar to what was observed for PCL implants, S. aureus had formed a biofilm on the porous drivelines at the inoculation site, as revealed by LIVE/DEAD staining of explanted un-seeded and pre-seeded drivelines (Figure 6). Fluorescence microscopy along the entire length of the porous drivelines revealed S. aureus presence within the voids of the scaffold and along its fiber struts. S. aureus colonization and migration appeared to be more pronounced on the un-seeded drivelines, compared to pre-seeded PCL drivelines (Figure 6).
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FIGURE 6. Fluorescence microscopy of infected HSE-explanted drivelines. S. aureus cells were stained with bacterial LIVE/DEAD staining (live = green, dead = red). Live S. aureus cells (seen as green cocci) were present in the voids and on the fiber struts of the un-seeded and pre-seeded drivelines at the inoculation site (second quadrant from top, denoted by asterisk) and deeper down the driveline surface (left and right panels, respectively; Scale bars: 30 μm). Inserts show a digitally zoomed section (25%) of the region marked by the white dotted line.


Taken together, our results suggest that epidermal growth pattern differences do not appear to strictly dictate whether S. aureus cells could migrate down the HSE-implant interface. Bacterial presence along the driveline surface was mostly associated with the presence of gaps along the tissue-driveline interface, which occurred more frequently in un-seeded porous drivelines. Moreover, challenging the skin-driveline interface with a high bacterial load did not impact the pre-established epidermal growth patterns at the implant entry site or the deeper dermal-implant interface, irrespective of the implant’s surface.



DISCUSSION

Infections around percutaneous implants and drivelines are a prevalent clinical problem, since the advent of the earliest VADs, limiting successful outcomes of ventricular assist device therapy (Hannan et al., 2019). It has been hypothesized by us and others that increased skin and tissue integration around the percutaneous device translates to a better biological seal against bacteria, with the potential to reduce bacterial infection rates (von Recum, 1984; Tagusari et al., 1998; Choi et al., 1999; Fukano et al., 2010; Isackson et al., 2011; Bolle et al., 2019). The aim of this study was thus to investigate whether porous scaffolds that were previously shown to increase skin integration and device stability in an HSE model would create a protective biological seal against pathogen entry. This aim necessitated the establishment of the first HSE-driveline infection model for in vitro investigations.

In vitro skin models have greatly advanced the field of cutaneous research and are based on excised full thickness skin, or tissue engineered skin with the dermal component based on synthetic matrices or de-cellularised dermis (Abd et al., 2016; Pupovac et al., 2018). The de-cellularised dermis skin model (DED-HSE) is well characterized, closely resembles native human skin and has been shown to re-epithelialise (Topping et al., 2006; Xie et al., 2010; Fernandez et al., 2014). More importantly, it has been used to study bacterial infections of wounds and the efficacy of functionalized biomaterials in reducing the bacterial burden in infected skin (Shepherd et al., 2009, 2011; Zheng et al., 2019).

In vitro skin models, however, have not yet been utilized to study bacterial infections around drivelines. Current knowledge on driveline infections is mainly derived from in vitro agar or drip flow bioreactor models, ex vivo analysis of explanted drivelines or in vivo rodent models (Arrecubieta et al., 2009; Toba et al., 2011; Qu et al., 2019b, a). The in vitro agar model was established by Qu et al. (2019b) to mimic microbial biofilm growth on drivelines within the subcutaneous tissue tunnel. The model consists of casting a Hinton or Roswell Park Memorial Institute medium agar mold by placing a piece of smooth driveline into molten agar and removing the driveline upon setting of the agar. Following insertion of an inoculated piece of smooth or porous driveline, the tunnel is covered with a lid from the same agar. To mimic the driveline exit site, the authors use a drip-flow biofilm reactor, whereby they place inoculated pieces of smooth or porous driveline into the incubation chamber while pumping growth medium through the system (Qu et al., 2019b). While these agar models offer suitable in vitro models to study biofilm formation and bacterial migration in the subcutaneous tissue, they do not allow examination of epidermal and dermal integration or its association with bacterial migration. Ex vivo clinical samples, on the other hand, are highly pertinent to studying various aspects of driveline infections, but observations tend to be subject to biological variation, demanding analyses of large numbers of clinical samples, and as such do not lend themselves as an ideal experimental platform to validate hypotheses. Small animal models have been utilized to study the in vivo role of bacterial virulence factors in driveline colonization and infection, such as the SdrF surface protein of S. aureus (Arrecubieta et al., 2009) and more generally the role of biofilm formation on driveline infections by S. aureus and S. epidermidis (Toba et al., 2011). None of these studies, however, directly investigated the role of skin integration and epidermal growth patterns in protecting from bacterial infection, so the clinical value of rodent driveline infection models to study skin integration remains unknown.

To address the lack of physiologically relevant in vitro models to study the correlation between skin integration and bacterial infection around percutaneous drivelines, we established a first-in-field in vitro driveline infection model based on the established DED-HSE model. Our model reproduces the clinical features observed in explanted drivelines from infected patients and provides a suitable tool for the investigation of skin-driveline integration properties on infection outcome. To the best of our knowledge, this is the first study to directly test whether increased skin integration around porous drivelines translates to an increased biological seal against pathogen entry.

Our study utilized S. aureus as the model pathogen, given S. aureus is the most common causative agent of driveline infections (Koval and Stosor, 2019). We deliberately inoculated the driveline exit-site with a relatively high bacterial burden (107 CFU of S. aureus deposited in a small volume directly at the exit site), to challenge the biological seal created by the different driveline surfaces. Despite the high challenge, histological analysis confirmed that a high bacterial load could be maintained without tissue damage even up to 72 h post inoculation (data not shown). The non-invasiveness of S. aureus strains in HSE models, previously reported (Shepherd et al., 2009) and confirmed in this study for reference strain ATCC 29213, was important in ensuring that bacterial entry and migration occurred via the driveline and not via the tissue.

Our model also reproduced the formation of a sinus tract as a result of epidermal downgrowth around the implanted driveline. Sinus tract formation is a well-known mode of failure of percutaneous devices (von Recum, 1984) and has been hypothesized to create an environment conducive to bacterial proliferation, leading to subsequent device infection (Isackson et al., 2011; Affeld et al., 2012). Our study offers the first in vitro validation of this hypothesis, providing evidence of increased bacterial localization in the sinus tract between the driveline and the surrounding tissue. While in our model epidermal upgrowth was also observed, epidermal downgrowth was more frequently associated with implants that did not display tight integration with the surrounding HSE tissue and contained frequent micro-gaps along the length of the interface where bacteria were commonly observed. A recent analysis of infected drivelines explanted from patients undergoing heart transplants revealed insufficient integration between the DacronTM and the surrounding subcutaneous tissue with bacterial presence within similar voids (Qu et al., 2019a). In an in vitro study by the same group, challenge of porous DacronTM with the same S. aureus strain used in our study, also resulted in biofilm formation within the inter-fiber space of the intricate porous DacronTM structure (Qu et al., 2019b), similar to what we observed with the scaffold voids of mainly un-seeded and some pre-seeded drivelines. These results indicate that a healthy and well-integrated driveline-interface is crucial to reduce bacterial colonization and prevent migration along the implant interface. When the cell viability of the fibroblast layer forming the tight interface in our pre-seeded driveline-HSEs declined at 72 hpi, we observed increased bacterial migration into the driveline, further supporting this tenet (data not shown).

While there appears to be a consensus from in vitro and ex vivo studies on bacterial migration along porous drivelines, findings from animal models seem to be conflicting. A study by Isackson et al. (2011) in rabbits investigated four different types of titanium implants, all consisting of a percutaneous post and a subcutaneous anchor, with a smooth, porous or mixed surface (porous percutaneous post and smooth anchor or vice versa). Implants were repeatedly challenged with high-doses of S. aureus 4 weeks post implantation until manifestation of Grade II clinical signs of infection (experimental end point). Histological analysis revealed epidermal downgrowth and sinus tract formation in all implants, but implants with smooth components had a 7-fold increased risk of infection compared to implants with a porous surface in one or both components (Isackson et al., 2011). It is noteworthy that while the authors confirmed S. aureus to be the only organism isolated from infected implants, bacterial loads from implants or tissues were not determined and localization of bacteria along the implant interface was not examined either. Similarly, older studies in rabbits and pigs reported no signs of infection with porous carbon percutaneous devices (Krouskop et al., 1988; Nowicki et al., 1990). Differences in implant materials could account for these differences in results, as well as the use of different bacterial pathogens, which are known to have distinct biofilm formation properties.

Perhaps the most obvious difference, however, between in vitro and in vivo studies, is the absence of immune cells from most in vitro human skin models. Less than a handful of reconstructed HSE models containing immune cells have been reported to date (Bechetoille et al., 2007; Ouwehand et al., 2011; Linde et al., 2012; Kühbacher et al., 2017), which is testament to the complexity of establishing and maintaining 3D co-culture models (Pupovac et al., 2018). Overcoming those limitations in the near future will greatly enhance the clinical value of in vitro HSE-based models, including our HSE-driveline infection model, given the primary role of immune cells in fighting invading pathogens. In addition, the model could be further enhanced by adding movement of the driveline in the HSE through a bioreactor, in order to mimic driveline movement caused by patient breathing and other motion. While in this study we aimed to compare the biological seal created by different porous driveline surfaces (un-seeded and pre-seeded), which were previously shown to promote different skin integration patterns (Bolle et al., 2019), our model lends itself nicely for other types of studies, e.g., comparative efficacy of different driveline materials (Dacron, silicone, etc.) or testing of new and existing antibacterials and disinfectants. Furthermore, the model allows investigation of host-pathogen interactions and could be useful for in vitro studies of bacterial factors contributing to skin and/or driveline colonization and translocation. While, in our study we chose to explore bacterial localization in HSE tissues and drivelines by staining and microscopy -analyses which allow bacterial localization but generate image data not optimal for quantitative measurements-, quantification of viable bacteria in the tissue (as done in our study) could be combined with enumeration of bacteria on the HSE-explanted drivelines (as done in other studies; Qu et al., 2019b, a), to provide total numbers of bacteria colonizing the entire model system. Bacterial migration through the driveline could also be quantified by enumerating viable CFU recovered from media surrounding the HSE in each well (Figure 1), but we would highly recommend using transwells for such investigations to exclude bacteria “spill-over” from the epidermal inoculation site, especially for small-sized HSE constructs (Bolle and Totsika, unpublished observations).

Despite certain limitations, the in vitro percutaneous driveline infection model reported herein represents a versatile tool to further our understanding of factors leading to driveline infections and the role of skin integration and driveline surface in reducing bacterial infections. Such models can also provide a valuable early preclinical platform for the testing of new antimicrobial surfaces and therapeutics aimed at reducing the prevalence of device-related infections burdening health systems worldwide.
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Glycopeptide antibiotics (GPAs) are considered drugs of “last resort” for the treatment of life-threatening infections caused by relevant Gram-positive pathogens (enterococci, staphylococci, and clostridia). Driven by the issue of the never-stopping evolution of bacterial antibiotic resistance, research on GPA biosynthesis and resistance is developing fast in modern “post-genomic” era. It is today widely accepted that resistance mechanisms emerging in pathogens have been acquired from the soil-dwelling antibiotic-producing actinomycetes, which use them to avoid suicide during production, rather than being orchestrated de novo by pathogen bacteria upon continued treatment. Actually, more and more genomes of GPA producers are being unraveled, carrying a broad collection of differently arranged GPA resistance (named van) genes. In the producer actinomycetes, van genes are generally associated with the antibiotic biosynthetic gene clusters (BGCs) deputed to GPA biosynthesis, being probably transferred/arranged together, favoring a possible co-regulation between antibiotic production and self-resistance. GPA BGC-associated van genes have been also found mining public databases of bacterial genomic and metagenomic sequences. Interestingly, some BGCs for antibiotics, seemingly unrelated to GPAs (e.g., feglymycin), carry van gene homologues. Herein, we would like to cover the recent advances on the distribution of GPA resistance genes in genomic and metagenomics datasets related to GPA potential/proved producer microorganisms. A thorough understanding of GPA resistance in the producing microorganisms may prove useful in the future surveillance of emerging mechanisms of resistance to this clinically relevant antibiotic class.
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GPA MODE OF ACTION AND RESISTANCE GENES IN GRAM-POSITIVE PATHOGENS

According to a recent report (WHO, 2017), drug-resistant infections will kill more people than cancer in just over three decades: by 2050, 10 million people are going to die every year due to antimicrobial resistance (AMR). Consequently, it is mandatory to stimulate discovery and development of novel antibiotics to counteract AMR (O’Neill, 2016). Glycopeptide antibiotics (GPAs) are frequently used to treat life-threatening infections caused by multidrug-resistant Gram-positive pathogens, such as Staphylococcus aureus, Enterococcus spp., and Clostridium difficile (for a review on their discovery and development, see Marcone et al., 2018; on their antimicrobial activity and clinical use, Zeng et al., 2016). GPAs inhibit bacterial cell wall synthesis in Gram-positive bacteria by binding to d-alanyl-d-alanine (d-Ala-d-Ala) dipeptide terminus of peptidoglycan (PG) precursors, sequestering the substrate from transpeptidation and transglycosylation reactions in the late extracellular stages of PG cross-linking. Thus, GPA action ultimately results in destabilizing cell wall integrity, causing bacterial cell death (Perkins and Nieto, 1974). Gram-negative microorganisms are intrinsically resistant to GPAs, because of their outer membrane, which prevents these molecules entering into the periplasm. In Gram-positive bacteria, the onset of vancomycin resistance was long-delayed in comparison to other antibiotic classes. The first vancomycin-resistant clinical isolate – an Enterococcus faecium strain – was reported in 1987, more than 30 years after the clinical introduction of vancomycin (Leclercq et al., 1988, Miller et al., 2016). Unfortunately, today a vast majority of E. faecium isolates harbor vancomycin resistance genes (van) (Vehreschild et al., 2019). The first vancomycin-resistant S. aureus (VRSA) isolate was reported in 2002 as a result of horizontal gene transfer from resistant enterococci (Bartley, 2002; Weigel et al., 2003); nowadays, 52 VRSA strains have been described worldwide (Cong et al., 2020).

The GPA resistance mechanisms in Gram-positive pathogens were intensively studied starting from the pioneering work published in the 1990s (Arthur et al., 1992, 1996). Gram-positive pathogens escape GPA action by reprogramming PG precursor biosynthesis, replacing the terminal d-Ala with d-lactate (d-Ala-d-Lac) or d-serine (d-Ala-d-Ser), thus reducing the affinity for cellular targets (Arthur et al., 1992, 1996; Courvalin, 2006). In enterococci, many different GPA-resistant phenotypes have been described according to their van gene operon organization (for a review, see Binda et al., 2014): in vanA, vanB, vanD, and vanM the key ligase determines the replacement of the terminus d-Ala with d-Lac, whereas in vanC, vanE, vanG, vanL, and vanN d-Ala. The d-Ala-d-Lac-type operons are located either on plasmids or on chromosomes, whereas the d-Ala-d-Ser-type ones are exclusively on the bacterial chromosome, except the case of vanN found on a plasmid in E. faecium. Operon expression could be inducible by GPAs (vanA, vanB, vanG, vanE, vanL, and vanM) or constitutive (vanC, vanD, and vanN) (Reynolds and Courvalin, 2005; Depardieu et al., 2007; Binda et al., 2014). The most clinically relevant manifestation of GPA resistance occurs in VanA enterococci and staphylococci, and in VanB enterococci. The first group is highly resistant to both vancomycin and teicoplanin, whereas the second group only to vancomycin. In both of them, resistance is mediated by the GPA-induced expression of the transposone-located vanHAX gene operon under the transcriptional control of the VanR/VanS two-component system (TCS). VanS is a membrane-associated sensor that in VanA bacteria is activated by the presence of either vancomycin or teicoplanin, whereas in VanB it is activated only by vancomycin. Consequently, VanB enterococci are sensitive to teicoplanin (Arthur et al., 1997, 1999; Arthur and Quintiliani, 2001). Activated VanS transfers a phosphoryl group to VanR, which is the response regulator that controls the co-transcription of the vanH, vanA, vanX, and vanY genes (Wright et al., 1993; Arthur et al., 1997, 1999; Arthur and Quintilliani, 2001). VanH is a dehydrogenase that reduces pyruvate to d-lactate; VanA is the key ligase that catalyzes the formation of the d-Ala-d-Lac resistant depsipeptide (Bugg et al., 1991; Arthur et al., 1992); VanX is a d,d-dipeptidase, which removes the intracellular pool of d-Ala-d-Ala produced by the native enterococcal ligase, ensuring that d-Ala-d-Lac is incorporated into PG precursors (Reynolds et al., 1994; Wu et al., 1995); and finally VanY has an ancillary role as a d,d-carboxypeptidase cleaving the last d-Ala from the residual pentapeptide PG precursors terminating in d-Ala-d-Ala (Arthur et al., 1998). Among the d-Ala-d-Ser-type operons, the better investigated was the vanC. It encodes for a racemase (VanT) that converts l-Ser to d-Ser, a ligase (VanC) that synthesizes d-Ala-d-Ser, and a bi-functional d,d-dipeptidase/d,d-carboxypeptidase (VanXYc) that cleaves the residual pools of d-Ala-d-Ala (Billot-Klein et al., 1994; Reynolds and Courvalin, 2005). In VanC phenotype, the TCS VanRcSc is located downstream the operon, but the resistance is constitutive due to mutations in the sensor VanSc (Healy et al., 2000; Hong et al., 2008; Koteva et al., 2010). VanC enterococci are intrinsically resistant to low levels of vancomycin, although they remain sensitive to teicoplanin.

Additional variants of these van gene operons were found in other Gram-positive pathogens including Listeria spp., streptococci, clostridia (Biavasco et al., 1996; Poyart et al., 1997; Peltier et al., 2013), and also in nonpathogenic Gram-positives, including Bacillus circulans, Oerskovia spp., Corynebacterium spp., and Streptomyces coelicolor (Power et al., 1995; Fontana et al., 1997; Hong et al., 2004). A novel vancomycin vanF operon (vanYFZFHFFXF) was described in Paenibacillus popilliae, an environmental bacteria used as biopesticide to counteract beetle larvae that caused milky disease in Japan (Patel et al., 2000; Ahmed and Baptiste, 2018). The dissemination of GPA resistance more recently reached zoonotic pathogens such as the emergent Streptococcus suis, where the low level of vancomycin-resistance is due to the presence of a vanG-like operon (Huang et al., 2018). Herein, we focus our attention on van genes distribution and function in the GPA-producing actinomycetes, which are considered the putative primary source of the variety of GPA-resistant determinants occurring in environmental bacteria and pathogens (Marshall et al., 1998; Beltrametti et al., 2007; Marcone et al., 2010, 2014; Schäberle et al., 2011).



UPDATING THE GLYCOPEPTIDE RESISTANCE PARADIGM FOR THE GPA-PRODUCING STRAINS: VAN GENES AND THEIR ORGANIZATION IN KNOWN AND PUTATIVE GPA BGCS

Actinomycetes are Gram-positive soil-dwelling bacteria, which produce about two-thirds of the naturally derived antibiotics with clinical use (Bérdy, 2012; Barka et al., 2015), including GPAs (Nicolaou et al., 1999). Clinically relevant GPAs are produced by Amycolatopsis orientalis (vancomycin), Actinoplanes teichomyceticus (teicoplanin), and Nonomuraea gerenzanensis (dalbavancin precursor – A40926) (Zeng et al., 2016; Marcone et al., 2018). GPA producers require self-resistance mechanisms to avoid suicide during antibiotic production and, like in pathogens, such resistance is due to van genes, whose description dates back to the end of the 1990s, one decade later than in pathogens (Marshall et al., 1997, 1998). Sequence and operon structure similarities of van genes between pathogens and GPA-producers are significant (Hong et al., 2008; Binda et al., 2014). The intriguing aspect is that in GPA producers, van genes are usually located within the GPA biosynthetic gene clusters (BGCs) deputed to the antibiotic biosynthesis (Pootoolal et al., 2002; Beltrametti et al., 2007; Marcone et al., 2010, 2014; Schäberle et al., 2011). In the last two decades, multiple novel GPA BGCs from actinomycetes were sequenced and annotated, and each of them (with few exceptions, see below) contains van genes (Figure 1).
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FIGURE 1(CONTINUED)FIGURE 1. Organization of van genes orthologues in glycopeptide antibiotic (GPA) biosynthetic gene clusters (BGCs) of producers and metagenomics sequences: (A) family Pseudonocardiaceae: Amycolatopsis coloradensis DSM 44225 (GCF_001953865) – avoparcin producer (Kunstmann et al., 1968; Labeda, 1995); Amycolatopsis decaplanina DSM 44594 (GCF_000342005, Kaur et al., 2013) – decaplanin producer (Sanchez et al., 1992); Amycolatopsis keratiniphila subsp. nogabecina DSM 44586 (=Amycolatopsis keratiniphila subsp. nogabecina FH1893, GCF_001953855) – nogabecin producer (Wink et al., 2003); Amycolatopsis sp. MJM2582 (KF882511, Truman et al., 2014), Amycolatopsis lurida NRRL2430 (KJ364518, Truman et al., 2014), Amycolatopsis japonicum MG417-CF17 (CP008953, Spohn et al., 2014) – ristocetin producers; Amycolatopsis sp. WAC4169 (JX576190, Thaker et al., 2013) – producer of teicoplanin aglycone-like GPA; Amycolatopsis orientalis HCCB10007 (=Am. keratiniphila, GCA_000400635, Xu et al., 2014) and Amycolatopsis orientalis KCTC 9412 (=Am. orientalis DSM 40040, GCF_000478275, Jeong et al., 2013) – vancomycin producers; Amycolatopsis orientalis CPCC200066 (=Am. orientalis B-37, NZ_CP016174, Lei et al., 2015) – norvancomycin producer; Amycolatopsis balhimycina DSM 5908 (Y16952, Shawky et al., 2007) – balhimycin producer (Nadkarni et al., 1994; Wink et al., 2003); Kibdelosporangium aridum DSM 43828 (GCF_900176515) – the producer of kibdelins (Shearer et al., 1985), (B) genus Actinoplanes (please see main text for more details), (C) genus Nonomuraea (please see main text for more details), (D) genus Streptomyces (please see main text for more details); although S. coelicolor is not a GPA producer, organization of S. coelicolor van gene orthologues is also given, and (E) metagenomics sequences (please see main text for more details).


Thus far, the majority of GPA BGCs were found in members of the genus Amycolatopsis (Adamek et al., 2018), which belongs to the Pseudonocardiaceae family. Besides the vancomycin producers, other Amycolatopsis spp. produce avoparcin, decaplanin, nogabecin, ristocetin, teicoplanin aglycone-like GPA, norvancomycin, balhimycin, and chloroeremomycin. In their corresponding BGCs, van genes were found just upstream the genes coding for the StrR-like pathway-specific regulators (orthologues of bbr from balhimycin BGC, Figure 1). We excluded from this comparison the chloroeremomycin BGC from Amycolatopsis orientalis PA-42867 (?) (van Wageningen et al., 1998), which apparently was not completely covered with sequencing. Thus, three patterns for the organization of van genes are recognizable (Figure 1) in Pseudonocardiaceae GPA producers. In the producers of avoparcin, decaplanin, nogabecin, ristocetin, and teicoplanin-like aglycone GPA, the GPA BGCs carry vanHAX orthologues, but not vanY or vanRS orthologues. In vancomycin and norvancomycin producers, vanY orthologues are clustered with vanHAX ones. Balhimycin producer – Amycolatopsis balhimycina – possesses a BGC with vanRS (vlnRAbSAb) and vanY (vanYAb) orthologues, but vanHAX orthologues (vanHAbAAbXAb) were actually found 2 kbp away from balhimycin BGC (Schäberle et al., 2011; Frasch et al., 2015). Indeed, no cluster-situated van genes were found sequencing the genome of Kibdelosporangium aridum – the producer of kibdelins (Shearer et al., 1986) – which also belongs to Pseudonocardiaceae family (Figure 1).

Other known GPA BGCs are from Actinoplanes spp. (family Micromonosporaceae) and Nonomuraea spp. (family Streptosporangiaceae). Act. teichomyceticus and Actinoplanes sp. ATCC 53533 produce teicoplanin (Bardone et al., 1978) and UK-68,597 (Skelton et al., 1990), respectively. Teicoplanin BGC (named tei) contains vanHAX and vanRS orthologues (tei7-6-5 and tei2-3, respectively) organized in two separate operons, but none vanY orthologue (Figure 1; Li et al., 2004; Yushchuk et al., 2020b). In contrast, UK-68,597 BGC contains a vanH, not contiguous vanR and vanS, and a vanY orthologue (Figure 1; Yim et al., 2014). In the genus Nonomuraea, N. gerenzanenis ATCC 39727 and Nonomuraea sp. ATCC 55076 produce A40926 (Goldstein et al., 1987) and the type V glycopeptide kistamicin (Naruse et al., 1993), respectively. In A40926 BGC (named dbv) (Sosio et al., 2003), vanR and vanS homologues (dbv6 and dbv22, respectively) are not contiguous and GPA resistance is due to the expression of vanY orthologue (dbv7, Figure 1; Marcone et al., 2010, 2014; Binda et al., 2012; ). No vanHAXY genes are present in kistamicin BGC, although kistamicin BGC contains homologues of vanS and vanR named kisG and kisB (Nazari et al., 2017).

GPAs are also produced by few Streptomyces species (Figure 1). Interestingly, functional van genes were also found in S. coelicolor, which is not a GPA producer (Hong et al., 2004). A47934 BGC from Streptomyces toyocaensis NRRL 15009 contains vanHStAStXSt and vanRStSSt operons, together with staO and staP orthologues to S. coelicolor vanJ and vanK, respectively (Pootoolal et al., 2002). Pekiskomycin BGC from Streptomyces sp. WAC1420 contains vanY, vanJ as well as vanHAX and vanRS homologues, but pekiskomycin BGC from Streptomyces sp. WAC4229 lacks vanRS homologues (Thaker et al., 2013). No homologues of van genes were found in complestatin (type V GPA) BGC from S. lavendulae SANK 60477 (?) (Chiu et al., 2001), although this antibiotic possesses a moderate antibacterial activity. However, complestatin was shown to inhibit the fatty acid biosynthesis in Gram-positive bacteria (Kwon et al., 2015), therefore the producer may require no cell wall remodeling for complestatin self-resistance. Finally, feglymycin BGC from Streptomyces sp. DSM11171 (Figure 1) encodes for a 13-mer peptide antibiotic acting on bacterial cell wall biosynthesis by inhibiting MurA and MurC. Albeit the structure and the mode of action of feglymycin differs from the ones of GPAs, feglymycin BGC shares a high level of similarity with GPA BGCs (Gonsior et al., 2015; Yushchuk et al., 2020a), including the presence of vanRS-like genes – fegM and fegN.

To conclude, CA915, CA37, and CA878 GPA BGCs (Banik et al., 2010), which were sequenced from metagenomics samples, contain vanHAX, vanY and vanRS homologues, whereas none van gene was found in other metagenome-derived GPA BGCs as TEG and VEG (Banik and Brady, 2008; Figure 1).



UPDATING ON WHAT IS KNOWN ABOUT THE IN VIVO FUNCTION OF VAN GENES IN GPA-PRODUCING STRAINS

Although van genes were found in multiple GPA BGCs, only for few of them the function was experimentally proven. Balhimycin resistance in Am. balhimycina is likely the most deeply investigated model among GPA producers (Figure 2A). vanHAbAAbXAb, that is located outside the BGC (Figure 1), was shown to be constitutively expressed through all the periods of growth and during balhimycin production (Schäberle et al., 2011). Deletion of vanHAbAAbXAb genes makes Am. balhimycina significantly more sensitive to its own product, decreasing its MIC from 5 to 0.25 mg/ml, and causing an earlier expression of the BGC-situated vanYAb (Frasch et al., 2015). However, vanYAb itself does not play a decisive role in GPA-resistance since its deletion did not alter the GPA resistance phenotype (Frasch et al., 2015). Double vanHAbAAbXAb and vanYAb knocked-out mutants showed the same GPA resistance phenotype as ΔvanHAbAAbXAb. PG precursors ending in d-Ala-d-Lac were still found in the single ΔvanHAbAAbXAb and in the double ΔvanHAbAAbXAb ΔvanYAb mutants together with d-Ala-d-Ala ending PG precursors and tetrapeptides (Frasch et al., 2015). The residual GPA resistance in these mutants is probably due to an accessory Ddl1Ab, a putative d-Ala-d-Lac ligase encoded in the genome of Am. balhimycina, which shares 72% of amino acid sequence identity with VanAAb (Frasch et al., 2015). Ddl1Ab might add d-Lac to the tetrapeptide PG precursors generated by the d,d-carboxypetidase VanYAb (although the presence of some other d-Ala-d-Ala carboxypeptidases encoded in the genome cannot be completely ruled out considering the resistant phenotype of the ΔvanYAb mutant). In the absence of VanHAb, d-Lac for this reaction is probably obtained from the primary metabolic pool. Expression of vanHAbAAbXAb was demonstrated to be independent from the BGC-situated regulator vlnRAb (Kilian et al., 2016). However, VlnRAb is important for the activation of the BGC-situated vanYAb expression (Kilian et al., 2016). Heterologous expression of vlnRAbSAb in S. coelicolor ΔvanRS mutants indicated that both VlnRAb and VlnSAb are active and able to replace their counterparts VanR and VanS, which in S. coelicolor control the expression of vanHAX genes in response to vancomycin (Hong et al., 2004), restoring resistance to both balhimycin and teicoplanin in the complemented strains (Kilian et al., 2016). Overall, it seems that the BGC-situated vlnRAbSAb-vanYAb regulatory circuit is functional, but does not play a major role in balhimycin resistance, which is mostly determined by vanHAbAAbXAb expression. It would be interesting to test GPA resistance in ddl1Ab knocked-out mutant generated in Am. balhimycina ΔvanHAbAAbXAb ΔvanYAb to better understand the role of this accessory ligase and its connection with the d,d-carboxypetidase activity of VanYAb (or of some other still-unknown carboxypeptidases).
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FIGURE 2. Knowledge-based conceptual schemes for the GPA self-resistance mechanisms and their regulation in model GPA-producers: (A) Am. balhimycina, the producer of balhimycin, (B) Act. teichomyceticus, the producer of teicoplanin, (C) N. gerenzanensis, the producer of A40926, and (D) S. toyocaensis, the producer of A47934. Please refer to main text for more details on genes involved in GPA self-resistance. Please note that tei4 in Act. teichomyceticus, dbv5 and dbv23 in N. gerenzanensis, and murX in S. toyocaensis, colored in light gray, are not van gene orthologues, but they are reported since they are close to van genes or part of their operons.


Differently from Am. balhimycina, in Act. teichomyceticus vanHAX orthologues – tei7-6-5 – are located within the tei BGC together with vanRS orthologues – tei2-3 (Figure 2B). tei7-6-5 expression determines the production of PG precursors ending in d-Ala-d-Lac, conferring a GPA-resistant phenotype to Act. teichomyceticus (Beltrametti et al., 2007; Binda et al., 2018). Interestingly, the expression of tei7-6-5 operon is constant during the growth curve and in teicoplanin production conditions (Beltrametti et al., 2007; Yushchuk et al., 2019) and the VanX d,d-dipeptidase activity was detectable in cellular extracts independently from the addition of teicoplanin (Binda et al., 2018). One probable reason for the constitutive expression of tei7-6-5 is the non-inducibility of the sensor histidine kinase Tei3, due to its point mutations previously known to confer a constitutive kinase activity to S. coelicolor VanS (Beltrametti et al., 2007). Also, the expression of vanRS orthologues – tei2-3 – was also found constitutive under teicoplanin production conditions (Yushchuk et al., 2019) and these genes are co-expressed with tei4 – coding for a dehydrofolate reductase with no obvious role in teicoplanin-resistance (Yushchuk et al., 2020b). Moreover, tei2-3-4 expression is independent from tei cluster-encoded transcriptional regulators – Tei15* and Tei16* (Yushchuk et al., 2019, 2020b). Constitutive expression of tei2-3-4 could be granted by tei2 promoter, which was shown to be highly active in Act. teichomyceticus, starting from the very early stage of spore germination (Yushchuk et al., 2020b). More investigations are required for a complete understanding of teicoplanin-resistance in Act. teichomyceticus. Study of the Tei3 properties is among the most interesting tasks.

In N. gerenzanensis producing the teicoplanin-like A40926, vanHAX orthologues were not found neither in the BGC nor in the genome (D’Argenio et al., 2016). The only known mechanism of resistance relies on the action of VanYn, whose coding gene (dbv7) is within the dbv BGC (Figure 2C) and whose knockout abolishes the resistance phenotype (Marcone et al., 2010, 2014; Figure 2C). VanYn is a d,d-carboxypeptidase that cleaves the last d-Ala from pentapeptide PG precursors generating tetrapeptides, drastically reducing GPA affinity for cellular targets (Binda et al., 2012). A l,d-transpeptidase (Ldt) then uses the tetrapeptide acyl donors supplied by VanYn to synthetize the mature cell wall (Hugonnet et al., 2014). The role of this protein and its features that assimilate/distinguish it from enterococcal VanY and from VanYAb were investigated in detail (Marcone et al., 2010, 2014; Binda et al., 2012, 2013). Less clear is the regulatory circuit governing dbv7 expression. Direct VanYn carboxypeptidase activity measurement in N. gerenzanensis growing with the addition of different GPAs, unambiguously showed that VanYn activity is induced by vancomycin, teicoplanin, and A40926 (Binda et al., 2018). vanRS homologues – dbv6 and dbv22 – are present in the dbv BGC, but the knockout of dbv6 did not exert any influence on A40926 production and growth of N. gerenzanensis (Lo Grasso et al., 2015). Unfortunately, the GPA resistance phenotype of this mutant was not described. On the other side, transcriptional analysis of dbv genes indicated that the expression of dbv5-6-7 and dbv23-22 operons is rather constitutive (Alduina et al., 2007). Although the presence of other GPA-sensitive TCS beyond the borders of A40926 BGC cannot be ruled out, role of Dbv6 and Dbv22 in N. gerenzanensis A40926 self-resistance merits further investigations.

Finally, S. toyocaensis possesses, perhaps, the most straightforward resistance mechanism among all the investigated GPA producers (Figure 2D), reminding the situation in S. coelicolor (Hong et al., 2004). The BGC-located vanHStAStXSt operon was shown to be crucial for A47934 resistance and vanASt knockout made S. toyocaensis completely sensitive to A47934 (Pootoolal et al., 2002). At the same time, vanHAX-genes from the vancomycin producer Am. orientalis C329.2 were able to restore A47934 resistance phenotype in the knocked-out mutant (Pootoolal et al., 2002). Functions of VanRSt and VanSSt (both present in the A47934 BGC, Figures 1, 2D) were also studied in detail, showing that VanSSt has a remarkable specificity for A47934 and it is unable to sense teicoplanin or vancomycin (Koteva et al., 2010; Novotna et al., 2016). Moreover, also the interaction between VanRSt and VanSSt was found to be very specific, since VanRSt could not be phosphorylated by a non-cognate sensor-histidine kinase (Novotna et al., 2016). The roles (if there are any) of staP and staO (orthologues of S. coelicolor vanK and vanJ) in S. toyocaensis A47934 self-resistance were not investigated, thus the importance of these auxiliary resistance genes remains to be proved.



OUTLOOK

Soil GPA producers are considered the putative source of GPA resistance determinants, which might had been recruited and differently combined in pathogens. The goal of this mini review is to update the knowledge on the occurrence and role of van genes in producing microorganisms. It emerges that more in silico, in vitro, and in vivo investigations on their function and regulation are required to shed light on the intriguing issue of their origin and role. Overall, a detailed phylogenetic analysis would be useful to illuminate the evolution of GPA-resistant determinants in GPA producers and from them to pathogens. A recent pioneering work on the reconstruction of GPA BGC phylogeny (Waglechner et al., 2019) reported on the possible origin and evolution of GPA cluster-situated van-genes. According to these authors, vanA had likely originated within Amycolatopsis genus, whereas vanH, vanX, and vanRS within Actinoplanes; and vanY probably originated within genus Nonomuraea and it was then distributed among GPA BGCs by multiple transfer events. Combination of these genes in pathogens is today determining the urgent clinical need for new drugs to combat multi-drug resistant Gram-positive pathogens.



AUTHOR CONTRIBUTIONS

EB and OY collected data and papers and co-wrote the review. OY prepared the figures. FM and EB supervised the work.



FUNDING

This work was supported by grant “Fondo di Ateneo per la Ricerca” 2017, 2018 to FM, and Consorzio Italbiotec to EB.


ACKNOWLEDGMENTS

We are grateful to Consorzio Italbiotec for supporting EB.



REFERENCES

 Adamek, M., Alanjary, M., Sales-Ortells, H., Goodfellow, M., Bull, A. T., Winkler, A., et al. (2018). Comparative genomics reveals phylogenetic distribution patterns of secondary metabolites in Amycolatopsis species. BMC Genomics 19:426. doi: 10.1186/s12864-018-4809-4 

 Ahmed, M. O., and Baptiste, K. E. (2018). Vancomycin-resistant enterococci: a review of antimicrobial resistance mechanisms and perspectives of human and animal health. Microb. Drug Resist. 24, 590–606. doi: 10.1089/mdr.2017.0147 

 Alduina, R., Piccolo, L. L., Dalia, D., Ferraro, C., Gunnarsson, N., Donadio, S., et al. (2007). Phosphate-controlled regulator for the biosynthesis of the dalbavancin precursor A40926. J. Bacteriol. 189, 8120–8129. doi: 10.1128/JB.01247-07 

 Arthur, M., Depardieu, F., Cabanié, L., Reynolds, P., and Courvalin, P. (1998). Requirement of the VanY and VanX d,d-peptidases for glycopeptide resistance in enterococci. Mol. Mirobiol. 30, 819–830. doi: 10.1046/j.1365-2958.1998.01114.x 

 Arthur, M., Depardieu, F., and Courvalin, P. (1999). Regulated interactions between partner and non-partner sensors and response regulators that control glycopeptide resistance gene expression in enterococci. Microbiologica 145, 1849–1858. doi: 10.1099/13500872-145-8-1849 

 Arthur, M., Depardieu, F., Gerbaud, G., Galimand, M., Leclercq, R., and Courvalin, P. (1997). The VanS sensor negatively controls VanR-mediated transcriptional activation of glycopeptide resistance genes of Tn1546 and related elements in the absence of induction. J. Bacteriol. 179, 97–106. doi: 10.1128/JB.179.1.97-106.1997 

 Arthur, M., Molinas, C., Bugg, T. D., Wright, G. D., Walsh, C. T., and Courvalin, P. (1992). Evidence for in vivo incorporation of d-lactate into peptidoglycan precursors of vancomycin-resistant enterococci. Antimicrob. Agents Chemother. 36, 867–869. doi: 10.1128/aac.36.4.867

 Arthur, M., and Quintiliani, R. (2001). Regulation of VanA‐ and VanB-type glycopeptide resistance in enterococci. Antimicrob. Agents Chemother. 45, 375–381. doi: 10.1128/aac.45.2.375-381.2001

 Arthur, M., Reynolds, P., and Courvalin, P. (1996). Glycopeptide resistance in enterococci. Trends Microbiol. 4, 401–407. doi: 10.1016/0966-842X(96)10063-9 

 Banik, J. J., and Brady, S. F. (2008). Cloning and characterization of new glycopeptide gene clusters found in an environmental DNA megalibrary. Proc. Natl. Acad. Sci. U. S. A. 105, 17273–17277. doi: 10.1073/pnas.0807564105

 Banik, J. J., Craig, J. W., Calle, P. Y., and Brady, S. F. (2010). Tailoring enzyme-rich environmental DNA clones: a source of enzymes for generating libraries of unnatural natural products. J. Am. Chem. Soc. 132, 15661–15670. doi: 10.1021/ja105825a

 Bardone, M. R., Paternoster, M., and Coronelli, C. (1978). Teichomycins, new antibiotics from Actinoplanes teichomyceticus nov. sp. II. Extraction and chemical characterization. J. Antibiot. 31, 170–177. doi: 10.7164/antibiotics.31.170 

 Barka, E. A., Vatsa, P., Sanchez, L., Gavetas-Vaillant, N., Jacquard, C., Meier-Kolthoff, J. P., et al. (2015). Taxonomy, physiology, and natural products of Actinobacteria. Microbiol. Mol. Biol. Rev. 80, 1–43. doi: 10.1128/MMBR.00019-15

 Bartley, J. (2002). First case of VRSA identified in Michigan. Infect. Control Hosp. Epidemiol. 23:480. doi: 10.1017/s0195941700082333 

 Beltrametti, F., Consolandi, A., Carrano, L., Bagatin, F., Rossi, R., Leoni, L., et al. (2007). Resistance to glycopeptide antibiotics in the teicoplanin producer is mediated by van gene homologue expression directing the synthesis of a modified cell wall peptidoglycan. Antimicrob. Agents Chemother. 51, 1135–1141. doi: 10.1128/AAC.01071-06

 Bérdy, J. (2012). Thoughts and facts about antibiotics: where we are now and where we are heading. J. Antibiot. 65, 385–395. doi: 10.1038/ja.2012.27 

 Biavasco, F., Giovanetti, E., Miele, A., Vignaroli, C., Facinelli, B., and Varaldo, P. E. (1996). In vitro conjugative transfer of VanA vancomycin resistance between Enterococci and Listeriae of different species. Eur. J. Clin. Microbiol. Infect. Dis. 15, 50–59. doi: 10.1007/BF01586185 

 Billot-Klein, D., Blanot, D., Gutmann, L., and van Heijenoort, J. (1994). Association constants for the binding of vancomycin and teicoplanin to N-acetyl-d-alanyl-d-alanine and N-acetyl-d-alanyl-d-serine. Biochem. J. 304, 1021–1022. doi: 10.1042/bj3041021 

 Binda, E., Cappelletti, P., Marinelli, F., and Marcone, G. L. (2018). Specificity of induction of glycopeptide antibiotic resistance in the producing actinomycetes. Antibiotics 7, 36–46. doi: 10.3390/antibiotics7020036 

 Binda, E., Marcone, G. L., Berini, F., Pollegioni, L., and Marinelli, F. (2013). Streptomyces spp. as efficient expression system for a d,d-peptidase/d,d-carboxypeptidase involved in glycopeptide antibiotic resistance. BMC Biotechnol. 13:24. doi: 10.1186/1472-6750-13-24 

 Binda, E., Marinelli, F., and Marcone, G. L. (2014). Old and new glycopeptide antibiotics: action and resistance. Antibiotics 3, 572–594. doi: 10.3390/antibiotics3040572 

 Binda, E., Marcone, G. L., Pollegioni, L., and Marinelli, F. (2012). Characterization of VanYn, a novel 485 d,d-peptidase/d,d-carboxypeptidase involved in glycopeptide antibiotic resistance in Nonomuraea sp. ATCC 39727. FEBS J. 279, 3203–3213. doi: 10.1111/j.1742-4874658.2012.08706.x 

 Bugg, T. D., Wright, G. D., Dutka-Malen, S., Arthur, M., Courvalin, P., and Walsh, C. T. (1991). Molecular basis for vancomycin resistance in Enterococcus faecium BM4147: biosynthesis of a depsipeptide peptidoglycan precursor by vancomycin resistance proteins VanH and VanA. Biochemist 30, 10408–10415. doi: 10.1021/bi00107a007 

 Chiu, H.-T., Hubbard, B. K., Shah, A. N., Eide, J., Fredenburg, R. A., Walsh, C. T., et al. (2001). Molecular cloning and sequence analysis of the complestatin biosynthetic gene cluster. Proc. Natl. Acad. Sci. U. S. A. 98, 8548–8553. doi: 10.1073/pnas.151246498 

 Cong, Y., Yang, S., and Rao, X. (2020). Vancomycin resistant Staphylococcus aureus infections: a review of case updating and clinical features. J. Adv. Res. 21, 169–176. doi: 10.1016/j.jare.2019.10.005 

 Courvalin, P. (2006). Vancomycin resistance in gram-positive cocci. Clin. Infect. Dis. 42, S25–S34. doi: 10.1086/491711 

 D’Argenio, V., Petrillo, M., Pasanisi, D., Pagliarulo, C., Colicchio, R., Talà, A., et al. (2016). The complete 12Mb genome and transcriptome of Nonomuraea gerenzanensis with new insights into its duplicated “magic” RNA polymerase. Sci. Rep. 6, 1–13. doi: 10.1038/s41598-016-0025-0

 Depardieu, F., Podglajen, I., Leclercq, R., Collatz, E., and Courvalin, P. (2007). Modes and modulations of antibiotic resistance gene expression. Clin. Microbiol. Rev. 20, 79–114. doi: 10.1128/CMR.00015-06 

 Fontana, R., Ligozzi, M., Pedrotti, C., Padovani, E. M., and Cornaglia, G. C. (1997). Vancomycin-resistant Bacillus circulans carrying the vanA gene responsible for vancomycin resistance in enterococci. Eur. J. Clin. Microbiol. Infect. Dis. 16, 473–474. doi: 10.1007/BF02471915 

 Frasch, H.-J., Kalan, L., Kilian, R., Martin, T., Wright, G. D., and Stegmann, E. (2015). Alternative pathway to a glycopeptide-resistant cell wall in the balhimycin producer Amycolatopsis balhimycina. ACS Infect. Dis. 1, 243–252. doi: 10.1021/acsinfecdis.5b00011 

 Goldstein, B. P., Selva, E., Gastaldo, L., Berti, M., Pallanza, R., Ripamonti, F., et al. (1987). A40926, a new glycopeptide antibiotic with anti-Neisseria activity. Antimicrob. Agents Chemother. 31, 1961–1966. doi: 10.1128/aac.31.12.1961 

 Gonsior, M., Mühlenweg, A., Tietzmann, M., Rausch, S., Poch, A., and Süssmuth, R. D. (2015). Biosynthesis of the peptide antibiotic feglymycin by a linear nonribosomal peptide synthetase mechanism. Chembiochem 16, 2610–2614. doi: 10.1002/cbic.201500432 

 Healy, V. L., Lessard, I. A., Roper, D. I., Knox, J. R., and Walsh, C. T. (2000). Vancomycin resistance in enterococci: reprogramming of the d-ala-d-ala ligases in bacterial peptidoglycan biosynthesis. Chem. Biol. 7, R109–R119. doi: 10.1016/S1074-5521(00)00116-2 

 Hong, H. J., Hutchings, M. I., and Buttner, M. J. (2008). Vancomycin resistance VanS/VanR two-component systems. Adv. Exp. Med. Biol. 631, 200–213. doi: 10.1007/978-0-387-78885-2_14

 Hong, H. J., Hutchings, M. I., Neu, J. M., Wright, G. D., Paget, M. S. B., and Buttner, M. J. (2004). Characterization of an inducible vancomycin resistance system in Streptomyces coelicolor reveals a novel gene (vanK) required for drug resistance. Mol. Microbiol. 52, 1107–1121. doi: 10.1111/j.1365-2958.2004.04032.x 

 Huang, J., Chen, L., Li, D., Wang, M., Du, F., Gao, Y., et al. (2018). Emergence of a vanG-n carrying and multidrug resistant ICE in zoonotic pathogen Streptococcus suis. Vet. Microbiol. 222, 109–113. doi: 10.1016/j.vetmic.2018.07.008 

 Hugonnet, J.-E., Haddache, N., Veckerlé, C., Dubost, L., Marie, A., Shikura, N., et al. (2014). Peptidoglycan cross-linking in glycopeptide-resistant actinomycetales. Antimicrob. Agents Chemother. 58, 1749–1756. doi: 10.1128/aac.02329-13 

 Jeong, H., Sim, Y. M., Kim, H. J., Lee, D.-W., Lim, S.-K., and Lee, S. J. (2013). Genome sequence of the vancomycin-producing Amycolatopsis orientalis subsp. orientalis strain KCTC 9412T. Genome Announc. 1, e00408–e00413. doi: 10.1128/genomea.00408-13 

 Kaur, N., Kumar, S., Bala, M., Raghava, G. P. S., and Mayilraj, S. (2013). Draft genome sequence of Amycolatopsis decaplanina strain DSM 44594T. Genome Announc. 1, e00138–e00113. doi: 10.1128/genomea.00138-13 

 Kilian, R., Frasch, H.-J., Kulik, A., Wohlleben, W., and Stegmann, E. (2016). The VanRS homologous two-component system VnlRSAb of the glycopeptide producer Amycolatopsis balhimycina activates transcription of the vanHAXSc genes in Streptomyces coelicolor, but not in A. balhimycina. Microb. Drug Resist. 22, 499–509. doi: 10.1089/mdr.2016.0128 

 Koteva, K., Hong, H.-J., Wang, X. D., Nazi, I., Hughes, D., Naldrett, M. J., et al. (2010). A vancomycin photoprobe identifies the histidine kinase VanSsc as a vancomycin receptor. Nat. Chem. Biol. 6, 327–329. doi: 10.1038/nchembio.350 

 Kunstmann, M. P., Mitscher, L. A., Porter, J. N., Shay, A. J., and Darken, M. A. (1968). LL-AV290, a new antibiotic. I. Fermentation, isolation, and characterization. Antimicrob. Agents Chemother. 8, 242–245.

 Kwon, Y.-J., Kim, H.-J., and Kim, W.-G. (2015). Complestatin exerts antibacterial activity by the inhibition of fatty acid synthesis. Biol. Pharm. Bull. 38, 715–721. doi: 10.1248/bpb.b14-00824 

 Labeda, D. P. (1995). Amycolatopsis coloradensis sp., nov., the avoparcin (LL-AV290)-producing strain. Int. J. Syst. Evol. Microbiol. 45, 124–127. doi: 10.1099/00207713-45-1-124

 Leclercq, R., Derlot, R., Duval, E. J., and Courvalin, P. (1988). Plasmid-mediated resistance to vancomycin and teicoplanin in Enterococcus faecium. N. Engl. J. Med. 319, 157–161. doi: 10.1056/NEJM198807213190307 

 Lei, X., Yuan, F., Shi, Y., Li, X., Wang, L., and Hong, B. (2015). Draft genome sequence of norvancomycin-producing strain Amycolatopsis orientalis CPCC200066. Genome Announc. 3, e00296–e00215. doi: 10.1128/genomea.00296-15 

 Li, T., Huang, F., Haydock, S., Mironenko, T., Leadlay, P., and Spencer, J. (2004). Biosynthetic gene cluster of the glycopeptide antibiotic teicoplanin characterization of two glycosyltransferases and the key acyltransferase. Chem. Biol. 11, 107–119. doi: 10.1016/j.chembiol.2004.01.001 

 Lo Grasso, L., Maffioli, S., Sosio, M., Bibb, M., Puglia, A. M., and Alduina, R. (2015). Two master switch regulators trigger A40926 biosynthesis in Nonomuraea sp. strain ATCC 39727. J. Bacteriol. 197, 2536–2544. doi: 10.1128/JB.00262-15 

 Marcone, G. L., Beltrametti, F., Binda, E., Carrano, L., Foulston, L., Hesketh, A., et al. (2010). Novel mechanism of glycopeptide resistance in the A40926 producer Nonomuraea sp. ATCC 39727. Antimicrob. Agents Chemother. 54, 2465–2472. doi: 10.1128/AAC.00106-10 

 Marcone, G. L., Binda, E., Berini, F., and Marinelli, F. (2018). Old and new glycopeptide antibiotics: from product to gene and back in the post-genomic era. Biotechnol. Adv. 36, 534–554. doi: 10.1016/j.biotechadv.2018.02.009 

 Marcone, G. L., Binda, E., Carrano, L., Bibb, M., and Marinelli, F. (2014). Relationship between glycopeptide production and resistance in the actinomycete Nonomuraea sp. ATCC 39727. Antimicrob. Agents Chemother. 58, 5191–5201. doi: 10.1128/aac.02626-14

 Marshall, C. G., Broadhead, G., Leskiw, B. K., and Wright, G. D. (1997). d-Ala-d-Ala ligases from glycopeptide antibiotic-producing organisms are highly homologous to the enterococcal vancomycin-resistance ligases VanA and VanB. Proc. Natl. Acad. Sci. U. S. A. 94, 6480–6483. doi: 10.1073/pnas.94.12.6480 

 Marshall, C. G., Lessard, I. A. D., Park, I.-S., and Wright, G. D. (1998). Glycopeptide antibiotic resistance genes in glycopeptide-producing organisms. Antimicrob. Agents Chemother. 42, 2215–2220. doi: 10.1128/AAC.42.9.2215

 Miller, W. R., Murray, B. E., Rice, L. B., and Arias, C. A. (2016). Vancomycin-resistant enterococci: therapeutic challenges in the 21st century. Infect. Dis. Clin. North Am. 30, 415–439. doi: 10.1016/j.idc.2016.02.006 

 Nadkarni, S. R., Patel, M. V., Chatterjee, S., Vijayakumar, E. K. S., Desikan, K. R., Blumbach, J., et al. (1994). Balhimycin, a new glycopeptide antibiotic produced by Amycolatopsis sp. Y-86,21022. Taxonomy, production, isolation and biological activity. J. Antibiot. 47, 334–341. doi: 10.7164/antibiotics.47.334 

 Naruse, N., Oka, M., Konishi, M., and Oki, T. (1993). New antiviral antibiotics, Kistamicins A and B. II. Structure determination. J. Antibiot. 46, 1812–1818. doi: 10.7164/antibiotics.46.1812

 Nazari, B., Forneris, C. C., Gibson, M. I., Moon, K., Schramma, K. R., and Seyedsayamdost, M. R. (2017). Nonomuraea sp. ATCC 55076 harbours the largest actinomycete chromosome to date and the kistamicin biosynthetic gene cluster. Med. Chem. Commun. 8, 780–788. doi: 10.1039/C6MD00637J 

 Nicolaou, K. C., Boddy, C. N. C., Bräse, S., and Winssinger, N. (1999). Chemistry, biology, and medicine of the glycopeptide antibiotics. Angew. Chem. Int. Ed. Engl. 38, 2096–2152. doi: 10.1002/(sici)1521-3773(19990802)38:15<2096::aid-anie2096>3.0.co;2-f

 Novotna, G. B., Kwun, M. J., and Hong, H.-J. (2016). In vivo characterization of the activation and interaction of the VanR-VanS two-component regulatory system controlling glycopeptide antibiotic resistance in two related Streptomyces species. Antimicrob. Agents Chemother. 60, 1627–1637. doi: 10.1128/aac.01367-15

 O’Neill, J. (ed.). (2016). Tackling drug-resistant infections globally: final report and recommendations. The review on antimicrobial resistance. Available at: http://amr-review.org/sites/default/files/160518_Final%20paper_with%20cover.pdf

 Patel, R., Piper, K., Cockerill, F. R., Steckelberg, J. M., and Yousten, A. A. (2000). The biopesticide Paenibacillus popilliae has a vancomycin resistance gene cluster homologous to the enterococcal VanA vancomycin resistance gene cluster. Antimicrob. Agents Chemother. 44, 705–709. doi: 10.1128/aac.44.3.705-709.2000 

 Peltier, J., Courtin, P., Meouche, E. I., Catel-Ferreira, M., Chapot-Chartier, M. P., Lemée, L., et al. (2013). Genomic and expression analysis of the vanG-like gene cluster of Clostridium difficile. Microbiologica 159, 1510–1520. doi: 10.1099/mic.0.065060-0 

 Perkins, H. R., and Nieto, M. (1974). The chemical basis for the action of the vancomycin group of antibiotics. Ann. N. Y. Acad. Sci. 235, 348–363. doi: 10.1111/j.1749-6632.1974.tb43276.x 

 Pootoolal, J., Thomas, M. G., Marshall, C. G., Neu, J. M., Hubbard, B. K., Walsh, C. T., et al. (2002). Assembling the glycopeptide antibiotic scaffold: the biosynthesis of from Streptomyces toyocaensis NRRL15009. Proc. Natl. Acad. Sci. U. S. A. 99, 8962–8967. doi: 10.1073/pnas.102285099 

 Power, E. G. M., Abdulla, Y. H., Talsania, H. G., Spice, W., Aathithan, S., and French, G. L. (1995). vanA genes in vancomycin-resistant clinical isolates of Oerskovia turbata and Arcanobacterium (Corynebacterium) haemolyticum. J. Antimicrob. Chemother. 36, 595–606. doi: 10.1093/jac/36.4.595 

 Poyart, C., Pierre, C., Quesne, G., Pron, B., Berche, P., and Trieu-Cuot, P. (1997). Emergence of vancomycin resistance in the genus Streptococcus: characterization of a vanB transferable determinant in Streptococcus bovis. Antimicrob. Agents Chemother. 41, 24–29.

 Reynolds, P. E., and Courvalin, P. (2005). Vancomycin resistance in enterococci due to synthesis of precursors terminating in d-alanyl-d-serine. Antimicrob. Agents Chemother. 49, 21–25. doi: 10.1128/AAC.49.1.21-25.2005 

 Reynolds, P. E., Depardieu, F., Dutka-Malen, S., Arthur, M., and Courvalin, P. (1994). Glycopeptide resistance mediated by enterococcal transposon Tn1546 requires production of VanX for hydrolysis of d-alanyl-d-alanine. Mol. Microbiol. 13, 1065–1070. doi: 10.1111/j.1365-2958.1994.tb00497.x 

 Sanchez, M. L., Wenzel, R. P., and Jones, R. N. (1992). In vitro activity of decaplanin (M86-1410), a new glycopeptide antibiotic. Antimicrob. Agents Chemother. 36, 873–875. doi: 10.1128/aac.36.4.873

 Schäberle, T. F., Vollmer, W., Frasch, H.-J., Hüttel, S., Kulik, A., Röttgen, M., et al. (2011). Self-resistance and cell wall composition in the glycopeptide producer Amycolatopsis balhimycina. Antimicrob. Agents Chemother. 55, 4283–4289. doi: 10.1128/aac.01372-10 

 Shawky, R. M., Puk, O., Wietzorrek, A., Pelzer, S., Takano, E., Wohlleben, W., et al. (2007). The border sequence of the balhimycin biosynthesis gene cluster from Amycolatopsis balhimycina contains bbr, encoding a StrR-like pathway-specific regulator. J. Mol. Microbiol. Biotechnol. 13, 76–88. doi: 10.1159/000103599 

 Shearer, M. C., Actor, P., Bowie, B. A., Grappel, S. F., Nash, C. H., Newman, D. J., et al. (1985). Aridicins, novel glycopeptide antibiotics. I. Taxonomy, production and biological activity. J. Antibiot. 38, 555–560. doi: 10.7164/antibiotics.38.555 

 Shearer, M. C., Giovenella, A. J., Grappel, S. F., Hedde, R. D., Mehta, R. J., Oh, Y. K., et al. (1986). Kibdelins, novel glycopeptide antibiotics. I. Discovery, production, and biological evaluation. J. Antibiot. 39, 1386–1394. doi: 10.7164/antibiotics.39.1386 

 Skelton, N. J., Williams, D. H., Monday, R. A., and Ruddock, J. C. (1990). Structure elucidation of the novel glycopeptide antibiotic UK-68,597. J. Org. Chem. Res. 55, 3718–3723. doi: 10.1021/jo00299a008

 Sosio, M., Stinchi, S., Beltrametti, F., Lazzarini, A., and Donadio, S. (2003). The gene cluster for the biosynthesis of the glycopeptide antibiotic A40926 by Nonomuraea species. Chem. Biol. 10, 541–549. doi: 10.1016/S1074-5521(03)00120-0 

 Spohn, M., Kirchner, N., Kulik, A., Jochim, A., Wolf, F., Muenzer, P., et al. (2014). Overproduction of ristomycin A by activation of a silent gene cluster in Amycolatopsis japonicum MG417-CF17. Antimicrob. Agents Chemother. 58, 6185–6196. doi: 10.1128/aac.03512-14 

 Thaker, M. N., Wang, W., Spanogiannopoulos, P., Waglechner, N., King, A. M., Medina, R., et al. (2013). Identifying producers of antibacterial compounds by screening for antibiotic resistance. Nat. Biotechnol. 31, 922–927. doi: 10.1038/nbt.2685 

 Truman, A. W., Kwun, M. J., Cheng, J., Yang, S. H., Suh, J.-W., and Hong, H.-J. (2014). Antibiotic resistance mechanisms inform discovery: identification and characterization of a novel Amycolatopsis strain producing ristocetin. Antimicrob. Agents Chemother. 58, 5687–5695. doi: 10.1128/aac.03349-14

 Vehreschild, M. J. G. T., Haverkamp, M., Biehl, L. M., Lemmen, S., and Fätkenheuer, G. (2019). Vancomycin-resistant enterococci (VRE): a reason to isolate? Infection 47, 7–11. doi: 10.1007/s15010-018-1202-9 

 van Wageningen, A. V., Kirkpatrick, P. N., Williams, D. H., Harris, B. R., Kershaw, J. K., Lennard, N. J., et al. (1998). Sequencing and analysis of genes involved in the biosynthesis of a vancomycin group antibiotic. Chem. Biol. 5, 155–162. doi: 10.1016/S1074-5521(98)90060-6 

 Waglechner, N., McArthur, A. G., and Wright, G. D. (2019). Phylogenetic reconciliation reveals the natural history of glycopeptide antibiotic biosynthesis and resistance. Nat. Microbiol. 4, 1862–1871. doi: 10.1038/s41564-019-0531-5 

 Weigel, L. M., Clewell, D. B., Gill, S. R., Clark, N. C., McDougal, L. K., Flannagan, S. E., et al. (2003). Genetic analysis of a high-level vancomycin-resistant isolate of Staphylococcus aureus. Science 302, 1569–1571. doi: 10.1126/science.1090956 

 WHO (2017). Antibacterial agents in clinical development: an analysis of the antibacterial clinical development pipeline, including tuberculosis. World Health Organization. WHO/EMP/IAU/2017.11

 Wink, J. M., Kroppenstedt, R. M., Ganguli, B. N., Nadkarni, S. R., Schumann, P., Seibert, G., et al. (2003). Three new antibiotic producing species of the genus Amycolatopsis, Amycolatopsis balhimycina sp. nov., A. tolypomycina sp. nov., A. vancoresmycina sp. nov., and description of Amycolatopsis keratiniphila subsp. keratiniphila subsp. nov. and A. keratiniphila subsp. nogabecina subsp. nov. Syst. Appl. Microbiol. 26, 38–46. doi: 10.1078/072320203322337290 

 Wright, G. D., Holman, T. R., and Walsh, C. T. (1993). Purification and characterization of VanR and the cytosolic domain of VanS: a two-component regulatory system required for vancomycin resistance in Enterococcus faecium BM4147. Biochemist 32, 5057–5063. doi: 10.1021/bi00070a013 

 Wu, Z., Wright, G. D., and Walsh, C. T. (1995). Overexpression, purification, and characterization of VanX, a d,d-dipeptidase which is essential for vancomycin resistance in Enterococcus faecium BM4147. Biochemist 34, 2455–2463. doi: 10.1021/bi00008a008 

 Xu, L., Huang, H., Wei, W., Zhong, Y., Tang, B., Yuan, H., et al. (2014). Complete genome sequence and comparative genomic analyses of the vancomycin-producing Amycolatopsis orientalis. BMC Genomics 15:363. doi: 10.1186/1471-2164-15-363 

 Yim, G., Kalan, L., Koteva, K., Thaker, M. N., Waglechner, N., Tang, I., et al. (2014). Harnessing the synthetic capabilities of glycopeptide antibiotic tailoring enzymes: characterization of the UK-68,597 biosynthetic cluster. Chembiochem 15, 2613–2623. doi: 10.1002/cbic.201402179 

 Yushchuk, O., Homoniuk, V., Ostash, B., Marinelli, F., and Fedorenko, V. (2020b). Genetic insights into the mechanism of teicoplanin self-resistance in Actinoplanes teichomyceticus. J. Antibiot. 73, 255–259. doi: 10.1038/s41429-019-0274-9

 Yushchuk, O., Horbal, L., Ostash, B., Marinelli, F., Wohlleben, W., Stegmann, E., et al. (2019). Regulation of teicoplanin biosynthesis: refining the roles of tei cluster-situated regulatory genes. Appl. Microbiol. Biotechnol. 103, 4089–4102. doi: 10.1007/s00253-019-09789-w 

 Yushchuk, O., Ostash, B., Truman, A. W., Marinelli, F., and Fedorenko, V. (2020a). Teicoplanin biosynthesis: unraveling the interplay of structural, regulatory, and resistance genes. Appl. Microbiol. Biotechnol. 104, 3279–3291. doi: 10.1007/s00253-020-10436-y

 Zeng, D., Debabov, D., Hartsell, T. L., Cano, R. J., Adams, S., Schuyler, J. A., et al. (2016). Approved glycopeptide antibacterial drugs: mechanism of action and resistance. Cold Spring Harb. Perspect. Med. 6:a026989. doi: 10.1101/cshperspect.a026989


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.

Copyright © 2020 Yushchuk, Binda and Marinelli. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	ORIGINAL RESEARCH
published: 30 June 2020
doi: 10.3389/fmicb.2020.01368





[image: image]

Identification and Characterization of Planktonic Biofilm-Like Aggregates in Infected Synovial Fluids From Joint Infections

Alessandro Bidossi1*, Marta Bottagisio1, Paolo Savadori2 and Elena De Vecchi1

1Laboratory of Clinical Chemistry and Microbiology, IRCCS Istituto Ortopedico Galeazzi, Milan, Italy

2Department of Endodontics, IRCCS Istituto Ortopedico Galeazzi, Milan, Italy

Edited by:
Paolo Visca, Roma Tre University, Italy

Reviewed by:
Maria José Saavedra, Universidade de Trás os Montes e Alto Douro, Portugal
Marco Rinaldo Oggioni, University of Leicester, United Kingdom
Annalisa Pantosti, Istituto Superiore di Sanità (ISS), Italy

*Correspondence: Alessandro Bidossi, alessandro.bidossi@grupposandonato.it

Specialty section: This article was submitted to Antimicrobials, Resistance and Chemotherapy, a section of the journal Frontiers in Microbiology

Received: 13 December 2019
Accepted: 27 May 2020
Published: 30 June 2020

Citation: Bidossi A, Bottagisio M, Savadori P and De Vecchi E (2020) Identification and Characterization of Planktonic Biofilm-Like Aggregates in Infected Synovial Fluids From Joint Infections. Front. Microbiol. 11:1368. doi: 10.3389/fmicb.2020.01368

Recent in vitro studies reported the exceptional ability of some bacterial species to form biofilm-like aggregates in human and animal synovial fluids (SF), but evidences from infected clinical samples are still lacking. In this study, we investigated whether this bacterial phenotype was present in infected SFs collected from joint infections and if it was maintained in in vitro settings. SFs sent for culture to the Laboratory of Microbiology of our institute were directly analyzed by means of confocal laser scanning microscopy (CLSM), and the infective agents were isolated for further in vitro tests. Moreover, sterile SF was collected from patients who did not receive previous antibiotic therapy to investigate the formation of bacterial aggregates, together with biofilm and matrix production on a titanium surface. Finally, antibiotic susceptibility studies were performed by using bovine SF. Four Staphylococcus aureus, one Staphylococcus lugdunensis, and one Prevotella bivia strain were identified in the infected SFs. The CLSM analysis showed that all staphylococci were present as a mixture of single cells and bacterial clumps surrounded by an exopolymeric substance, which comprised SF-derived fibrin, while all P. bivia cells appeared separated. Despite that, differences in the ability to aggregate between S. aureus and S. lugdunensis were observed in clinical SFs. These different phenotypes were further confirmed by in vitro growth, even though the application of such ex vivo approach lead all staphylococci to form exceptionally large microbial aggregates, which are several folds bigger than those observed in clinical samples. Planktonic aggregates challenged for antibiotic susceptibility revealed a sharp increase of recalcitrance to the treatments. Although this is still at a preliminary stage, the present work confirmed the ability of staphylococci to form free-floating biofilm-like aggregates in infected SF from patients with joint infections. Furthermore, the obtained results pointed out that future in vitro research on joint infections will benefit from the use of human- or animal-derived SF. Even though this approach should be carefully validated in further studies comprising a larger microbial population, these findings pose new challenges in the treatment of infected native and prosthetic joints and for the approach to new investigations.
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INTRODUCTION

The analysis of synovial fluid (SF) has long been recommended as a routine procedure in the diagnosis of joint infections. Septic native joints are quite uncommon, with approximately two cases per 100,000 people per year (Ross, 2017), but this event may lead to joint damage and consequent disability. The presence of a prosthetic device drastically increases both the morbidity and the mortality of septic arthritis up to more than 3%, which accounts for almost a third of all the causes for implant revision (Beam and Osmon, 2018). Also, the etiology of native and prosthetic joint infections differs. While in the first case Staphylococcus aureus is responsible for more than 50% of the cases, prosthetic joint infections (PJIs) see a very high incidence of low-virulence microorganisms, such as coagulase-negative staphylococci (CoNS) and anaerobes such as Cutibacterium acnes (Drago et al., 2017). Indeed the pathogenicity of such opportunistic species mainly relies on their ability to adhere to abiotic surfaces and to form mature biofilm by producing or incorporating polymeric substances (Boyle et al., 2018). As a consequence of this protected mode of growth, the sessile microbes become resilient to antibiotics and the immune system. Furthermore, contrarily to isolated planktonic bacteria, they often fail to grow in standard culture conditions used in diagnostics (Costerton et al., 2011; Dastgheyb et al., 2015a).

Although most of the attention has been paid to biofilms attached to implanted devices, recent direct microscopic analysis of clinical samples from diverse chronic infections revealed that bacterial cells physically aggregated in free-floating clusters (Bjarnsholt et al., 2009; Homøe et al., 2009; Burmølle et al., 2010; Bay et al., 2018). Although such cellular aggregates do not need a surface to form, they exhibit many characteristics of sessile biofilms. Indeed they displayed similar growth rates, resistance to phagocytosis, polymeric matrix components, and a reduced antibiotic susceptibility, which can be restored upon disruption (Alhede et al., 2011).

Evidences of bacterial aggregates in infected joint aspirates from clinical settings are scarce. To our knowledge, only a case report published in 2008 described large S. aureus aggregates in the SF of an infected prosthetic elbow, but their presence was briefly discussed as “clumps of bacteria that had shed naturally from the biofilm” (Stoodley et al., 2008). Since then, a few other in vitro studies investigated the bacterial behavior and the phenotypes in human and animal SF, focusing their attention mainly on S. aureus and CoNS and reporting the exceptional ability of these species to form macroscopic clumps (Dastgheyb et al., 2015a,b,c; Perez and Patel, 2015; Ibberson et al., 2016; Gilbertie et al., 2019). These studies highlighted a multifactorial process of aggregation that involves avid binding of fibrin and fibronectin by means of surface adhesins (Dastgheyb et al., 2015a), incorporation of hyaluronic acid (Ibberson et al., 2016), and uncontrolled accumulation of biomass due to the negative regulation of phenole-soluble modulin, which is responsible for disrupting the interactions between bacterial-derived matrix and cells (Dastgheyb et al., 2015c). As a consequence, the staphylococcal aggregates display a superior antimicrobial tolerance that far exceeds the concentrations that would normally kill or inhibit their planktonic counterparts (Gilbertie et al., 2019). This phenomenon is partially restored by the dispersal activity of enzymes which are active on the matrix components (Dastgheyb et al., 2015a; Ibberson et al., 2016; Gilbertie et al., 2019).

The aim of the present work was to identify the presence of bacterial clumps in SFs collected from the infected joints of patients referred to our institute and to evaluate the extent of cellular aggregation, the presence of matrix components, and the relative impact on antimicrobial treatment. For this purpose, the SFs from the diagnostic laboratories of our institute were stained and directly analyzed by means of confocal laser scanning microscopy (CLSM), and the infective agents were isolated and employed for further in vitro tests.



MATERIALS AND METHODS


Synovial Fluid Collection

Human SFs were collected from patients referred to the Orthopedic Institute Galeazzi, with suspected joint infections, in accordance with a human subject protocol approved by the San Raffaele Hospital Ethical Committee (No. 146/int/2018). A written consent was signed by each patient before the SF aspiration. The SFs, either collected from outpatients or from the operating room, were firstly brought to the Laboratory of Microbiology of the institute to undergo routine diagnostic procedures. After routine processing, an aliquot was directly observed by CLSM. Thereafter, the infective agents were isolated for the subsequent in vitro tests. The non-infected SFs from patients who did not receive any previous antibiotic therapy were employed to investigate the in vitro formation of planktonic aggregates, biofilm formation on titanium surface, and matrix production. To do that, sterile SFs were decellularized by centrifugation at 3,000 rpm for 10 min and stored at −20°C. All the sterile SFs were pooled before the in vitro experiments.



Bacterial Strains

The identification of clinical isolates was carried out on a Vitek2 Compact (BioMerieux) and later confirmed by sequencing of 80 bp of the variable regions V1 and V3 of the 16S rRNA gene by Pyrosequencing (PSQ96RA, Diatech). All strains were stored at −80°C in brain heart infusion (BHI, Merck) broth enriched with 10% glycerol (Sigma Aldrich) until testing. Before the in vitro experiments, the bacteria were thawed and reconstituted in tryptic soy agar (Biomérieux) for 24 h at 37°C. Prevotella bivia was grown on Schaedler agar (Oxoid) plus 3% defibrinated sheep blood (Thermofisher) and incubated in anaerobiosis for at least 48 h.



Confocal Microscopy on Clinical SF

All SF samples were immediately analyzed when possible or fixed with 2% paraformaldehyde solution. A 50-μl aliquot was stained for 15 min in the dark by adding the same volume of a solution containing 0.5 μM of SYTO 9 Green Fluorescent Nucleic Acid Stain (Thermo Fisher Diagnostics SpA). After incubation, the samples were spread over the surface of a glass slide, air-dried, and then observed with an upright TCS SP8 (Leica Microsystems CMS GmbH) CLSM. When needed, the samples were diluted with sterile saline. Only the samples containing bacterial aggregates were further stained to identify self-produced or incorporated extracellular matrix components. In particular, BOBO-3 (Invitrogen), a cell-impermeable DNA stain, was employed at a final concentration of 100 nM to visualize extracellular DNA (eDNA). Wheat-germ agglutinin (WGA) Alexa Fluor 647 conjugate (Invitrogen; final concentration, 5 μg/ml), a lectin that binds to N-acetyl-d-glucosamine and N-acetylneuraminic acid residues, was used to stain staphylococcal poly-N-acetylglucosamine (PNAG) (Frank and Patel, 2007) or SF-derived hyaluronic acid incorporated in bacterial aggregates (Ibberson et al., 2016). FilmTracer SYPRO Ruby Biofilm Matrix Stain (Invitrogen) was added at 1:1 to the sample, allowed to stain for 30 min, and then gently washed three times with sterile saline to examine matrix proteins. Finally, anti-fibrin alpha chain antibody conjugated to Cy5 (Abcore Inc.) was used (50 μg/ml) to visualize the presence of human fibrin in the clumps. The images were then acquired using a × 20 dry objective (HC PL FLUOTAR 20×/0.50 DRY) or a × 100 immersion oil objective (HC PL APO 100X/1.40 OIL CS2) and processed with Las X software (Leica Microsystems CMS GmbH).



Biofilm-Like Aggregates and Biofilm Formation on Titanium Discs

The clinical strains were tested in vitro for their ability to form aggregates and to attach to the titanium surface. Next, 5-mm-diameter titanium alloy disks (Ti6Al4V, Geass) were placed in a flat-bottom 96-well microplate (VWR) and covered with 180 μl of either sterile SF or BHI (in the case of staphylococci) or thioglycollate broth (for P. bivia). The clinical strains reconstituted from an overnight culture were resuspended in sterile saline solution to a turbidity of 0.5 McFarland, from which 20 μl was inoculated in each well to reach a final bacterial concentration of ∼107 CFU/ml. The staphylococci were then incubated overnight at 37°C on a shaker at 200 rpm, whereas P. bivia was incubated in anaerobiosis for up to 14 days. Thereafter, the supernatant containing aggregated planktonic cells was gently removed with a Pasteur pipette and divided into 50-μl aliquots for CLSM staining (i.e., BOBO-3, WGA, SYPRO Ruby, and anti-fibrin alpha chain antibody conjugated to Cy5), as described in the previous section. The surface of titanium disks was also attentively analyzed by means of CLSM. Briefly, the titanium coupons were washed three times with sterile saline, and 30 μl of staining solution, containing the abovementioned dyes, was applied all over the surface for 30 min in the dark, then washed again, and allowed to dry until the CLSM analysis. The images were acquired as described in the previous paragraph. Each strain was tested in triplicate for each condition, and at least three images were acquired for each replicate. All the acquisitions were performed on the same day using the same stain solutions and applying the same software settings for each sample. Each matrix component was quantified by means of Fiji software (Fiji, ImageJ) and reported as the relative increase in volume with respect to cellular biomass (SYTO 9), indicated as 1 in the scale bar.



Dispersal Treatment of Sessile Biofilms on Titanium Surface and Planktonic Aggregates

The efficacy of chemical or enzymatic treatments to disperse cells within the biofilm matrix was evaluated. To perform this in vitro analysis, bovine synovial fluid (BSF) was purchased from Lampire Biological Laboratories since the ability of human pathogens to form aggregates in animal-derived SF was already observed (Perez and Patel, 2015; Gilbertie et al., 2019). Despite the evidence reported in the literature, the ability of the tested clinical isolates to form planktonic biofilm-like aggregates in this BSF was evaluated prior to proceeding with further in vitro experiments.

The staphylococcal clinical isolates were grown on titanium disks with either BSF or BHI as described in the paragraph above. After 24 h of incubation, the titanium disks were removed from the wells, gently rinsed three times with sterile saline, and placed in a new 96-well microplate. Afterward, 200 μl of sterile saline containing either proteinase K (100 μg/ml, Sigma Aldrich) or DNase I (200 μg/ml, Thermo Scientific) or sodium metaperiodate (NaIO4, 10 nM, Sigma Aldrich) or plasmin (150 μg/ml, Sigma Aldrich) was added to each well to test the efficacy of each dispersal treatment. Similarly, planktonic aggregates cultured in BSF for 24 h under agitation were treated by adding the same dispersal agents to reach the concentrations indicated above. The microplates containing both treated titanium disks and planktonic aggregates were then placed at 37°C on a shaker at 200 rpm for 1 h, and the CFU increase was counted by plating appropriate dilutions on agar plates. Four replicates for each treatment were performed for each of the tested strain.



Antibiotic Treatment Exposure

Susceptibility to antibiotics commonly employed in orthopedics was assessed by determining the minimum inhibitory concentration (MIC) and the minimum bactericidal concentration (MBC) by broth microdilution method. In particular, the antibiotic susceptibility of the tested clinical isolates was assessed either in the presence of culture broths [Mueller Hinton for staphylococci (Conda) and thioglycollate (Oxoid) for P. bivia] or BSF. In addition, antibiotic susceptibility was investigated on pre-formed bacterial aggregates cultured in BSF, as previously described. To do that, preliminary tests were conducted to standardize the experimental conditions in order to obtain bacterial aggregates with the characteristics previously observed in the clinical scenario. The strains took ∼6 h to form aggregates and clumps with a size similar to that observed in the clinical specimens. At the end of the 6 h incubation period, the cellular load of each strain was quantified in order to standardize the initial inoculum and make the three modalities of antibiotic susceptibility comparable. With this aim, a bacterial suspension of ∼105 CFU/ml was inoculated in BSF and incubated at 37°C on a shaker at 200 rpm. At the end of the 6-h incubation period, two approaches were adopted for the quantification of the final bacterial concentration. First of all, the aliquots of samples were sonicated in a sonication bath (Ultrasonic Bath, VWR) for 5 min at 45 kHz and incubated in agitation for 30 min at 37°C with proteinase K (100 μg/ml). Afterward, the CFUs were counted by plating appropriate dilutions on agar plates. Furthermore, to assess the efficacy of the dispersal treatment, Gram staining of treated and untreated samples was performed. Simultaneously, a second quantification was performed by means of the resazurin assay, as described by Ravi et al. (2019). Briefly, a standard plate containing 1-fold difference of a known cellular concentration between rows and 10-fold difference between columns was prepared from an overnight culture in a 96-well microplate for the fluorescence-based assays (Invitrogen). Resazurin (Alamar Blue, Invitrogen) was added to each well to reach a concentration of 40 μg/ml, and the mixture was incubated in the dark for 2 h. Fluorescence was read at a wavelength of 600 nm with a spectrophotometer (VICTOR X3, Perkin Elmer). Similarly, three aliquots from a 6-h bacterial culture in BSF of each strain were transferred in a microplate. After incubation with resazurin, fluorescence was read and compared to the values obtained by standard plate reading. These results allowed the assessment of MIC and MBC of both planktonic cells and bacterial aggregates following the Clinical and Laboratory Standards Institute guidelines (Clinical and Laboratory Standards Institute guidelines [CLSI], 2015). Briefly, a 0.5 McFarland suspension (about 1.5 × 108 CFU/ml) was prepared in sterile saline, further diluted to reach the appropriate inoculum load, and inoculated in a 96-well microtiter plate containing serial 2-fold dilutions of oxacillin (SigmaAldrich), levofloxacin (Alfa Aesar), and rifampin (Acros Organics) for staphylococci and imipenem (Supelco), ampicillin (Fisher Bioreagents), and metronidazole (Supelco) for P. bivia. Vancomycin (PanReac AppliChem ITW Reagents) was tested on all the strains. To investigate the antimicrobial susceptibility of the preformed aggregates, 50 μl of bacterial suspension of ∼105 CFU/ml in BSF was added to the wells of a microplate and incubated at 37°C on a shaker at 200 rpm for 6 h. In another plate, a twofold serial dilution of the aforementioned antibiotics was prepared in BSF. At the end of the incubation, 50 μl from each well containing the serially diluted antibiotic was transferred to the wells containing the preformed bacterial aggregates and incubated. The MIC values, corresponding to the lowest antimicrobial concentration able to inhibit any visible bacterial growth, were read after 24 h of incubation at 37°C. The plates containing the aggregates in BSF were centrifuged to let the bacterial clumps deposit on the bottom of the wells so as to clearly establish the growth. MBC was determined by plating 10 μl from each well, showing no turbidity onto the agar plates. Due to the possible presence of residual clumps of cells, before plating, the microplates were sonicated for 5 min at 45 kHz and incubated in agitation for 30 min at 37°C with proteinase K (100 μg/ml). After incubation, MBC was read as the lowest concentration able to kill 99.9% of the initial inoculum.



Statistical Analysis

Statistical analyses were performed by means of Graph Pad Prism 5 software (Graph Pad Software, Inc., La Jolla, CA, United States). Shapiro–Wilk test was used to assess the distribution of data. Quantification of matrix composition and evaluation of dispersal treatments were analyzed using one-way non-parametric Kruskal–Wallis test and post hoc Dunnett’s test. For comparison of volume/surface ratio on titanium in the presence of BHI medium or SF, a pairwise comparison between the means of the two groups was performed by means of two-tailed, unpaired Student t-test for each strain. P-values < 0.05, < 0.01, and < 0.001 were considered as significant.



RESULTS


Biofilm-Like Aggregates Are Formed by Staphylococci but Not P. bivia in Infected SF

To evaluate the phenotype of bacterial cells in SF, joint aspirates from patients with suspected infection were directly investigated by means of CLSM. Of the 20 synovial fluids with suspected infection, six showed a marked presence of bacterial cells along with massive infiltration of immune cells, which are clearly visible due to the nucleic acid stain SYTO 9 (Figure 1). All specimens exhibited a monomicrobial infection: four were caused by S. aureus (one was methicillin resistant and three were methicillin susceptible), one by S. lugdunensis, and one by P. bivia. S. aureus 1 and 4 and S. lugdunensis were isolated in the SF of patients with PJIs, while S. aureus 2 and 3 and P. bivia were from native joint infections. For staphylococci, the CLSM analysis evidenced both single bacterial cells and cellular aggregates with different sizes (Figures 1, 2 and Supplementary Figure S1), ranging from less than 10 cells (S. lugdunensis, Figure 1d) to clumps exceeding 20 μm (S. aureus 4, Figure 2b). Interestingly, the largest aggregates were observed in the samples associated with prosthetic devices. Only for S. aureus 4, all the matrix components were efficiently stained (Figure 2). All matrix stains colocalized with SYTO 9, with a signal intensity proportional to the size of the aggregates. In the right panel of Figure 2a, WGA lectin stain is shown. However, it is not possible to discriminate whether the signal is derived from the PNAG produced by bacteria and/or from incorporated hyaluronic or from other N-acetylglucosamine (GlcNAc) containing polysaccharide. As shown in Figure 3, α-fibrin antibody could efficiently stain S. aureus biofilm-like aggregates, thus confirming the importance of binding to human-derived fibrin for the pathogenesis of joint infections. Copious bacterial clumps were observed in the sample infected by the coagulase-negative S. lugdunensis. However, those aggregates rarely outnumbered 10 cells (Figure 1d). The highest infiltration of immune cells was detected in the sample infected by P. bivia. Therefore, the SF was diluted in sterile saline to appreciate the presence of both prokaryotic and eukaryotic cells (Figures 4a,b). As depicted in Figure 4b, P. bivia was present as single cells or couples of cells, probably replicating bacteria, but no aggregate similar to those formed by staphylococci was seen throughout the whole sample.
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FIGURE 1. Representative confocal laser scanning microscopy images of infected synovial fluids stained with SYTO 9 nucleic acid stain. (a) Staphylococcus aureus 1, (b) S. aureus 2, (c) S. aureus 3, and (d) Staphylococcus lugdunensis. The white arrows indicate the biofilm-like aggregates of cells, the red arrow indicates the single bacterial cells, and the blue arrows indicate the immune cells nuclei.
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FIGURE 2. Confocal laser scanning microscopy analysis of synovial fluid infected by Staphylococcus aureus 4. (a) Sample stained with SYTO 9 for cellular biomass (green, left panel), BOBO-3 for eDNA (light blue, central panel), and WGA stain for GlcNAc containing polysaccharides (red, right panel). (b) Sample stained with SYTO 9 for cellular biomass (green, left panel); SYPRO-Ruby staining shows the proteins contained in the biofilm matrix (yellow, right panel).
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FIGURE 3. α-Fibrin antibody directly detects fibrin incorporated into the matrix of Staphylococcus aureus 4 biofilm-like aggregates in infected synovial fluid clinical sample. Left panel, SYTO 9 for cellular biomass (green); right panel, α-fibrin antibody (gray).
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FIGURE 4. Confocal laser scanning microscopy analysis of synovial fluid infected by Prevotella bivia stained with SYTO 9. (a) Undiluted SF and (b) SF diluted 1:10.




In vitro Growth in SF Induces the Formation of Macroscopic Aggregates by Staphylococci

As already shown in the recent literature, staphylococci own an incredible capability of forming free-floating aggregates visible to the naked eye in human and animal SFs in laboratory settings (Dastgheyb et al., 2015a,b,c; Perez and Patel, 2015; Ibberson et al., 2016; Gilbertie et al., 2019). To compare the characteristics of bacterial aggregates in vitro to those in clinical samples, the clinical isolates were cultured in sterile SFs from uninfected outpatients. P. bivia was grown in anaerobiosis for up to 14 days. Turbidity was visible after 8–10 days in thioglycollate broth and after 10–12 days in SF, however, no bacterial aggregates were detected in accordance with what was observed in the infected sample.

All staphylococci efficiently formed aggregates both in SF and in BSF with similar kinetics. Clumps of cells were visible to the naked eye after about 9 h of incubation for S. aureus strains and 12 h for S. lugdunensis. The formation of staphylococcal aggregates was monitored at different time points by CLSM. It was observed that, after 6 h, all staphylococcal aggregates displayed a dimension similar to that observed in the corresponding clinical sample (data not shown).

The matrix production was quantified in each of the acquired images (Figures 5a,b) by comparing the biomass of each stained component (WGA-stained PNAG, BOBO-3 stained eDNA, and SYPRO Ruby stained extracellular proteins) to the volume of cells stained with SYTO 9. Due to the weak aggregation of planktonic staphylococci in culture medium (i.e., BHI), the signal emitted from all the dyes was barely detectable by CLSM. Thus, data referring to bacterial aggregates cultured in BHI were not reported. A similar phenotype in terms of matrix composition was observed when comparing biofilm-like clumps and sessile biofilm grown in the presence of BHI or SF (Figure 6A). The only significant difference was in the relative content of WGA-stained polysaccharides. Indeed both planktonic aggregates and sessile biofilm displayed an increase of WGA signal (p < 0.01) when cultured in SF, possibly due to the incorporation of hyaluronic acid physiologically present in SF. Similarly, fibrin, which is present in SF, was incorporated in free-floating biofilm-like aggregates of all S. aureus and S. lugdunensis (Figure 5c).
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FIGURE 5. Detection of matrix components in in vitro assays. (a) Staphylococcus aureus 1; left panel, SYTO 9 for cellular biomass; central panel, BOBO-3 for eDNA staining; and right panel, WGA stain for GlcNAc containing polysaccharides. (b) S. aureus 1; left panel, SYTO 9 for cellular biomass; right panel, SYPRO-Ruby staining. (c) Detection of fibrin incorporation in S. aureus 2 biofilm-like aggregate; left panel, SYTO 9 for nucleic acids (green); right panel, α-fibrin antibody (gray).
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FIGURE 6. (A) Relative content of matrix components in sessile and planktonic cells grown in lab medium (BHI) or in synovial fluids (SF). The data reported are the average of three distinct acquisitions of three replicates for each strain. (B) Estimation of aggregate dispersion based on the measurement of increased colony forming units (CFU). Four replicas for each treatment were performed for each strain. *p < 0.05, **p < 0.01, and ***p < 0.001.




Dispersal Treatment on Sessile Biofilms and Planktonic Aggregates

The contribution of different matrix components to the stability of biofilm and bacterial aggregates was assessed by estimating the cell dispersion (increase of CFU count) after the incubation with both chemical and enzymatic treatments. As shown in Figure 6B, proteinase K was always the most efficient treatment (p < 0.001) in terms of cell dispersion. Interestingly, treatment with sodium metaperiodate, which hydrolyzes polysaccharides, exerted the greatest effect on the biofilms grown in BHI broth (p < 0.001). Even though also the sessile and planktonic aggregates grown in BSF were affected by sodium metaperiodate (p < 0.001), the enzymatic dispersal by plasmin provoked a major increase in CFUs in the supernatant (p < 0.001), confirming its important role in staphylococcal clumping. As expected, the plasmin treatment on biofilm grown in BHI was comparable to the untreated control.



Synovial Fluid Induces a Reorganization of Biofilm Architecture on Titanium Surface

To evaluate if SF can influence the organization of the biofilm architecture, staphylococcal isolates were cultured on titanium disks in the presence of either SF or BHI. As shown in Figure 5c, the matrix biomass of biofilm grown in BHI is commonly lower than that produced by bacteria grown in SF, except for eDNA. The lower matrix biomass complied with the observed three-dimensional architecture of the sessile biofilm mainly composed of small aggregates of cells that cover the whole titanium surface when grown in BHI (Figure 7a) and in big sparse clumps of cells when grown in SF (Figure 7b). Indeed the latter showed a significant increase in the ratio between the volume of biofilms and the covered titanium surface (Figure 7c), indicating a thicker biofilm biomass. Such increase varied from 2.57 (S. lugdunensis) to 2.8-folds (S. aureus 1) with respect to the counterpart grown in BHI.
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FIGURE 7. Biofilm formation on titanium alloy in the presence of lab medium or synovial fluid (SF). In this figure, S. aureus 1 biofilm is grown in the presence of (a) BHI or (b) SF. (c) Biofilm volume/surface ratio of the staphylococcal strains grown in BHI (blue bars) or SF (red bars). The data reported are the average of three distinct acquisitions for each strain. *p < 0.05, **p < 0.01, and ***p < 0.001.




Antimicrobial Susceptibility

Before assessing the MIC and the MBC of both planktonic cells and bacterial aggregates following the CLSI guidelines, the concentration of bacteria needed to obtain aggregates with a dimension comparable to those observed in clinical SF was evaluated. After 6 h of pre-incubation, no aggregates were visible to the naked eye, but upon microscopic investigation, most of the cells had clumped to form aggregates of 5–30 μm in diameter, with the exception of S. lugdunensis aggregates which hardly exceeded diameters larger than 10–15 μm. The initial bacterial inocula assessed by means of resazurin assay and CFU count are reported in Supplementary Table S2.

The antibiotic susceptibility profile of the tested strains is reported in Table 1. The MIC values in Mueller Hinton (MH) broth were similar for all the strains, except for S. aureus 1 that resulted as resistant to oxacillin and levofloxacin. When the same assay was repeated with BSF instead of MH broth, the inhibitory concentrations rose up to four- to 32-folds in all tested strains, particularly those of rifampin and vancomycin. Furthermore, all the tested strains showed vancomycin MIC values beyond the clinical breakpoints.


TABLE 1. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of oxacillin (OX), levofloxacin (LVX), rifampin (RI) and vancomycin (VA) against staphylococci in Muller Hinton (MH) broth and in bovine synovial fluid (BSF).

[image: Table 1]
When S. aureus clinical isolates were exposed to antibiotics as pre-formed aggregates, the susceptibility to the treatment further decreased. In fact, all the tested antibiotics inhibited the growth of all S. aureus strains with concentrations higher than the clinical breakpoints. Contrarily, only a slight increase of MIC values was observed in the pre-formed aggregate of S. lugdunensis.

Also, the MBC values consistently increased, including those that completely eradicate S. lugdunensis.

Coherently with the inability of P. bivia to clump in SF, changes in its antibiotic susceptibility profile were not detected when cultured in the presence of BSF (Table 2).


TABLE 2. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of vancomycin (VA), ampicillin (AM), metronidale (MZ) and imipenem (IP) against Prevotella bivia in thyoglycollate (Thy) and in bovine synovial fluid (BSF).
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DISCUSSION

Microbes have evolved to associate together as “communities” to form complex structures encased in a polymeric matrix, known as biofilms (Costerton et al., 1999). Microbial biofilms are ubiquitous in almost every environment. These densely packed cells are able to communicate with each other to adapt to environmental changes, resist to chemical stresses and starving condition, and disperse to colonize new niches. The majority of human infectious diseases involves biofilms of bacterial pathogens, which are less susceptible to antimicrobials and to host immune system, thus providing a plausible explanation of why therapy failure is common (Hall-Stoodley et al., 2004). The introduction of a foreign body (i.e., implantable devices) is known to trigger bacterial adhesion and biofilm formation as bacteria have a preferred tropism for abiotic surfaces (Zimmerli and Sendi, 2017; Arciola et al., 2018).

Albeit the original definition of biofilm established a mandatory initial attachment to a solid surface (biotic or abiotic), recent microscopic analysis clearly demonstrated the presence of free-floating cellular aggregates in clinical samples from chronic infections (i.e., otitis media, cystic fibrosis, and chronic wounds) (Bjarnsholt et al., 2009; Homøe et al., 2009; Burmølle et al., 2010; Bay et al., 2018). These non-attached clumps of cells share many features with sessile biofilms, such as matrix components (auto-produced or environment-derived) and the ability to resist high concentrations of antimicrobials and immune cell phagocytosis. Hence, it has been proposed to include this microbial lifestyle in the biofilm definition (Alhede et al., 2011). In the last years, thorough in vitro researches, the incredible ability of S. aureus and S. epidermidis to form biofilm-like aggregates in SF has been reported (Dastgheyb et al., 2015a,b,c; Perez and Patel, 2015; Ibberson et al., 2016; Gilbertie et al., 2019). In 2008, in a case report describing an infected prosthetic elbow, direct imaging of periprosthetic tissue, cement spacer, and aspirated joint fluid revealed viable cells of S. aureus associated in biofilm aggregates (Stoodley et al., 2008). Since then, no direct evidence of free-floating clumps in SF was reported in the literature. Thus, to ascertain this microbial phenotype, joint aspirates collected from patients with suspected joint infection were investigated by means of CLSM.

In accordance with the epidemiology of joint infection (Aggarwal et al., 2014; Drago et al., 2017), staphylococci were the overwhelming majority of the infective agents encountered during this study. Compared to S. lugdunensis, all four S. aureus isolates demonstrated the capability to form larger clumps of cells. Indeed S. aureus is known to possess an incredible arsenal of surface clumping factors to bind host fibrinogen and fibrin, which are present in high quantities in SF. Furthermore, S. aureus owns at least two coagulases that promote the formation of a fibrin shield around the bacterial cells (Crosby et al., 2016). The pivotal role of fibrin incorporation in the stability of planktonic aggregates was demonstrated in various in vitro studies. Indeed treatment with plasmin, tissue plasminogen activator, or proteinase K was among the most efficient enzyme applications in dispersing cells (Dastgheyb et al., 2015a; Gilbertie et al., 2019). The presence of fibrin as a matrix component of biofilm-like aggregates was confirmed here by direct immuno-staining, which revealed a dense fibrin clot overlapping the cellular cluster, despite the fact that fibrin and fibrinogen were most likely present throughout the whole sample.

It is interesting to note that the largest clumps of S. aureus were observed in SFs aspirated from patients who had undergone a joint arthroplasty. This finding might support the notion that the introduction of foreign, abiotic surfaces might boost biofilm formation. In the case report of Stoodley and colleagues, the aggregates were first identified in the final wound debridement of a total elbow arthroplasty from a patient with a long and complicated clinical history (Stoodley et al., 2008). In that case, clumps of viable cells, with a diameter up to 100 μm, were reported, while in our sample’s aggregates did not exceed 30 μm. The dispersal of single cells or clumps of cells from a sessile biofilm is an event that has been widely investigated and represents a complex process that involves the coordination of various signals and molecular effectors (Guilhen et al., 2017). Both dispersal treatment and determination of matrix composition performed in the present study revealed almost overlapping phenotypes between free-floating aggregates and sessile biofilms grown in SF, possibly sustaining the origin of planktonic clumps from the underlying surface attached to the cells. However, the ability of staphylococci and other species to planktonically coaggregate in SF with kinetics shorter than those needed to attach to a surface matures as a biofilm and dispersion was already demonstrated (Dastgheyb et al., 2015a; Gilbertie et al., 2019). Taken together, evidence might indicate that planktonic coaggregation to form biofilm-like structures and dispersal from sessile biofilms might be two coexisting modalities of infection, in particular for those species able to scavenge host molecules.

Unfortunately, in the present study, the patient’s history and clinical data, comprising previous antibiotic treatment, are not available. This shortcoming represents a known limitation, together with the low number of infected SFs encountered in the time span of the study.

Despite the presence of implanted material and a notable bacterial load, S. lugdunensis displayed very small clumps of cells. Even though this species is classified as a CoNS, it is characterized by an unusual pathogenicity. Indeed S. lugdunensis expresses a coagulase with an activity similar to that of S. aureus (Becker et al., 2014) and a fibrinogen-binding protein linked to the bacterial cell wall that acts as a clumping factor (Mitchell et al., 2004). Thus, the in vivo phenotype of S. lugdunensis might be due to other host-related factors, which can be overcome by S. aureus strains with their incredible adaptability and virulence. In fact, S. lugdunensis grew in vitro to form very large aggregates, although not as large as those of S. aureus and with a slower kinetic, also demonstrating its ability to efficiently incorporate SF-derived fibrin. Even if polysaccharide intercellular adhesin locus has been identified in a number of S. lugdunensis isolates, biofilm formation relies predominantly on protein factors and eDNA rather than PNAG (Argemi et al., 2017). Indeed while the S. lugdunensis biofilm was negative for WGA staining when grown in a culture medium (Frank and Patel, 2007), in the present study, the aggregates grown in vitro in SF were clearly stained by WGA. This could be explained by a possible ability of S. lugdunensis to bind and incorporate hyaluronic acid in the matrix joint fluids. Indeed S. lugdunensis formed a significantly larger biofilm in the presence of hyaluronic acid than under standard laboratory conditions (Ibberson et al., 2016). In addition, hyaluronic acid was shown to be an important constituent of S. aureus planktonic and sessile biofilms. Hyaluronic acid could serve as hindrance to positively charged antibiotics or act as an early signal of aggregation, even if probably not contributing to clump stability as demonstrated by the hyaluronidase treatment (Gilbertie et al., 2019).

Although few other species have been shown to be able to form biofilm-like aggregates in SF (Gilbertie et al., 2019), the herein encountered P. bivia neither displayed tightly adhering cells in the clinical sample nor was it able to form a sessile or planktonic biofilm in the presence of both SF and culture medium. While in the past P. bivia was shown to bind connective tissue matrix proteins such as fibronectin and laminin (Eiring et al., 1998), other studies demonstrated a weak or almost absent biofilm-forming ability (Guaglianone et al., 2010; Patterson et al., 2010). The consequences are reflected in the lack of increase of recalcitrance to antimicrobial treatment in the presence of SF, contrarily to those species that are able to aggregate. This finding suggests that such tolerance must rely primarily on the quick grouping of neighboring cells and the presence of particular matrix components, rather than the slow growth of biofilm cells or adaptive events, as antibiotic susceptibility was found to be reversible upon disruption (Alhede et al., 2011).

In this study, two different approaches to evaluate the impact of SF on the susceptibility of antimicrobials commonly used in orthopedic practice were employed. In the first experimental setting, bacteria were inoculated concomitantly with antibiotics to mimic a possible contamination of the surgical site, in which preoperative prophylactic antimicrobial agents are usually present. Differently in the second approach, the cells were inoculated and allowed to aggregate before exposure to antibiotics to resemble the treatment of an infected native joint. Before this experiment, aggregate formation was observed with CLSM, with the obtained clumps of a size resembling those observed in the clinical samples. Here we confirmed that the growth in the presence of SF considerably affects antibiotic susceptibility, showing that bacterial cells are still able to aggregate at concentrations that would be inhibitory in standard culture conditions. In addition, the entity of recalcitrance appears to be species-specific and proportional to the size of clumps that the different species are able to form. Even though S. lugdunensis displayed an increase of MIC values similar to that of S. aureus strains in the first experimental setting, it showed a minor decrease of susceptibility when pre-aggregated cells were challenged. This is possibly due to the smaller size of aggregates that this strain was able to form in the time span before the treatment. However, the antimicrobial susceptibility of all the tested bacteria drastically decreased when assayed in SF, which represents an important issue considering that infections are likely to start from one single cell (Gerlini et al., 2014) and joint infections might arise from the contamination of sporadic cells. Furthermore, Ghimire et al. recently showed that neutrophils are unable to efficiently phagocytize staphylococcal aggregates exceeding 10 μm in diameter and that they are supposed to be recruited rapidly and in sufficient numbers to scavenge all bacterial cells and prevent them to aggregate and grow to critical dimensions (Ghimire et al., 2019).



CONCLUSION

The obtained results provided evidence that staphylococci are able to form biofilm-like planktonic aggregates in both native and prosthetic infected joints, with the clumps closely resembling their sessile counterparts and able to efficiently scavenge host fibrin. While other species showed the ability to planktonically aggregate in SF, further evidences from clinical samples are needed as only three different species were identified and analyzed in the present work. The use of human- or animal-derived SF as an ex vivo approach for further in vitro investigation might improve the value of the results, bringing in vitro conditions closer to clinical settings. Here it has been demonstrated that the presence of SF caused a significant reorganization of biofilm architecture on titanium alloy surface, and this knowledge might have an impact on further studies for the improvement of orthopedic biomaterials. On the other hand, in vitro bacterial culture in SF rapidly leads to exceptionally large microbial aggregates which are several folds bigger than those observed in clinical samples and might overestimate the phenotypes observed.



DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to the corresponding author.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the San Raffaele Hospital Ethical Committee (No. 146/int/2018). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

AB and ED contributed to the conception and design of the study. AB and MB collected the samples. AB and PS performed all the laboratory assays. AB wrote the first draft of the manuscript. AB, MB, PS, and ED critically revised the manuscript. All authors contributed to manuscript revision, read and approved the submitted version.



FUNDING

This study was supported by the Italian Ministry of Health (RC Project).


SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.01368/full#supplementary-material

FIGURE S1 | Scatter plot representation of aggregate dimensions and single cells, identified in clinical samples by means of confocal laser scanning microscopy. The aggregates in each acquired image were measured with LasX software. The size reported in the graph refers to the widest distance between the cells of the same aggregate.

FIGURE S2 | Gram staining of biofilm-like aggregates of S. aureus 1 grown in bovine synovial fluid before (A) and after (B) dispersal by combining sonication and proteinase K enzymatic treatment.
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“Candidatus Megaira polyxenophila” is a recently described member of Rickettsiaceae which comprises exclusively obligate intracellular bacteria. Interestingly, these bacteria can be found in a huge diversity of eukaryotic hosts (protist, green algae, metazoa) living in marine, brackish or freshwater habitats. Screening of amplicon datasets revealed a high frequency of these bacteria especially in freshwater environments, most likely associated to eukaryotic hosts. The relationship of “Ca. Megaira polyxenophila” with their hosts and their impact on host fitness have not been studied so far. Even less is known regarding the responses of these intracellular bacteria to potential stressors. In this study, we used two phylogenetically close species of the freshwater ciliate Paramecium, Paramecium primaurelia and Paramecium pentaurelia (Ciliophora, Oligohymenophorea) naturally infected by “Ca. Megaira polyxenophila”. In order to analyze the effect of the symbiont on the fitness of these two species, we compared the growth performance of both infected and aposymbiotic paramecia at different salinity levels in the range of freshwater and oligohaline brackish water i.e., at 0, 2, and 4.5 ppt. For the elimination of “Ca. Megaira polyxenophila” we established an antibiotic treatment to obtain symbiont-free lines and confirmed its success by fluorescence in situ hybridization (FISH). The population and infection dynamics during the growth experiment were observed by cell density counts and FISH. Paramecia fitness was compared applying generalized additive mixed models. Surprisingly, both infected Paramecium species showed higher densities under all salinity concentrations. The tested salinity concentrations did not significantly affect the growth of any of the two species directly, but we observed the loss of the endosymbiont after prolonged exposure to higher salinity levels. This experimental data might explain the higher frequency of “Ca. M. polyxenophila” in freshwater habitats as observed from amplicon data.
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INTRODUCTION

Paramecium (Ciliophora, Oligohymenophorea) is a unicellular protist with a broad, nearly global distribution in fresh and brackish water bodies. This ciliate is studied, among other things (Karunanithi et al., 2019; Kelz and Mashour, 2019; Mayne et al., 2019; Soares et al., 2019; Arnaiz et al., 2020) for the abundance and diversity of its endosymbionts (Floriano et al., 2018; Garushyants et al., 2018; Grosser et al., 2018; Potekhin et al., 2018; Sabaneyeva et al., 2018; Schrallhammer et al., 2018; Castelli et al., 2019a, b; Fokin et al., 2019; Koehler et al., 2019; Lanzoni et al., 2019; Plotnikov et al., 2019). Host-symbiont interactions and their outcome have been studied for example using Holospora (Lohse et al., 2006; Hori et al., 2008; Fokin and Görtz, 2009; Nidelet et al., 2009; Duncan et al., 2013, 2018; Banerji et al., 2015; Castelli et al., 2015; Dusi et al., 2015; Garushyants et al., 2018; Grosser et al., 2018) Caedibacter (Kusch et al., 2002; Dusi et al., 2014; Grosser et al., 2018; Schu and Schrallhammer, 2018; Koehler et al., 2019) and Preeria (Bella et al., 2016; Potekhin et al., 2018). Despite an increasing number of studies, our knowledge about the impact of symbionts on Paramecium is limited, especially when considering that this ciliate is among the best studied protists in regard to host-symbiont interactions. Less is known regarding the response of these symbiotic systems exposed to additional environmental stressors. Even in a balanced system, the introduction of a stressor can have severe consequences. The impact of a symbiont could either shift towards virulent behavior (Dusi et al., 2014; Bella et al., 2016; Schu and Schrallhammer, 2018) and hence, represents an additional biotic stressor, or alternatively has a positive effect on the host’s stress response and thus on survival, e.g., for salinity stress (Smurov and Fokin, 1998; Duncan et al., 2010) or heat shock (Hori and Fujishima, 2003; Fujishima et al., 2005; Hori et al., 2008; Duncan et al., 2010). Some authors (Fokin and Sabaneyeva, 1990; Smurov and Fokin, 1998) reported a higher bacterial infection frequency in protists, i.e., Paramecium, living in brackish environments compared to those living in freshwater environments. This might imply an evolutionary advantage for symbiont-bearing microorganisms in habitats exposed to salinity stress. Members of the genus Paramecium are well known to be highly sensitive not only to temperature stress but also to increased salinity concentrations (Duncan et al., 2010). Contrary, it could indicate that stressed protists are more susceptible to infection.

In 2013, a bacterial species of the order Rickettsiales has been described as endosymbiont of different ciliates (Schrallhammer et al., 2013). All members of this order are obligate intracellular bacteria hosted by eukaryotic organisms and strictly depend on their hosts for multiplication (Dumler et al., 2001) with the notable exception of the epibiont “Candidatus Deianiraea vastatrix” (Castelli et al., 2019a). “Candidatus Megaira polyxenophila” is remarkable as it has been found associated to potential hosts spanning a huge diversity, e.g., various ciliates (Sun et al., 2009; Vannini et al., 2005; Schrallhammer et al., 2013; Zaila et al., 2017), amoebae (Hess, 2017) chlorophytes and streptophytes (Hollants et al., 2013; Kawafune et al., 2015; Yang et al., 2016) and even cnidarians (Fraune and Bosch, 2007; Sunagawa et al., 2009). Interestingly, the Megaira-infected organisms cover a surprising ecological range from freshwater lakes and ponds to brackish waters and even marine systems. Recently, this bacterium has been found associated with multiple Paramecium species, including several members of the Paramecium aurelia complex representing a group of phylogenetically very closely related species (Lanzoni et al., 2019). In this work, we found “Ca. Megaira polyxenophila” (from here referred as Ca. M. polyxenophila) naturally occurring in two species of the P. aurelia complex, i.e., Paramecium pentaurelia and Paramecium primaurelia.

The aim of this study is to analyze the role of Ca. M. polyxenophila, determining the symbiont’s effect on the growth of two phylogenetically close species of Paramecium after establishment of the corresponding symbiont-free cell lines via antibiotic treatment. The obtained infected and aposymbiotic lines were then used to compare their performance under standard laboratory conditions as well as at different salinity levels corresponding to oligohaline brackish water. Difference in growth performance depending on presence or absence of Ca. M. polyxenophila will shed light on the function of this endosymbiont and the role of this symbiosis under different environmental conditions such as increasing osmolality.



MATERIALS AND METHODS


Experimental Organisms and Their Cultivation

Two different Paramecium species naturally harboring Ca. M. polyxenophila were used as endosymbiont-infected lines and to establish symbiont-free cells. The host species, as indicated in Table 1, were P. pentaurelia US_YE9 (from here on referred to as YE9) derived from Bloomington, IN, United States, whereas P. primaurelia Rio Lg_Jac 2III (from here on referred to as LgJac), was sampled in Rio de Janeiro, Brazil. Both species are freshwater protists. After antibiotic (AB) treatment (see below), we established aposymbiotic cell lines viz. YE9AB and LgJacAB. All cultures were maintained at 19°C in Cerophyll medium (CM) inoculated with Raoultella planticola DSM3069 (Enterobacteriales, Enterobacteriaceae) (Chiellini et al., 2019).


TABLE 1. Paramecium species used in this study, their endosymbionts and geographic origin.

[image: Table 1]Prior to the experiment, a single cell was isolated from each cell line and was washed several times in spring water from a freshly opened bottle (San Benedetto S. p. A. Italy) in order to minimize the presence of potentially contaminating microorganisms. The cells were then fed daily for 5 days with CM inoculated with R. planticola to induce their exponential growth. These monoclonal cultures (both naturally infected and treated) are maintained since more than four years under laboratory conditions.



Identification of Paramecium Species

Paramecium species were identified using morphological characteristics (Fokin, 2010) and the cytochrome c oxidase 1 gene (COX1, Barth et al., 2006). Total DNA was extracted using a modified Chelex-based protocol as follows: approximately 100 paramecia cells of each culture were washed three times in sterile spring water and transferred in 100 μl spring water into 0.5 ml Eppendorf tubes. The tubes were stored for at least 20 min at −20°C to freeze completely. Later, 100 μl Chelex solution (Bio-Rad Laboratories, Inc., Hercules, CA, United States) was added and the samples were incubated for 20 min at 99°C. Immediately after incubation the tubes were put on ice. PCR products were obtained by using the forward primer M13 (5′-GTA AAA CGA CGG CCA G-3′, Strüder-Kypke and Lynn, 2010) for LgJac and degenerated forward primer F199dT-B (5′-TGT AAA ACG ACG GCC AGT TCA GGW GCT GCM TTA GCH ACY ATG-3′, Strüder-Kypke and Lynn, 2010) for YE9 as well as the degenerated reverse primer R1143dT (5′-CAG GAA ACA GCT ATG ACT ART ATA GGA TGM CCW CCA TAA GC-3′, Strüder-Kypke and Lynn, 2010) for both strains. Purification was performed with the NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel GmbH & Co., KG, Düren NRW, Germany), and products were sequenced directly in both directions with the same primers used for amplification at Eurofins Genomics GmbH (Ebersberg, Germany).

In order to confirm their affiliation to the respective Paramecium species, the obtained sequences were compared to available Paramecium COX1 sequences. A Maximum likelihood (ML) tree was calculated with IQ−TREE (Nguyen et al., 2015) based on 34 sequences from 10 different Paramecium species comprising 620 characters. The alignment was trimmed to the length of the shortest sequence. The best-fit evolutionary model (Kalyaanamoorthy et al., 2017) according to Bayesian information criterion (BIC) is TPM2u+F+I+G4. Ultrafast Bootstrap support (BS) with 1000 pseudoreplicates (Hoang et al., 2018) was calculated by IQ-TREE.



Identification of “Ca. Megaira polyxenophila”

Prokaryotic SSU rRNA gene sequences were amplified by a touchdown PCR (Don et al., 1991) applying the following annealing temperatures: 58°C (30 s, 5 cycles), 54°C (30 s, 10 cycles), and 50°C (30 s, 25 cycles). For YE9, the bacterial primer combination Bac16SFor (5′-AAG AGT TTG ATC CTG GCT C-3′; modified from Neilan et al., 1997) and Bac16SRev (5′-TAC GGC TAC CTT GTT ACG AC-3′; Neilan et al., 1997) were used for both, PCR and direct sequencing from both sides. PCR on LgJac was performed with the Alphaproteobacteria specific forward primer 16S_F19b 5′-CCT GGC TCA GAA CGA ACG-3′ (Serra et al., 2016) and the Bacteria specific reverse primer 16S_R1522a 5′-GGA GGT GAT CCA GCC GCA-3′ (Serra et al., 2016) and sequenced using the internal primers 16S F343 ND 5′-TAC GGG AGG CAG CAG-3′, 16S R515 ND 5′-ACC GCG GCT GCT GGC AC-3′ and 16S F785 ND 5′-GGA TTA GAT ACC CTG GTA-3′ (Serra et al., 2016) at GATC Biotech AG (Konstanz, Germany).

A comparison with other 16S rRNA gene sequences of Ca. M. polyxenophila and Ca. Megaira venefica was performed. Therefore, we run a ML analysis with IQ−TREE based on an alignment (ARB program; Ludwig et al., 2004) of 43 sequences comprising 1343 characters, trimmed at both sides to the length of the shortest sequence. The applied best-fit evolutionary model is TIM3+F+G4 (according to BIC) and 1000 pseudoreplicates were performed for Ultrafast BS.



Fluorescence in situ Hybridization

The presence or absence of the endosymbionts was verified by performing fluorescence in situ hybridization (FISH) experiments with the universal probe EUB338 (5′-ACT CCT ACG GGA GGC AGC AG-3′) (Amann et al., 1990) in combination with the genus-specific probe Megenus_487 (5′-GCCGGGGCTTTTTCTGTTGGT-3′) detecting “Ca. Megaira” (Lanzoni et al., 2019). About 20 ciliate cells were collected, washed three times in water and fixed with 2% paraformaldehyde (PFA, final concentration) on slides as described by Szokoli et al. (2016). Hybridization and washing were carried out as described by Lanzoni et al. (2019). Images were obtained with a Leica DMR microscope, equipped with an HBO 50W/AC-L2 fluorescent lamp, a Leica DFC490 video camera, and Leica IM1000 Software (v.1.0).



Elimination of Endosymbionts via Antibiotic Treatment

The antibiotic treatment was performed in order to obtain genetically identical symbiont-free lines from the infected ones. Symbiont-free cells were obtained from both, P. pentaurelia YE9 and P. primaurelia LgJac, through antibiotic treatment (YE9AB and LgJacAB, respectively). Therefore, approximately 30 cells of the stock cultures were transferred to 500 μl of tetracycline (Carl Roth, Karlsruhe, Germany) solution (130 μg ml–1) and incubated for 24 h at 20°C. Later, the cells were washed four times. Individual cells were incubated again in tetracycline solution at 20°C for 24–48 h and then transferred to CM inoculated with R. planticola as food organism. After some rounds of cell division, single cells were treated again with tetracycline for 24 h and subsequently transferred into bacterized CM. The success of the antibiotic treatment was confirmed by FISH.



Fitness Experiment to Determine the Impact of the Endosymbiont on Host Growth at Different Salinity Conditions

In order to prime the cultures for the fitness experiment at different salinity conditions, Paramecium cells were adapted to the different salinity concentrations and fed daily for three days with bacterized CM to induce exponential growth (Supplementary Figure S1).

The cell number for each line was adjusted to approximately the same density (ca. 100 cells ml–1) with sterile CM. To set-up this experiment, a mix containing 8 ml of CM (in case of 0 ppt) or 8 ml of salinity stock solution (8 ppt for a final concentration of 2 ppt; 18 ppt for 4.5 ppt), 12 ml bacterized CM and 20 ml Paramecium culture (approximately 100 cells ml–1) were added, the total volume was set to 40 ml per line. The salinities were chosen to represent two different oligohaline brackish water conditions after a preliminary experiment to test the salinity tolerance of the two freshwater paramecia species (data not shown). This mix was then split into three experimental units for each line per salinity combination with 10 ml each (approximately 50 cells ml–1) (Supplementary Figure S1).

Each experimental unit was fed once a week with 3 ml of a 1:4 dilution of the respective salinity stock solution (sterile water, 8 or 18 ppt) and bacterized CM, to sustain the paramecia and to maintain a constant salinity concentration throughout the experiment (either 0, 2, or 4.5 ppt) for a period of 28 days.

Cell density was determined by counting under a stereomicroscope. The counting days were established as reported in Figure 1 in which T0 is the starting day of the salinity experiment. For each sample, three technical replicates each with a volume of 50–100 μl, depending on the cell number, were counted and the mean of cells per ml was calculated. Samples for cell density estimation were counted and then fixed to perform FISH as described above. These samples were collected twice per week for the duration of the experiment (28 days). Salt stock solutions were prepared by dissolving the corresponding amount of Tropic Marine Salts (Red Sea Salt Meersalz, Red Sea, Düsseldorf, Germany) in deionized water and pasteurizing for 5 min at 95°C.
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FIGURE 1. Growth of Paramecium lines either infected with Ca. Megaira polyxenophila or aposymbiotic at different salinity concentrations over a period of 28 days. Paramecium pentaurelia YE9 infected (green line) with Ca. Megaira polyxenophila in comparison with the respectively symbiont-free line YE9AB (purple line) at 0 ppt salinity (A), 2 ppt salinity (C), and 4.5 ppt salinity (E). Paramecium primaurelia LgJac infected (green line) with Ca. M. polyxenophila in comparison with the respectively symbiont-free (purple line) LgJacAB at 0 ppt salinity (B), 2 ppt salinity (D), and 4.5 ppt salinity (F). Data points represent three experimental units and the growth curve is represented by the mean of these three units.




Statistical Analysis

The influence of host species with different infectious status and in different salinity settings on Paramecium cell density was assessed by using a generalized additive mixed model (GAMM) with gaussian error (R, package: mgcv, version 1.7-28 (Wood, 2017). GAMMs allow assessing the influence of covariates on a response variable without specifying a priori fixed-function while accounting for non-independence of data due to successive measures in time. For this reason, time has been included both, in the fixed part, as smoothed term, and in the random part to model dependence. In particular, time has been smoothed independently for different combinations of host species, initial infection status and salinity. Fixed effect terms (infection status, salinity and host species) were modeled using a basis dimension of k = 4. The significance of the fixed terms and interactions has been obtained by using the anova.gam function of the mgcv package. The script and dataset are available as Supplementary Table S1, Supplementary Data Sheet S1. Model accuracy was estimated by the root-mean-square error (RMSE) performing a 10-fold cross-validation on the fixed part of the model using the CVgam function of the gamclass R package. The analysis was performed using R, version 3.6.0.



RESULTS


Elimination of Ca. M. polyxenophila

Aposymbiotic cells were obtained from both, YE9 and LgJac, through antibiotic treatment producing respectively YE9AB and LgJacAB. A cell was considered successfully treated when no signal with the genus-specific probe Megenus_487 (Lanzoni et al., 2019) was observed from food vacuoles, cytoplasm, or nuclei. Successful elimination of Ca. M. polyxenophila was verified repeatedly by FISH (Figure 2). In none of the examined cells, Ca. M. polyxenophila was detected after the described tetracycline treatment. Other effects of the antibiotic treatment than symbiont elimination, e.g. delayed or abnormal cell division or population growth, were not observed.
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FIGURE 2. Fluorescent in situ hybridization for the visualization of Ca. M. polyxenophila in Paramecium pentaurelia YE9 (A,B) and Paramecium primaurelia LgJac (E,F). Fluorescent in situ hybridization for the two symbiont-free cell YE9AB (C,D) and LgJacAB (G,H) after antibiotic treatment using the universal bacterial probe EUB338 (A,C,E,G) and Megenus_487 specific for Ca. Megaira (B,D,F,H). Arrows indicate Ca. M. polyxenophila in the host’s cytoplasm. Scale bar = 10 μm.




Confirmation of Host and Endosymbiont Identities

Morphological analyses of the Paramecium strains from Bloomington and Rio de Janeiro revealed the strains belonging to the Paramecium aurelia-complex. This observation was confirmed by COX1 sequence analysis (Supplementary Figure S2). More precisely, LgJac affiliated with other P. primaurelia sequences whereas YE9 belonged to P. pentaurelia. Both affiliations received high BS support (98 and 99%, Supplementary Figure S2).

The endosymbiont’s 16S rRNA gene sequences affiliated with other sequences of Ca. M. polyxenophila with high BS support (97%, Supplementary Figure S3). The sequence similarity (data not shown) between the type strain of this species (AJ630204) and the here studied intracellular bacteria was 99.93% (LgJac) and 99.55% (YE9).

The obtained sequences are available from NCBI GenBank with following accession numbers: COX1 sequences MT362542 (LgJac) and MT362543 (YE9), 16S rRNA gene sequences MT351038 (LgJac) and MT351039 (YE9).



Fitness Impact of Ca. M. polyxenophila and Salinity on Paramecia

Time included in the model as the smoothed effect revealed a strongly significant effect on estimated degrees of freedom as expected for a nonlinear density growth (Supplementary Data Sheet S1). Among the three fixed factors, host species and infection status showed a highly significant effect (Table 2). Two interaction terms also showed a significant effect, the interaction between infection status and Paramecium species and the interaction between salinity and species (Table 2).


TABLE 2. ANOVA style-results of the generalized additive mixed models (GAMM) analysis on the salinity, infection, and species on cell density (cell ml–1).

[image: Table 2]According to the GAMM results which revealed a significant effect for host species, a substantial difference in cell densities between the two Paramecium species were observed as YE9 grew better in comparison with LgJac, reaching 800 and 400 cell ml–1, respectively (Figure 1). At the beginning of the experiment, the starting amount of cells was the same for each line (approximately 50 cells ml–1).

The inspection of growth curves and GAMM results indicated that both infected strains showed a generally higher cell density compared to their aposymbiotic counterparts. A strong significant interaction between Paramecium species and infection status was caused by the very strong difference in cell density of YE9 (between 600 and 700 cell ml–1 at the end of the experiment) compared to YE9AB (200–300 cell ml–1) which was not observed in LgJac (Figure 1). The weak significant interaction between salinity and species was due to the density decrease of LgJac and LgJacAB at the higher salinity levels, revealing its stronger salinity stress susceptibility compared to YE9 (Figure 1).

Both Paramecium species experienced growth advantages in presence of Ca. M. polyxenophila at every salinity condition (Figure 1). There was no obvious general effect of cultivation at oligohaline brackish conditions, neither on infected nor aposymbiotic lines.



Impact of Salinity on Ca. M. polyxenophila Prevalence

Infected and aposymbiotic paramecia cells of both species were observed by FISH at all sampling time points for all salinity concentrations. The aposymbiotic cells maintained their symbiont-free condition for the complete experiment duration at all tested salinities. FISH results showed that Ca. M. polyxenophila was present in YE9 and LgJac at 0 ppt with a prevalence of 100% and in a constant amount at all time points (Figure 3). For the initially Megaira-positive cells at 2 and 4.5 ppt, the 100% infection status was maintained until day 17 for both species and declined subsequently. Both species reached the lowest bacterial prevalence at the end of the experiment at 4.5 ppt (Figure 3).
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FIGURE 3. Bacterial prevalence (%) of infected species P. pentaurelia and P. primaurelia at three different salinity concentrations (0, 2, and 4.5 ppt) over 28 days. Error bars represent the standard error (n = 3).


While the percentage of P. pentaurelia YE9 cells with detected bacterial symbionts continuously declined after day 17 at 4.5 ppt (Figures 3, 4), at 2 ppt the strongest drop in prevalence was observed at day 21. The number of infected cells suddenly recovered and then decreased again. As our approach was to examine approximately 20 cells out of a 1 ml sample at each time point, this strong fluctuation might by chance represent an outlier with such a high number of cells which had spontaneously lost their symbionts.
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FIGURE 4. Fluorescent in situ hybridization of Paramecium pentaurelia YE9 (A–D) and Paramecium primaurelia LgJac (E–H). Examples for an infected cell (A,B,E,F) and one that had spontaneously lost Ca. Megaira polyxenophila (C,D,G,H) at 4.5 ppt 17 days after the beginning of the growth experiment, using the universal bacterial probe EUB338 specific for 90% of known bacteria (A,C,E,G) and Megenus_487 specific for Ca. Megaira (B,D,F,H). Arrows indicate Ca. M. polyxenophila in the host’s cytoplasm. Scale bar = 10 μm.


In case of P. primaurelia LgJac, the decrease of Megaira-positive cells was very similar at 2 and 4.5 ppt. At the end of the experiment, the infection prevalence dropped to approximately 40% (Figure 3).



DISCUSSION

Our data suggest that the major effect of Ca. M. polyxenophila on Paramecium hosts is not harmful. While Rickettsiaceae usually are considered as obligate intracellular parasites (DeLong et al., 2014) at least in the case of Wolbachia a wide continuum of symbiotic interactions, ranging from mutualistic and essential for host development, fertility, and survival in filarial nematodes to facultative and parasitic in many arthropod species, has been observed (Landmann, 2019). Likely, the fitness effects of Ca. M. polyxenophila vary similarly between different hosts and different environmental conditions. Nevertheless, these intracellular bacteria are at least conditionally mutualistic in the two examined Paramecium species without providing essential nutritional benefits.

Both P. pentaurelia and P. primaurelia exhibit improved growth under all tested conditions in presence of the symbiont. Contrary to our expectations, the tested species showed no obvious fitness reduction by increasing salinity levels. This trend indicates that at least the here applied rather mild salt concentrations corresponding to the lower border of oligohaline brackish conditions might be below the physiological stress level of these paramecia. Like many unicellular organisms, Paramecium constantly encounter changing environmental conditions e.g., differences in water temperature between seasons, day and night, or even during a day according to the varying solar irradiation. Some fluctuations of environmental conditions remain within the physiological tolerance breadth (Krenek and Berendonk, 2009) whereas others reach stress levels. When paramecia are gradually adapted to stress conditions instead of being suddenly exposed, they can increase their resistance to this particular stressor (Smurov and Fokin, 1998; Tsukuda, 1989). As the cells examined in the fitness assay underwent an acclimatization phase prior to the experiment the applied salinity conditions remained within the organisms’ tolerance range.

Fokin and Sabaneyeva (1990) observed that ciliates living in brackish water apparently harbor more frequently bacterial infections than those in freshwater. We observed a decreasing prevalence of Ca. M. polyxenophila starting 2 weeks after the cells were exposed to increased salinity concentrations (2 and 4.5 ppt) while those at freshwater-like conditions remained to 100% infected until the end of the experiment. This is neither a confirmation nor a rejection of the hypothesis that brackish environments favor bacterial infections, but it demonstrates that elevated salt concentrations disrupt the symbiont maintenance in the Ca. M. polyxenophila-Paramecium aurelia system. Thus, we speculate that long-term exposure to mild environmental stress causes an accumulation of stress signals, for example, an accumulation of misfolded proteins or compatible solutes. While the cellular response of the host will have not necessarily immediate effects on growth, it might either impair bacterial cell division or accidentally cause their expulsion. Alternatively, the increased energy demand in order to adapt to prolonged stress exposure might result in a more directed elimination of the symbionts by lysosomal attack.

As P. pentaurelia YE9 and P. primaurelia LgJac both benefit from the presence of their symbionts, long-term exposure to brackish salinity conditions will have indirect negative effects on these paramecia.

The loss of Ca. M. polyxenophila in brackish conditions might indicate, despite the above mentioned description of this symbiont from marine and brackish host organisms, that they have an adaptation towards freshwater habitats and/or freshwater hosts. This speculation is supported by amplicon sequencing of environmental samples. More than 25% of the amplicon datasets associated with freshwater habitats screened by Lanzoni et al. (2019) revealed positive hits for Ca. M. polyxenophila, while the number of marine datasets with signatures of this symbiont was below 5%.

This study provides the first functional analysis of the frequent and promiscuous endosymbiont Ca. M. polyxenophila. So far, speculations about a possible opportunistic or parasitic lifestyle of these bacteria (Schrallhammer et al., 2013) are based only on the fact that strains of Ca. M. polyxenophila from phylogenetically and geographically distant hosts exhibit very high (99–100%) 16S rRNA gene sequence similarities. This has been considered as strong indication for horizontal transmission capabilities. So far, infection experiments with these bacteria have not been successful under laboratory conditions (Lanzoni et al., 2019). Functional studies regarding the interaction of this symbiont with its host are impaired by (i) its obligate intracellular life style, a trait Ca. M. polyxenophila has in common with other members of Rickettsiales (Castelli et al., 2016) (ii) the lack of successful protocols for experimental infection experiments, and so far (iii) for symbiont elimination to obtain genetically identical but aposymbiotic (host) organisms. A successful treatment has been established in this study. Similar approaches for generation of the aposymbiotic lines have been used in case of other endosymbionts of Paramecium (Kusch et al., 2002; Dusi et al., 2014; Bella et al., 2016; Grosser et al., 2018). The fact that members of Rickettsiaceae are naturally resistant to a variety of antibiotics (Rolain et al., 1998) did complicate the establishment of the present protocol. The aposymbiotic lines LgJacAB and YE9AB have been maintained under routine laboratory conditions since at least 5 years. While we cannot completely exclude the small chance that the antibiotic treatment affects Paramecium fitness or eliminated free-living bacteria contributing to the observed fitness effects and we would have preferred additional experiments such as infection of naïve cells, those are presently not feasible. Thus, we provide the very first insights into possible effects of Ca. M. polyxenophila on its host. As we observed differences in the impact of the endosymbiont in two very closely related host species, it is possible that in more divergent hosts an even broader spectrum of host-symbiont interactions will be observed. As Ca. M. polyxenophila infected hosts have been isolated from rather different environments (Lanzoni et al., 2019) the diversity of relevant abiotic factors might further entangle the analysis of the ecological role of this endosymbiont.
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FIGURE S1 | Schematic representation of the procedure followed for the fitness experiment.

FIGURE S2 | Species affiliation of LgJac and YE9 based on COX1 sequence analysis. Maximum likelihood tree of the genus Paramecium calculated with IQ−TREE based on an alignment of 34 sequences from 10 different Paramecium species comprising 620 characters. Here obtained sequences are reported in bold. Numbers near nodes indicate Ultrafast Bootstrap support values (below 75% not shown), numbers in brackets indicate sequences in collapsed groups. Scale bar corresponds to 0.1 sequence divergence.

FIGURE S3 | Molecular characterization of the endosymbionts of YE9 and LgJac based on 16S rRNA gene sequences. Maximum likelihood tree calculated with IQ−TREE based on 43 sequences belonging to members of the genera “Ca. Megaira” and Rickettsia comprising 1343 characters. Here obtained sequences are reported in bold. Numbers near nodes indicate Ultrafast Bootstrap support values (below 70% not shown). Scale bar corresponds to 0.01 sequence divergence. Ca. stands for Candidatus.

TABLE S1 | Data sheet for fitness analysis.

DATA SHEET S1 | R script.
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The analysis of the interaction between Helicobacter pylori (HP) and the host in vivo is an extremely informative way to enlighten the molecular mechanisms behind the persistency/latency of the bacterium as well as in the progression of the infection. An important source of information is represented by circulating antibodies targeting the bacteria that define a specific “disease signature” with prospective diagnostic implications. The diagnosis of some of the HP induced diseases such as gastric cancer (GC), MALT lymphoma (MALT), and autoimmune gastritis (AIG) is not easy because patients do not show symptoms of illness in early-onset stages, at the same time they progress rapidly. The possibility of identifying markers able to provide an early diagnosis would be extremely beneficial since a late diagnosis results in a delay in undergoing active therapy and reduces the survival rate of patients. With the aim to identify the HP antigens recognized during the host immune-response to the infection and possibly disease progression, we applied a discovery-driven approach, that combines “phage display” and deep sequencing. The procedure is based on the selection of ORF phage libraries, specifically generated from the pathogen’s genome, with sera antibodies from patients with different HP-related diseases. To this end two phage display libraries have been constructed starting from genomic DNA from the reference HP 26695 and the pathogenic HP B128 strains; libraries were filtered for ORFs by using an ORF selection vector developed by our group (Di Niro et al., 2005; Soluri et al., 2018), selected with antibodies from patients affected by GC, MALT, and AIG and putative HP antigens/epitopes were identified after Sequencing and ranking. The results show that individual selection significantly reduced the library diversity and comparison of individual ranks for each condition allowed us to highlight a pattern of putative antigens specific for the different pathological outcomes or common for all of them. Within the putative antigens enriched after selection, we have validated protein CagY/Cag7 by ELISA assay as a marker of HP infection and progression. Overall, we have defined HP antigenic repertoire and identified a panel of putative specific antigens/epitopes for three different HP infection pathological outcomes that could be validated in the next future.
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INTRODUCTION

Helicobacter pylori (HP) infects more than 50% of the world’s population (Parsonnet, 1995; Goh et al., 2011; Peleteiro et al., 2014; Hooi et al., 2017) thus being the most prevalent human pathogen worldwide. Infection occurs in early childhood and colonization most likely persists for the long-life. The bacterium colonizes the stomach, not only residing on the surface area of the gastric mucosa but also adhering to the gastric epithelium (Stolte and Eidt, 1989; Björkholm et al., 2000). Although in most people the infection remains clinically asymptomatic, most colonized individuals develop coexisting chronic inflammation that significantly increases the risk of site-specific diseases. Many studies have demonstrated that HP infection causes gastric and duodenal ulcer diseases, that can lead to Gastric Cancer (GC) and mucosa-associated lymphoid tissue (MALT) B-cell lymphoma (Wyatt and Rathbone, 1988; Shahar et al., 1994). Several factors act, alone or synergistically, during the infection, and their combination can determine the fate of the infection progression, making the difference between latent infection and the development of a pathological outcome. Dysregulation of the inflammatory/immune host response plays an important role in the progression toward cancer. A genetically determined pro-inflammatory state increases the risk of cancer, and several human polymorphisms occurring within genes of the inflammatory/immune-response have been associated with gastric malignancies development (El-Omar et al., 2000; Yuzhalin, 2011). Among bacterial components, some factors associated with malignancy have been also identified, although the high grade of genomic variability of HP strains has hindered this purpose. The most important virulence factor of HP is the cag pathogenicity island (cagPAI), a genetic locus of about 40 kb that contains 31 genes (Tomb et al., 1997; Alm et al., 1999) and encodes for the so-called type IV secretion system (T4SS). This forms a syringe-like structure that injects bacterial components (mainly peptidoglycan and the oncoprotein cagA) into the host target cell (Rohde et al., 2003). HP strains that harbor the cagPAI (cagPAI+) pathogenicity locus show a significantly increased ability to induce severe pathological outcomes in infected individuals, compared to cagPAI− strains (Blaser et al., 1995; Kuipers et al., 1995; Noto and Peek, 2012; Takahashi-Kanemitsu et al., 2020).

Current treatments of HP infection are based on double-antibiotic therapy combined with proton-pump inhibitors. However, this therapeutic approach is not optimal, not only for its many drawbacks but also for the insurgence of antibiotic resistances and its consequent loss of efficacy (Thung et al., 2016; Hu et al., 2017). Furthermore, this strategy of eradication, even when successful, does not lead to any protection from subsequent re-infections (Solnick, 1998; Megraud et al., 2013). The development of a vaccine has been a field of research pursued in the last decades. Progress have been made, and different antigens, adjuvants, administration routes, have been explored, leading to promising results, either using prophylactic and therapeutic protocols, in animal models; however, the gaining of protective immunity in humans remains elusive (Aebischer et al., 2008; Müller and Solnick, 2011; Salama et al., 2013; Ikuse et al., 2019). A deeper understanding of host-bacterium interaction is needed. However, this goal is limited by the fact that many molecular aspects of the bacterium are still incompletely characterized, with about 23% of the bacterium proteins that remain without a defined functional annotation (Tomb et al., 1997; Boneca et al., 2003; Resende et al., 2013). Identification and characterization of novel predictive biomarkers could also improve the power of serological tests for detecting and monitoring HP infection and could be beneficial for both therapeutic and diagnostic purposes. HP related GC detection is currently based on the use of markers prone to a high degree of false-negative results, thus making the discovery of novel sensitive biomarkers an urgent issue (Lam and Lo, 2008). Moreover, there is an important need to improve earlier ability to identify patients that are progressing toward cancer development, to target those patients and make them undergo early clinical programs for cancer prevention.

In this study, we aimed to (i) construct a genomic library of H. pylori to be representative of all the ORFs of the bacterium, and to (ii) identify novel HP antigens recognized by host immune system response. We applied an unbiased approach based on the production of phage libraries for the displaying of the whole antigenic repertoire of two HP strains. This approach allowed the identification of different antigenic domains of H. pylori. Among these we focused our attention on the protein CagY/Cag7. Here we report and characterize, the presence of antibodies against a domain of the CagY protein, in a high percentage of patients affected by different pathological outcomes related to HP infection.



MATERIALS AND METHODS


Bacterial Strains

Two H. pylori strains have been used for ORF/filtering libraries preparation: HP 26695 H. pylori strain described by Tomb et al. (1997); it was originally isolated from a patient suffering gastritis and shown to be able to elicit immune and inflammatory responses and is considered the reference strain. HP B128(B8) H. pylori strain more recently described and isolated from a patient with a gastric ulcer (Israel et al., 2001; McClain et al., 2009).

Escherichia coli DH5αF’ (Gibco BRL), F’/endA1 hsd17 (rK− mK +) supE44 thi-1recA1 gyrA (Nalr) relA1 (lacZYA-argF) U169 deoR [F80dlacD-(lacZ)M15], were used for both libraries preparation and phage display selection.



Human Sera Samples

Patients’ sera have been collected at the Careggi Hospital in Florence in collaboration with the Department of Experimental and Clinical Medicine of the University of Florence; the recruitment of patients has been approved by the Ethical committee protocol number 14936_bio. Autoimmune Gastritis (AIG) patients: all patients with AIG had both autoantibodies against parietal cells (APCA) and intrinsic factor (AIFA) (D’elios et al., 2001; Troilo et al., 2019). Histology is considered the most reliable method for assessing the presence of AIG (Massironi et al., 2019). Histopathological assessment of gastric mucosa was scored according to the Sydney System classification (Dixon et al., 1996) on a visual analog scale (0 = absent, 1 = mild, 2 = moderate, 3 = severe). Six patients were classified at stage II; four patients were classified at stage III. Patients with GC: all patients studied had distal gastric adenocarcinoma. Each patient was carefully clinically evaluated, and the TNM stage recorded. Seven patients were classified with a TNM stage I; 16 patients with TNM stage II; six patients with TNM stage III. Patients with gastric MALT lymphoma: six newly diagnosed MALT lymphoma patients, classified as Ann Arbor stage, were enrolled in this study. Five patients were classified at stage I, only one patient was classified at stage II. Data relative to the classification and stage of the patients have been included in Supplementary Table 3. IgG antibodies were purified from all sera samples by affinity chromatography on protein A agarose (Thermo Fisher Scientific). Single sera were diluted in PBS and incubated with protein agarose for 16 h at 4°C with gentle rotations. Bound antibodies were eluted with 0.1 M Glycine pH 2.7 and immediately buffered with 20% vol/vol of 1M Tris–HCl pH 8.5. Following dialysis against PBS, purified antibodies were quantified on SDS-PAGE and Coomassie staining.



Genomic ORF Libraries Preparation

Helicobacter pylori ORFeome-libraries were prepared in the pFILTER3 vector, as previously described (Zacchi et al., 2003; D’Angelo et al., 2011; Soluri et al., 2018). Briefly, the genomic DNA from the three different strains were separately fragmented by ultra-sonication (Covaris) (duty cycle 10%; intensity 5.0; cycles per burst 200; duration 2 × 60 s, total 120 s; mode frequency sweeping; temperature 6°C) to obtain fragments ranging from 200 to 800 bp length. Fragments were treated with the Quick blunting kit (New England Biolabs) to perform end-repairing and phosphorylation and then ligated into the vector previously blunt-cut through EcoRV enzyme digestion (New England Biolabs). Transformation of the two libraries obtained into DH5αF’ bacteria cells was performed through electroporation. After electroporation, bacteria were plated on 2×TY agar plates supplemented with 34 μg/ml chloramphenicol (pFILTER resistance) and 25 μg/ml ampicillin (selective marker for ORFs) and grown for 16 h at 37°C. Dilutions of each library were also plated and grown in parallel to determine the library size and efficiency of the filtering. Bacteria were harvested, thoroughly mixed and stored at −80°C in 20% sterile glycerol, in small aliquots. Plasmid DNA was extracted from one aliquot and used to prepare the phagemid libraries. To this aim filtered ORFs were cut from each pFILTER library with BssHII and NheI restriction enzymes (New England Biolabs), and cloned into a compatible pDAN5 vector (Sblattero and Bradbury, 2000) upstream of the g3p gene. Two different libraries, one for each HP strain, were prepared. Libraries were titrated and analyzed by deep sequencing.



Library Selection Procedure

Four pools of sera were prepared mixing equal amount of purified antibodies derived from three to six donors. Phage particles preparation and selection procedures were done according to established protocols (Di Niro et al., 2009; Dal Ferro et al., 2019). Briefly, phages were diluted in MPBS (2% non-fat milk in PBS), added to 30 μl of DynaBeads ProteinA (Life Technologies) with 10 μg of antibodies immobilized on, incubated for 90 min at room temperature in rotation. Beads were washed five times with PBS-0.05% Tween-20 and five times with PBS, and then phages were eluted by the addition of 1 ml DH5αF’ at OD600 nm = 0.5 for 45 min with occasional shaking. Bacteria obtained after the first cycle of selection were amplified and phages prepared for a second cycle where the washing conditions were modified to improve specificity. In the second cycle after incubation with the phages, beads were subjected to 10 times washes with PBS-0.1% Tween-20, then resuspended in PBS and incubated for 10 min on rotation and washed again for 10 times with PBS. Bacteria cells used for the elution were plated on 2×TY agar plates supplemented with 100 μg/ml of ampicillin and grown for 16 h at 37°C. The outputs of each selection were collected, thoroughly mixed and stored at −80°C with 20% sterile glycerol. Plasmid DNA was extracted and analyzed by deep sequencing.



Illumina Sequencing and Data Analysis

The following protocol has been used to perform recovery, sequencing and analysis of DNA inserts from pFILTER-ORF-library, pDAN5-ORF-library or selected-phage-libraries. DNA inserts were recovered by a first PCR amplification with specific primers annealing on the plasmid backbone. These primers carry at their 5′ end specific adaptors sequences for the successive indexing and the direct sequencing of the amplicons (primers sequences and protocol details are explained in Soluri et al., 2018). After the first PCR clean-up, a second Index PCR was performed by using the Nextera XT Index kit (Illumina) to produce double indexed amplicon pool. Libraries have been qualitatively evaluated on the 2200 TapeStation (Agilent) to verify their size and in parallel quantified by Real Time PCR by using the KAPA Biosystem library quantification kit (Roche) following manufacturer’s protocol. Libraries were sequenced by generating long reads, at least 250 bp Paired End by using the MiSeq Illumina instrument. Bioinformatic analysis was performed by using the InteractomeSeq webtool (Puccio et al., 2020) with a pipeline specifically developed by our group for the analysis of this kind of data. In brief the data analysis workflow allows generating a list of putative domains with genomic annotations just starting from raw sequencing reads. The pipeline is composed of four sequential steps: (1) input files are checked (raw reads, reference genome sequence, annotation list) to verify their proper format; (2) low-quality sequencing data or reads with a length lower than 100 base are trimmed using Cutadapt (Martin, 2011); (3) reads are aligned with blastn (Madden, 2013) to the genome sequence allowing up to 5% of mismatches, and a SAM file is generated. Only reads with quality score greater than 30 (Q > 30) are further subjected to SAMtools (Li et al., 2009) processing and converted into a BAM file; reads falling into a CDSs for at least 80% of their length are identified by invoking BEDTOOLS (Quinlan and Hall, 2010); then, for each CDS portion covered by mapping reads, the analysis pipeline calculate and take into account gene coverage (the total number of reads assigned to a gene), max depth (the maximum number of reads covering a specific genic portion) and the focus index (obtained from the ratio between max depth and coverage). CDS portions showing a focus index higher than 0.8 and a coverage higher than the average coverage observed for all mapping regions in the BAM file are classified as putative domain/epitope. (4) Finally, a list of putative domains is generated in tabular separated format and their relative tracks that can be viewed in the genome browser. Comparison between common and specific domains enriched in different selection experiments can be performed and Venn diagrams are generated. Raw sequencing Data available at Sequence Read Archive under Bioproject Accession number PRJNA506709.



Cloning and Expression of Recombinant Protein

Helicobacter pylori HP0527 ORF corresponding to aa 566–655 was chosen for validation. The phage expressing the selected fragment was recovered from the phagemid library thanks to two back-to-back oligonucleotides mapping to the center of the enriched domain identified by the overlapping reads. ORF coding fragment was then excised from the phagemid vector and cloned into a compatible pGEX-4T1 (GE-Healthcare) vector for the expression of the selected ORF as GST-fusion product. The successful cloning of the specific gene fragment was assessed by sequencing analysis. Positive colonies were grown until OD600 nm = 0.5 and induced by IPTG with a final concentration of 0.2 mM for 16 h at 28°C. The recombinant protein was purified with GST affinity resin (Sigma-Aldrich). Purity and integrity of purified GST-ORF protein domain were checked by SDS-PAGE followed by Coomassie gel staining. Concentration was assessed by densitometry using ImageJ analysis software (Wayne Rasband, NIH, United States1) and calculated based on a standard BSA curve. This analysis was paralleled by measure the OD at 280 nm of the protein preparation. The purified protein was also checked by western blotting with α-GST and α-FLAG antibody.



ELISA Assay

An ELISA assay was set up to validate the antigenicity of the selected HP0527 protein portion. Briefly, 96 plate ELISA wells (Greiner) were coated by an overnight incubation at 4°C with 200 ng/well of recombinant GST-protein diluted in PBS. After washing with PBS, wells were blocked with 200 μl of blocking solution (PBS-0.05% Tween-20-2% milk) through incubation at 37°C for 1 h. Wells were again washed for three times with PBS-0.05% Tween-20 and incubated with sera samples diluted 1:500 in blocking solution, for 2 h at 37°C. After five washes with PBS-0.05% Tween-20 and five washes with PBS, wells were incubated for 1 h at 37°C with a goat α-human IgG HRP conjugated (Sigma-Aldrich) diluted 1:5000 in blocking solution. Wells were washed again, immune-complexes revealed with TMB and the plate read at 450 nm. Samples with absorbance ≥ of the mean OD450 value obtained with healthy control sera plus 2 standard deviations (SD) were considered positive.



Statistical Analysis

ELISA results were analyzed by using GraphPad Prism 8 software and differences between groups evaluated by the Mann–Whitney test; a p-values < 0.05 was considered statistically significant.



RESULTS


Construction of Helicobacter pylori Phage Display ORFs Library

We have developed a pipeline for the identification and validation of novel antigenic proteins in different pathological conditions (D’Angelo et al., 2013; Antony et al., 2019). The approach combines the use of ORF filtering to select folded protein domains, phage display system to select the domain of interest and the power of deep sequencing technology for the identification of enriched clones. This procedure has been shown to be feasible for making and selecting libraries from bacteria whole genomes (D’Angelo et al., 2011; Gourlay et al., 2015) therefore we applied it to identify novel HP antigenic proteins.

Two HP strains were initially selected: the HP 26695, considered the reference strain, and originally isolated in the United Kingdom from a patient suffering from gastritis, and HP B128, isolated in the United States from a patient with a gastric ulcer. By using genomic DNA from both strains, ORF filtered libraries were individually produced. The genomic DNA was extracted and randomly fragmented in the range of 200–800 bp; this length range should provide a broad representation of the whole “domainome” of the bacterium (Kuznetsov et al., 2006). gDNA fragments were end-repaired and cloned into the filtering vector in which only folded ORF fragments can allow transformant E. coli cells to survive under selective pressure. After the filtering procedure the size of the libraries was reduced to 1/50 respect to the non-filtered ones, with a final size being 1.4 × 106 and 1 × 106 colonies for HP 26695 and HP B128, respectively. This selection rate was in keeping with theoretical calculation as well as our previous observations (Zacchi et al., 2003; D’Angelo et al., 2011) suggesting successful ORF filtration. Fragment size variability was assessed by PCR on random clones showing an average length of 150–200 bp. Considering the size of the starting H. pylori genome the libraries provide coverage of around 100-fold. After the filtering step, the ORF DNA fragments were subcloned into a phage display vector to allow their expression as a fusion protein with the g3p protein. The final library size was 1 × 106 clones per each strain.



ORF-Filtered Genomic Libraries Characterization by Deep Sequencing

The phage display libraries were analyzed by deep sequencing. Plasmid DNA was extracted from each library and ORFs were amplified, sequenced and analyzed to determine whether they were representative of the whole ORFeome of the two HP strains. More than 1.4 million and 1 million reads were produced for HP 26695 and HP B128 phage libraries respectively, thus reaching a total genome sequencing depth higher than 76X and 77X for HP 26695 and HP B128. Considering the coverage of the known CDSs of both strains we found that more than 93% of the total CDSs for both HP 26695 and of HP B128 where represented in their respective ORF libraries. When looking at the percentage of nucleotide covered by the reads inside CDSs, this was respectively, 73.5 and 76.8% (Table 1) for HP 26695 and of HP B128. In total we identified 1372 CDS domains represented into the HP 26695 phage library and 1597 CDS domains in the HP B128 phage library. It should be noted that the number of domains detected can be higher than the number of total CDSs in the genome because more than one domain can be found inside a single CDS.


TABLE 1. Sequencing and mapping metrics.
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Comparison of the Two ORF-Filtered Libraries

After the initial characterization, we tried to understand if the libraries obtained from the two HP strains, had a high level of similarity, thus we performed a mapping comparison by aligning the reads obtained from the sequencing of the two genomic ORF-filtered libraries of HP 26695 and of HP B128 against the reference genomic sequence of HP 26695 (accession number NC_000915). After mapping 91.61% of the trimmed reads of HP 26695 library aligned with its own reference genome, at the same time we observed that 89.10% of trimmed reads of HP B128 library aligned with the genome sequence of HP 26695 (Table 1). After this analysis, we concluded that the genetic diversity that separates these two strains does not significantly affect the nature of ORFs/domains sequences filtered out. In the light of these results, we decided to use the HP 26695 as the reference genome and to use its CDSs annotation to functionally read out the results deriving after the selection step performed with sera from patients. At this point to understand if the common ORFs/domains, represented inside the two genomic phage libraries could have the same features, in terms of the portions of the CDS filtered out, we compared their amino acidic sequences by blasting all the HP 26695 protein domains against all the HP B128 protein domains using BLASTX (search protein databases using a translated nucleotide query). The blasting step was performed by imposing the following parameters: amino acidic sequence identity >30% and length overlapping >50%. Among the 1268 common domains 98.82% have an amino acid sequence identity higher than 30%. Thus, the overlapping between the two genomic ORF filtering libraries was confirmed also from a functional point of view.



Selection of Phage ORFs Library With HP Patient’s Sera

Based on the previous results we decided to pool the two ORFs library and use them as a single reagent in order to maximize the diversity of functional domains displayed on phage.

We focused on three different HP related diseases: GC, AIG, and MALT lymphoma. For each of these diseases we prepared a pool of sera, using affinity-purified Igs, to be used for the selection of the library: pool A, was made by six patients who developed GC (Selection A); Pool B, from four patients who developed AIG (Selection B) and Pool C from three patients who developed MALT lymphoma (Selection C). Finally, as control we also prepared a pool from healthy donors that were HP positive (Control Selection). The pooling of sera was applied as it was previously shown (D’Angelo et al., 2013) to be successful in reducing the inter-individual variability of antibody titer.

Each of the four pools of sera was independently used as a bait to select the pooled ORF phage display library. Before each round of selection, to reduce unspecific binding, a clearing selection step was introduced by incubating phages with magnetic beads pre-coated with a recombinant construct carrying the Fc portion of human IgG. Two consecutive cycles of selection and amplification were performed, increasing stringency of washing and binding conditions in the second cycle.



Selected Libraries Characterization by Deep Sequencing

After the second cycle of selection DNA coding for ORF fragments was amplified and sequenced. In total, more than nine million paired-end reads were produced by sequencing the four different selections. We generated 2,169,178 reads for the Control-Selection library (healthy controls), 815,891 reads for the Selection A (GC-sera), 3,737,010 reads for Selection B (AIG-sera) and 1,633,626 reads for Selection C (MALT-sera). After the alignment step it resulted that from 72 up to 81% of the reads were mapped against the reference genome (Table 1). When analyzing the CDSs present in the selected libraries we counted only the ones being represented by a minimum of ten reads, the total number of HP CDSs represented in the four selection libraries was 1225, 1130, 1331, 1263, respectively (Table 1). Interestingly the number of CDS detected after the selection was comparable with that presented in the starting library nevertheless the portion of CDSs covered by the selected sequences decreased to 48.44% (Control Selection), 61.86% (Selection A), 52.01% (Selection B) and 44.97% (Selection C) (Table 1). The reduction of the ORF library coverage after selection with sera is clearly represented by the Preseq plot in Figure 1 that shows a progressive reduction of the complexity curve from the genomic phage library that shows the maximum variability up to the Healthy Control phage library that has the lowest complexity. This result suggests that enrichment of specific portions of CDSs/Domains likely occurred after selection with the patient’s sera.
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FIGURE 1. Estimation of Library complexity. Plotted values generated by Preseq showing estimated number of distinct reads for the Genomic Phage Library and for Phage Selections with mean values for ≤10 million reads. The estimates were used to examine and optimize the sequencing depth, and to avoid low complexity samples. The dashed line shows a perfectly complex library where total reads = unique reads.




Ranking of Enriched Domains/Epitopes

The identified domains in the four libraries were ranked according to three consecutive steps of analysis. Initially, we counted the putative epitopes that were enriched and identified in the Control Selection (Healthy Control-sera) and in the Selection A (GC-sera), Selection B (AIG-sera), and Selection C (MALT-sera) these being 535, 627, 780, and 652, respectively (Figure 2A) (the list of all the annotated domains is reported in Supplementary Table 1 and the complete nucleotide and amino acids sequences is reported in the Supplementary File). Among the top proteins the more recurrent in all the three selections with sera from patients (Sel A, Sel B, Sel C) and in the selection with the sera from healthy controls, worth of note are: HP0527 cag pathogenicity island protein Cag7 (CagY), HP0459 protein VirB4 and HP1341 siderophore-mediated iron transport protein TonB. Among these top represented and positively recognized proteins the only one that is specifically listed only in the patients’ sera selections (Sel A, Sel B, Sel C) is HP0527 cag pathogenicity island protein Cag7 (CagY), as a matter of fact, both HP0459 protein VirB4 and HP1341 siderophore-mediated iron transport protein TonB are recognized and listed also among the top recurrent dominant proteins in the selection with the sera from HP positive Healthy Controls.
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FIGURE 2. Overview of putative domains detected, enriched and specific for selections. (A) The bar group on the left shows the total amount of Putative domains that are detected for HP 26695 ORF-filtering library (Non-selected Library), and the selections with the antibodies from healthy control subjects (Control Selection) and from patients with the three pathological outcomes (Selection A-Gastric Cancer, Selection B-Autoimmune Gastritis, and Selection C-MALT lymphoma); the bar group in the middle shows the total number of domains resulting as enriched in the four selections compared to the Genomic HP 26695 ORF-filtering library; the bar group on the right side of the graph shows the numbers of domains detected in the Selection A, B, and C outputs after the exclusion of those domains in common with the Control Selection. (B) Venn diagram of specific and common putative antigens. Domains enriched in the Selection A, B, and C are indicated in green, blue, and pink, respectively.


As a second step, we looked at the domains/epitopes resulting as differentially enriched (Q-value (<0.05 and Focus (>0.8) in the selected phage libraries respect to the ORF-filtering genomic phage library; these were 115, 125, 183, and 117, respectively for the Healthy Control, Selection A, Selection B, and Selection C. As a third step among these domains we filtered out a sub-list of domains/epitopes specifically enriched only in the pathological outcomes and absent in the Healthy Control Selection. This step was aimed to reduce poly-reactive domains and consists of a subtractive comparison between the domains lists of the three pathological selections and the list of the Healthy Control Selection (Figure 2A).

Finally, we analyzed the overlap within the lists of domains/epitopes specifically enriched only in the Selection A, Selection B, and Selection C; as shown in Figure 2B in the Venn diagram most of the enriched domains, found after selections against sera (in total 138), are specific for the three pathological outcomes: Selection A (n = 25), Selection B (n = 85), and Selection C (n = 28), while only 45 enriched domains are common to two or to all the selections. In Supplementary Table 2 the complete list of the domains/epitopes specifically enriched in the selections is reported.



Identification, Expression and Purification of a CagY/Cag7 Domain as Putative Antigenic Clone

As previously elucidated, it is very important to find novel biomarkers that can provide a “disease signature” for different pathological outcomes, or biomarkers associated to HP infection progression. Among the sub-lists of domains/epitopes specific for GC, AIG, MALT lymphoma, and absent in the HP + healthy controls we selected the top list ones, having the highest Fold Change values (see Supplementary Table 2) as putative candidate targets for production as recombinant protein and validation with ELISA assay. One of the most interesting domain enriched after sera selections was belonging to the gene HP0527, also named CagY/Cag7. The genomic library contains a large number of fragments mapping at the C terminal that were not specifically enriched after selection with sera. Interestingly after selection with sera of MALT lymphoma patients a domain mapping in their middle repeat region (MRR) was specifically enriched, mapping of the reads on the reference gene is shown in Figure 3A. HP0527 encodes for a large protein of 1927 amino acids described as one of the main components of H. pylori cag T4SS-associated pilum and proposed to be able to act as a sort of molecular switch that modifies the host pro-inflammatory responses by modulating the T4SS function and tuning CagA injection (Barrozo et al., 2013, 2016). To validate the antigenicity of this specific CagY domain, we recovered from the selected library the corresponding ORFs, thanks to two back-to-back oligonucleotides mapping to the center of the enriched domain. Several fragments of CagY protein were initially recovered from the library and finally the ORF portion corresponding to aa 566–655 of the CagY protein was chosen for subsequent validation. The selected ORF fragment was cloned in a vector allowing the production of a GST-ORF-FLAG recombinant protein. After purification by affinity chromatography the protein was checked by SDS-PAGE followed by Coomassie staining and showed more than 95% of purity (Figure 3B), Western blotting with both α-GST and α-FLAG antibodies (Figure 3C) confirmed the presence of full-length protein with very little degradation.
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FIGURE 3. Characterization of selected CagY ORF. (A) Mapping of the reads for CagY on the reference gene sequence HP0527, before and after selection with patients’ sera and schematic representation of the CagY gene structure showing the alignment of the validated ORF on the CagY MRR domain. (B) Representative Coomassie gel staining of recombinant GST-CagY ORF-FLAG protein after purification on glutathione-coupled agarose resin, showing the absence of contaminants or degradation. BSA was used as a standard for protein quantification and a curve from 125 ng to 1.25 μg was run. (C) Representative western blotting of the purified GST-CagY ORF-FLAG protein with α-GST and α-FLAG antibodies, showing the integrity of the protein preparation.




Validation of CagY/Cag7 Protein Immunoreactivity by ELISA

The recombinant purified protein was used as a capture antigen in an indirect ELISA. After preliminary set-up experiments at different antigen coating concentrations and sera dilutions, we established appropriate assay conditions. Finally, we performed a large-scale assay using all the recruited sera; the antigen was tested against a set of 96 serum samples obtained from different patients. Sera were collected from patients with GC (n (=29 sera), AIG (n = 10 sera), and MALT lymphoma (n = 6 sera). Fifty-one sera from healthy subjects both HP positive and negative were collected and used as controls. It should be noted that the number of patients affected by AIG and MALT lymphoma, that was possible to recruit, is much less than the number of patients affected by GC because these two pathologies are rare diseases. ELISA reactivity toward the purified CagY antigen was different among the tested groups (Supplementary Table 3). Cut off values for positivity was calculated using sera from healthy subjects that were showing globally a very low signal toward the antigen (mean OD = 0.142) and this reactivity was independent of the seropositivity for H. pylori infection (Supplementary Table 3). On the contrary, the specificity of the test was higher than 96% indicating that the protein domain tested is specific for infection progression toward pathological outcomes and not simply related to HP infection. Patients’ sera showed anti-CagY positive reaction, sensitivity was 31% of GC patients (9 over 29 sera), 30% of AIG patients (3 over 10 sera) and 83.3% for MALT Lymphoma patients (5 over 6 sera) (Figure 4). Comparison between sample groups showed a statistically significant difference in immunoreactivity of MALT lymphoma patients’ sera compared with control donors (p < 0.001, Mann–Whitney U test).
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FIGURE 4. Validation of antigenicity of protein CagY by ELISA. Scatter plot showing the distribution of ELISA signal on CagY protein fragment. Antigen was challenged with a 1:500 dilution of sera from different groups of patients: HP positive and negative Healthy patients (51), from patients with Gastric Cancer (29 sera), Autoimmune Gastritis (10 sera), and MALT lymphoma (6 sera). Dotted line indicates cut-off level. Mann–Whitney U test was used to calculate differences between groups and a p-value < 0.05 was considered significant.




DISCUSSION

The mechanisms of GC induced by H. pylori are not fully understood. It is accepted that during the infection a complex and dynamic interaction between the bacterium and the host is established, in which the development of the disease is a result of both infecting H. pylori strain virulence and host immune set up. Accordingly, the identification and characterization of H. pylori proteins or protein domains able to evoke an immune response could be of great help to enhance understanding of how bacterium and host interact one with each other. The pathogen-specific humoral immune response is an important and informative host element that can potentially help to perform early and/or differential diagnosis allowing discrimination among disease severity.

In the last years many attempts to identify novel biomarkers for GC early diagnosis have been made and several studies have been published reporting the evaluation of antibody titer against different H. pylori antigens in different outcomes of infection In the majority of cases these antigens have been chosen based on previous evidence of their pathological role in H. pylori infection. Only a few studies reported an approach based on the use of the entire protein repertoire of the bacterium. In the most convincing study authors used immunoproteomic approaches and some H. pylori antigens were identified (Haas et al., 2002; Mini et al., 2006). Although this approach is unbiased it presents some drawbacks linked to the relatively high abundance of the antigen required by the assay and by the use of antigens in non-native conformations. Meinke et al. (2009) reported the use of a more comprehensive approach based on the bacterial display expression of H. pylori protein repertoire, and tried to define the antigenome profile of two H. pylori strains, recognized by patients with GC and duodenal ulcer. Although unbiased this approach has an important limit in the number of selected clones that can be analyzed by Sanger sequencing. Over the last years we have developed a high-throughput platform for the identification of novel biomarkers that takes advantage of next generation sequencing technology, which enormously increases the potentiality of the analysis. Our approach is based on the use of an innovative phage display system that using the ß-lactamase gene as an ORF and folding reporter allows to improve the functionality and the representativity of the proteins library fragments displayed on the surface of the phage. The platform has been validated in different contexts showing to be functional and useful for the identification of novel antigens in different pathological conditions and for the study of bacterial genomic DNA for advanced annotation (D’Angelo et al., 2011, 2013; Gourlay et al., 2015; Antony et al., 2019). Furthermore, in the context of bacterial-host interaction, further to be representative of the whole bacterial genomic DNA, our method allows also a representation of the complete ORFeome of a bacterium at the protein level, thus being a useful tool for the identification of novel biomarkers of the infection and/or of specific clinical outcomes. DNA typing has demonstrated that H. pylori strains are extremely different due to a high rate of mutation or recombination of their genome. This variability reflects strain virulence and may be paralleled by differences in protein expression or function (Owen, 1995). In order to obtain an antigenic repertoire of the bacterium as wider as possible, we used two H. pylori strains that were clinically isolated and whose genome sequences are completely available and fully annotated. Sequencing analysis of the phage libraries obtained showed that they were representative of the entire ORFeome of the bacterium, covering about 90% of the genome, thus the two phage libraries obtained were considered representative of the whole antigenic repertoire of H. pylori. Moreover, comparison of the two libraries both at the DNA and protein level showed that the nature of ORFs/domains present into both of them was extremely similar (Table 1) confirming the possibility of using them as a single reagent with no risk of introducing bias. After selection with patients’ sera antibodies the diversity of the libraries was significantly reduced, thus indicating that non-antigenic ORFs were lost during panning procedure and only potentially antigenic domains were selected. No bias toward one of the two HP strains was observed in the reads present in the selected libraries, indicating that the ORF repertoire of the two strains was equally represented on the phage particles.

Among the most enriched antigens recovered after selection we focused our attention on a domain of HP0527/CagY gene. This is an important component of the T4SS of the bacterium, and different reports have demonstrated that its presence is essential for H. pylori to induce cellular motility, adherence to target cell via α5β1 integrin binding, as well as CagA translocation and IL-8 induction (Rohde et al., 2003; Al-Ghoul et al., 2004; Koelblen et al., 2017). CagY is a surface-exposed protein of approximately 220 kDa protruding from the inner to the outer bacterial membrane (Kutter et al., 2008; Backert et al., 2015, 2016). The protein contains an unusual sequence structure with a high degree of variability given by the presence of two regions characterized by tandem repeats: a small 5′ repeat region (FRR) and a large MRR (Aras et al., 2003). Interestingly after selection, several clones, not perfectly identically mapping on the same region were recovered. The portion of the CagY selected corresponded to the N terminal part of the MRR region of the protein. These results indicate that the selection was done by virtue of a real antigenicity of the identified domain. The finding of antibodies against the MRR region of CagY is of particular interest since it has been demonstrated that this region controls the conformation of the full-length protein and, by modifying its integrin binding ability, is able to modulate T4SS function (Skoog et al., 2018); this mechanism is involved in the persistence of H. pylori infection. In-frame recombination events within the MRR repeats yield different CagY variants present in different bacterial strains. Moreover, recombination can also occur during infection, both in vitro and in vivo conferring to the bacteria both gain and loss of function. This finding led to the suggestion that this phenomenon is functional to immune evasion of the bacterium (Aras et al., 2003). However, the observation that CagY recombination occurs in vivo leading to the production of proteins with different size, both functional and non-functional, suggests that the bacterium could take advantage of inflammation at least in some situations. Recently Barrozo et al. (2013, 2016) demonstrated that CagY antigenic variation is not linked to the function of escaping the host immune response but rather to modulate it. Using both mouse and non-primate models they confirmed that CagY recombination is dependent to the host immune system pressure and showed that during infection it can both abrogate or restore the T4SS function. The authors propose that CagY works as a molecular switchable to “tune” the host immune response establishing the optimal inflammatory conditions to maximize the bacterium fitness. These findings highlight the hypothesis that CagY protein might be visible by the immune system at least in some phases of the infection and an immune response to it might be present in the host. Coherently the antigenicity of CagY has been demonstrated in rat and in mice were a Lactococcus lactis expressing the carbossi-terminal 383 amino acids has shown to induce immunity against CagY both at the mucosal and systemic levels (Kim et al., 2009). However so far a serum immune response to CagY has not been found in humans. Here, thanks to the use of an innovative approach we demonstrated that antibodies against CagY are present in the sera of individuals infected by H. pylori who have developed GC, AIG, and MALT lymphoma, thus relating immune response to CagY to HP infection progression toward pathological outcomes and in particular toward MALT lymphoma, as shown in Figure 4. Further investigations are needed, and larger sample size should be assayed in a more perspective way, to evaluate the feasibility of screening CagY antibodies as a potential biomarker in the diagnosis of H. pylori associated malignancies development.

To further investigate if the proteins’ domains significantly enriched with a log2 fold change higher that 1.5 and listed in Supplementary Table 2 have been already outlined as reactive antigens in previous literature we have overlapped these lists with the HP antigens list published by Meinke et al. (2009). The authors in this work have described the ANTIGENome of two clinical isolates of H. pylori derived from patients with GC and duodenal ulcer. By using 72 sera from patients with gastric adenocarcinoma and 324 HP positive controls, they identified 124 annotated HP genes and 54 non-annotated peptides as antigens. The 19 proteins that overlap between our list and the list published by Meinke et al. (2009) have been evidenced in yellow in Supplementary Table 2, worth of note is again CagY (Cag7) that in the list published by Meinke is the protein having the highest number of hits, even higher that the number of hits associated to CagA and VacA.

Among the proteins listed in Supplementary Table 2 we have focused our attention also on some other relevant hits that, in the light of previous literature, we have further discussed (these proteins are evidenced in bold in Supplementary Table 2). Among the proteins listed as uniquely recognized by sera from patients with GC (Selection A) and AIG (Selection B) we found the flagellar hook-associated protein FlgL (HP0295) and the flagellar basal body protein FliL (HP0809). It is known that H. pylori flagella may influence the colonization, inflammation, and immune evasion (Gu, 2017), in particular the hook junction protein FlgK and FlgL prevent the protein proteolysis when the flagellum is not assembled, while the gene coding for FliL is needed for swimming in pathogenic species of H. pylori. Finding antibodies selectively recognizing these proteins in the sera from infected patients can be considered relevant and promising for future validations. Another structural protein of the H. pylori flagellum that we find specifically enriched using sera of patients with AIG (Selection B) is the flagellar sheath adhesin HpaA (HP0797). This antigen is of particular interest since it has been demonstrated that is among the flagellar components expressed by H. pylori strains isolated from patients with stomach disease (Gu, 2017) and that it is a target of humoral immunity (Tang et al., 2008). In particular Tang and collaborators tested the positive rate of IgG antibodies against HpaA in the sera from 151 H. pylori-infected patients with chronic gastritis, peptic ulcer or gastric adenocarcinoma and found a target antigen positive/negative rate of 100% and a target antibody positive/negative rate of 87.4%. Thus, our finding of specific recognition of an HpaA protein domain by sera of patients with AIG can be considered relevant and promising for future validation of this antigen as a putative new biomarker also for this pathological outcome. We then found both in the list of proteins recognized by sera from patients with AIG (Selection B) and with MALT lymphoma (Selection C) some relevant outer membrane proteins (Voss et al., 2014) the iron-regulated outer membrane protein FrpB (HP0916–HP1512) and the iron(III) dicitrate transport protein FecA (HP1400). H. pylori needs iron in order to survive and in the human host there are several iron sources such as Transferrin (Tf), Lactoferrin (Lf), Hemoglobin (Hb), or haem. To obtain iron this pathogen has developed a mechanism consisting on expressing outer membrane proteins that bind Hb or haem (Braun and Hantke, 2011). Those proteins bind the iron source directly and several proteins have been investigated, for instance, FrpB is a protein family composed of three proteins: FrpB1, FrpB2, and FrpB3 (Dhaenens et al., 1997; Alm et al., 2000). H. pylori in particular is a human pathogen that requires a high concentration of iron because it has been reported that it can cause anemia when it is infecting humans (Beckett et al., 2016; Flores et al., 2017). This can explain why H. pylori has several genes, which express many proteins involved in iron acquisition such as FrpB1, FrpB2 or FrpB3, and FecA.

Both AIG and MALT lymphoma are known to be associated with anemia (Kulnigg-Dabsch, 2016; Pabona et al., 2016). AIG is also called pernicious anemia because one of the earliest symptoms of the disease is iron-deficiency anemia (IDA) which develops as a consequence of achlorhydria from oxyntic atrophy. During AIG the chronic inflammatory process causes, in the corpus and fundus of the stomach, a massive destruction of parietal cells, and this in turn determines a reduction of secretion of gastric acid required for the absorption of inorganic iron (Kulnigg-Dabsch, 2016) thus causing iron deficiency. H. pylori expresses FrpB1, FrpB2, and FrpB3 proteins to scavenge iron and they are regulated according to availability of iron source, in patients with AIG the iron is available in the stomach but it is not absorbed by the host, so it can be scavenged by H. pylori. Thus in the light of this work we think that our finding related to an antibody response against FrpB proteins in patients with AIG can be considered an important starting point for future validation of this protein also with sera from patients with AIG. At the same time we found enriched FrpB protein also in selection made with sera from patients with MALT lymphoma that is known to be associated with anemia as well. The mechanism in MALT lymphoma can be the same described for AIG, linking FrpB proteins expression to iron availability in the stomach of these patients.

A relevant increase was also found for the virulence-associated protein VapD (HP0967) by sera of patients with AIG (selection B). In a recent paper by Morales-Espinosa et al. (2020) high level of expression of virulence-associated protein D (VapD) of H. pylori were outlined inside adenocarcinoma gastric (AGS) cells and in gastric biopsies from patients suffering from different HP-related diseases. They observed that VapD is only expressed in the bacterium as a consequence of its interaction with the host cells, suggesting that it might contribute to H. pylori persistence inside the gastric epithelial cells, being involved in the protection of the bacterium from the intracellular environment and in its growth rate reduction, as well as enabling long-term infection and treatment resistance. However in their work Morales-Espinosa et al. (2020) Did not test the reactivity of patients sera against VapD protein, they analyzed VapD expression in AGS cells in in vitro time course experiments and they tested the expression level of VapD by RT qPCR in 82 gastric biopsies from patients outlying high expression levels of this gene/protein in vivo in particular in association with follicular gastritis. Thus, in the light of this work we think that our finding related to an antibody response against VapD in patients can be considered promising for future validations. Finally we found both in the list of proteins recognized by sera from patients with AIG (Selection B) and with MALT lymphoma (Selection C) the two homologs of the virulence factor CagE (Cag23), also annotated as protein VirB4 (HP0459–HP0544) (Shariq et al., 2015). This virulence factor has been previously found associated with HP-induced duodenal ulceration in children and enhanced production of IL8 that can impact the pathological outcome (Day et al., 2000), thus we think our finding of a specific antibody response against CagE in AIG and MALT can be considered again relevant an worth of future validations.



DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in the Sequence Read Archive Bioproject, Accession Number PRJNA506709.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Careggi Hospital in Florence in collaboration with the Department of Experimental and Clinical Medicine of the University of Florence; Ethical committee protocol number 14936_bio. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

MS and GC performed the experiments and wrote the manuscript. SP performed the data analysis and wrote the manuscript. PE, MD’E, and CS participated to the experimental design and revised the manuscript. FC and AT collected samples and data from patients and contributed to the revision of the manuscript. DS and CP designed the experiments, wrote the manuscript, and supervised the research. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by Grants from the Italian Ministry of University and Research (2010P3S8BR_002 to CP).


SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.01551/full#supplementary-material

TABLE S1 | List of all the domains/epitopes represented in the phage libraries obtained after selection against sera.

TABLE S2 | List of the Differentially enriched domains/epitopes after selections with sera.

TABLE S3 | List of the sera samples used for CagY domain validation and ELISA reactivity values toward the purified CagY antigen.


FOOTNOTES

1
https://imagej.nih.gov/ij/

REFERENCES

Aebischer, T., Bumann, D., Epple, H. J., Metzger, W., Schneider, T., Cherepnev, G., et al. (2008). Correlation of T cell response and bacterial clearance in human volunteers challenged with Helicobacter pylori revealed by randomised controlled vaccination with Ty21a-based Salmonella vaccines. Gut 57, 1065–1072. doi: 10.1136/gut.2007.145839

Al-Ghoul, L., Wessler, S., Hundertmark, T., Krüger, S., Fischer, W., Wunder, C., et al. (2004). Analysis of the type IV secretion system-dependent cell motility of Helicobacter pylori-infected epithelial cells. Biochem. Biophys. Res. Commun. 322, 860–866. doi: 10.1016/j.bbrc.2004.07.199

Alm, R. A., Bina, J., Andrews, B. M., Doig, P., Hancock, R. E. W., and Trust, T. J. (2000). Comparative genomics of Helicobacter pylori: analysis of the outer membrane protein families. Infect. Immun. 68, 4155–4168. doi: 10.1128/IAI.68.7.4155-4168.2000

Alm, R. A., Ling, L. S. L., Moir, D. T., King, B. L., Brown, E. D., Doig, P. C., et al. (1999). Genomic-sequence comparison of two unrelated isolates of the human gastric pathogen Helicobacter pylori. Nature 397, 176–180. doi: 10.1038/16495

Antony, F., Deantonio, C., Cotella, D., Soluri, M. F., Tarasiuk, O., Raspagliesi, F., et al. (2019). High-throughput assessment of the antibody profile in ovarian cancer ascitic fluids. Oncoimmunology 8:e1614856. doi: 10.1080/2162402X.2019.1614856

Aras, R. A., Fischer, W., Perez-Perez, G. I., Crosatti, M. L., Ando, T., Haas, R., et al. (2003). Plasticity of Repetitive DNA sequences within a bacterial (Type IV) secretion system component. J. Exp. Med. 198, 1349–1360. doi: 10.1084/jem.20030381

Backert, S., Neddermann, M., Maubach, G., and Naumann, M. (2016). Pathogenesis of Helicobacter pylori infection. Helicobacter 21, 19–25. doi: 10.1111/hel.12335

Backert, S., Tegtmeyer, N., and Fischer, W. (2015). Composition, structure and function of the Helicobacter pylori cag pathogenicity island encoded type IV secretion system. Future Microbiol. 10, 955–965. doi: 10.2217/fmb.15.32

Barrozo, R. M., Cooke, C. L., Hansen, L. M., Lam, A. M., Gaddy, J. A., Johnson, E. M., et al. (2013). Functional plasticity in the Type IV secretion system of Helicobacter pylori. PLoS Pathog. 9:e1003189. doi: 10.1371/journal.ppat.1003189

Barrozo, R. M., Hansen, L. M., Lam, A. M., Skoog, E. C., Martin, M. E., Cai, L. P., et al. (2016). CagY Is an immune-sensitive regulator of the Helicobacter pylori Type IV secretion system. Gastroenterology 151, 1164–1175.e3. doi: 10.1053/j.gastro.2016.08.014

Beckett, A. C., Piazuelo, M. B., Noto, J. M., Peek, R. M., Washington, M. K., Algood, H. M. S., et al. (2016). Dietary composition influences incidence of Helicobacter pylori-induced iron deficiency anemia and gastric ulceration. Infect. Immun. 84, 3338–3349. doi: 10.1128/IAI.00479-16

Björkholm, B., Zhukhovitsky, V., Löfman, C., Hultén, K., Enroth, H., Block, M., et al. (2000). Helicobacter pylori entry into human gastric epithelial cells: a potential determinant of virulence, persistence, and treatment failures. Helicobacter 5, 148–154. doi: 10.1046/j.1523-5378.2000.00023.x

Blaser, M. J., Perez-Perez, G. I., Kleanthous, H., Cover, T. L., Peek, R. M., Chyou, P. H., et al. (1995). Infection with Helicobacter pylori strains possessing caga is associated with an increased risk of developing adenocarcinoma of the stomach. Cancer Res. 55, 2111–2115.

Boneca, I. G., de Reuse, H., Epinat, J. C., Pupin, M., Labigne, A., and Moszer, I. (2003). A revised annotation and comparative analysis of Helicobacter pylori genomes. Nucleic Acids Res. 31, 1704–1714. doi: 10.1093/nar/gkg250

Braun, V., and Hantke, K. (2011). Recent insights into iron import by bacteria. Curr. Opin. Chem. Biol. 15, 328–334. doi: 10.1016/j.cbpa.2011.01.005

Dal Ferro, M., Rizzo, S., Rizzo, E., Marano, F., Luisi, I., Tarasiuk, O., et al. (2019). Phage display technology for human monoclonal antibodies. Methods Mol. Biol. 1904, 319–338. doi: 10.1007/978-1-4939-8958-4_15

D’Angelo, S., Mignone, F., Deantonio, C., Di Niro, R., Bordoni, R., Marzari, R., et al. (2013). Profiling celiac disease antibody repertoire. Clin. Immunol. 148, 99–109. doi: 10.1016/j.clim.2013.04.009

D’Angelo, S., Velappan, N., Mignone, F., Santoro, C., Sblattero, D., Kiss, C., et al. (2011). Filtering “genic” open reading frames from genomic DNA samples for advanced annotation. BMC Genomics 12(Suppl. 1):S5. doi: 10.1186/1471-2164-12-S1-S5

Day, A. S., Jones, N. L., Lynett, J. T., Jennings, H. A., Fallone, C. A., Beech, R., et al. (2000). cagE is a virulence factor associated with Helicobacter pylori –induced duodenal ulceration in children. J. Infect. Dis. 181, 1370–1375. doi: 10.1086/315394

D’elios, M. M., Bergman, M. P., Azzurri, A., Amedei, A., Benagiano, M., De Pont, J. J., et al. (2001). H+, K+-ATPase (proton pump) is the target autoantigen of Th1-type cytotoxic T cells in autoimmune gastritis. Gastroenterology 120, 377–386. doi: 10.1053/gast.2001.21187

Dhaenens, L., Szczebara, F., and Husson, M. O. (1997). Identification, characterization, and immunogenicity of the lactoferrin- binding protein from Helicobacter pylori. Infect. Immun. 65, 514–518. doi: 10.1128/iai.65.2.514-518.1997

Di Niro, R., D’Angelo, S., Secco, P., Marzari, R., Santoro, C., and Sblattero, D. (2009). Profiling the autoantibody repertoire by screening phage-displayed human cDNA libraries. Methods Mol. Biol. 570, 353–369. doi: 10.1007/978-1-60327-394-7_20

Di Niro, R., Ferrara, F., Not, T., Bradbury, A. R. M., Chirdo, F., Marzari, R., et al. (2005). Characterizing monoclonal antibody epitopes by filtered gene fragment phage display. Biochem. J. 388(Pt 3), 889–894. doi: 10.1042/BJ20041983

Dixon, M. F., Genta, R. M., Yardley, J. H., and Correa, P. (1996). Classification and grading of gastritis. The updated Sydney system. International workshop on the histopathology of Gastritis, Houston 1994. Am. J. Surg. Pathol. 20, 1161–1181. doi: 10.1097/00000478-199610000-00001

El-Omar, E. M., Carrington, M., Chow, W. H., McColl, K. E. L., Bream, J. H., Young, H. A., et al. (2000). Interleukin-1 polymorphisms associated with increased risk of gastric cancer. Nature 404, 398–402. doi: 10.1038/35006081

Flores, S. E., Aitchison, A., Day, A. S., and Keenan, J. I. (2017). Helicobacter pylori infection perturbs iron homeostasis in gastric epithelial cells. PLoS One 12:e0184026. doi: 10.1371/journal.pone.0184026

Goh, K. L., Chan, W. K., Shiota, S., and Yamaoka, Y. (2011). Epidemiology of Helicobacter pylori infection and public health implications. Helicobacter 16 Suppl. 1(LABEL:GrindEQ__0_A201_):1–9. doi: 10.1111/j.1523-5378.2011.00874.x

Gourlay, L. J., Peano, C., Deantonio, C., Perletti, L., Pietrelli, A., Villa, R., et al. (2015). Selecting soluble/foldable protein domains through single-gene or genomic ORF filtering: structure of the head domain of Burkholderia pseudomallei antigen BPSL2063. Acta Crystallogr. Sect. D Biol. Crystallogr. 71(Pt 11), 2227–2235. doi: 10.1107/S1399004715015680

Gu, H. (2017). Role of flagella in the pathogenesis of Helicobacter pylori. Curr. Microbiol. 74, 863–869. doi: 10.1007/s00284-017-1256-4

Haas, G., Karaali, G., Ebermayer, K., Metzger, W. G., Lamer, S., Zimny-Arndt, U., et al. (2002). Immunoproteomics of Helicobacter pylori infection and relation to gastric disease. Proteomics 2, 313–324. doi: 10.1002/1615-9861(200203)2:3<313::AID-ROT313<3.0.CO;2-7

Hooi, J. K. Y., Lai, W. Y., Ng, W. K., Suen, M. M. Y., Underwood, F. E., Tanyingoh, D., et al. (2017). Global prevalence of Helicobacter pylori Infection: systematic review and meta-analysis. Gastroenterology 153, 420–429. doi: 10.1053/j.gastro.2017.04.022

Hu, Y., Zhu, Y., and Lu, N. H. (2017). Novel and effective therapeutic regimens for helicobacter pylori in an era of increasing antibiotic resistance. Front. Cell. Infect. Microbiol. 7:168. doi: 10.3389/fcimb.2017.00168

Ikuse, T., Blanchard, T. G., and Czinn, S. J. (2019). Inflammation, immunity, and vaccine development for the gastric pathogen helicobacter pylori. Curr. Top. Microbiol. Immunol. 421, 1–19. doi: 10.1007/978-3-030-15138-6_1

Israel, D. A., Salama, N., Arnold, C. N., Moss, S. F., Ando, T., Wirth, H. P., et al. (2001). Helicobacter pylori strain-specific differences in genetic content, identified by microarray influence host inflammatory responses. J. Clin. Invest. 107, 611–620. doi: 10.1172/JCI11450

Kim, S. J., Lee, J. Y., Jun, D. Y., Song, J. Y., Lee, W. K., Cho, M. J., et al. (2009). Oral administration of Lactococcus lactis expressing Helicobacter pylori Cag7-ct383 protein induces systemic anti-Cag7 immune response in mice. FEMS Immunol. Med. Microbiol. 57, 257–268. doi: 10.1111/j.1574-695X.2009.00605.x

Koelblen, T., Bergé, C., Cherrier, M. V., Brillet, K., Jimenez-Soto, L., Ballut, L., et al. (2017). Molecular dissection of protein–protein interactions between integrin α5β1 and the Helicobacter pylori Cag type IV secretion system. FEBS J. 284, 4143–4157. doi: 10.1111/febs.14299

Kuipers, E. J., Pérez-pérez, G. I., Meuwissen, S. G. M., and Blaser, M. J. (1995). Helicobacter pylori and atrophic gastritis: importance of the cagA status. J. Natl. Cancer Inst. 87, 1777–1780. doi: 10.1093/jnci/87.23.1777

Kulnigg-Dabsch, S. (2016). Autoimmune gastritis. Wien. Med. Wochenschr. 166, 424–430. doi: 10.1007/s10354-016-0515-5

Kutter, S., Buhrdorf, R., Haas, J., Schneider-Brachert, W., Haas, R., and Fischer, W. (2008). Protein subassemblies of the Helicobacter pylori cag type IV secretion system revealed by localization and interaction studies. J. Bacteriol. 190, 2161–2171. doi: 10.1128/JB.01341-07

Kuznetsov, V. A., Pickalov, V. V., and Kanapin, A. A. (2006). “Proteome complexity measures based on counting of domain-to-protein links for replicative and non-replicative domains,” in Bioinformatics of Genome Regulation and Structure II, eds N. Kolchanov, R. Hofestaedt, and L. Milanesi (Boston, MA: Springer). doi: 10.1007/0-387-29455-4_32

Lam, K. W. K., and Lo, S. C. L. (2008). Discovery of diagnostic serum biomarkers of gastric cancer using proteomics. Proteomics Clin. Appl. 2, 219–228. doi: 10.1002/prca.200780015

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., et al. (2009). The sequence alignment/Map format and SAMtools. Bioinformatics 25, 2078–2079. doi: 10.1093/bioinformatics/btp352

Madden, T. (2013). The BLAST Sequence Analysis Tool. Available online at: http://www.ncbi.nlm.nih.gov/books/NBK153387/ (accessed April 18, 2016).

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet.J. 17, 10–12. doi: 10.14806/ej.17.1.200

Massironi, S., Zilli, A., Elvevi, A., and Invernizzi, P. (2019). The changing face of chronic autoimmune atrophic gastritis: an updated comprehensive perspective. Autoimmun. Rev. 18, 215–222. doi: 10.1016/j.autrev.2018.08.011

McClain, M. S., Shaffer, C. L., Israel, D. A., Peek, R. M., and Cover, T. L. (2009). Genome sequence analysis of Helicobacter pylori strains associated with gastric ulceration and gastric cancer. BMC Genomics 10:3. doi: 10.1186/1471-2164-10-3

Megraud, F., Coenen, S., Versporten, A., Kist, M., Lopez-Brea, M., Hirschl, A. M., et al. (2013). Helicobacter pylori resistance to antibiotics in Europe and its relationship to antibiotic consumption. Gut 62, 34–42. doi: 10.1136/gutjnl-2012-302254

Meinke, A., Storm, M., Henics, T., Gelbmann, D., Prustomersky, S., Kovács, Z., et al. (2009). Composition of the ANTIGENome of Helicobacter pylori defined by human serum antibodies. Vaccine 27, 3251–3259. doi: 10.1016/j.vaccine.2009.01.066

Mini, R., Bernardini, G., Salzano, A. M., Renzone, G., Scaloni, A., Figura, N., et al. (2006). Comparative proteomics and immunoproteomics of Helicobacter pylori related to different gastric pathologies. J. Chromatogr. B 833, 63–79. doi: 10.1016/j.jchromb.2005.12.052

Morales-Espinosa, R., Delgado, G., Serrano, L. R., Castillo, E., Santiago, C. A., Hernández-Castro, R., et al. (2020). High expression of Helicobacter pylori VapD in both the intracellular environment and biopsies from gastric patients with severity. PLoS One 15:e0230220. doi: 10.1371/journal.pone.0230220

Müller, A., and Solnick, J. V. (2011). Inflammation, immunity, and vaccine development for Helicobacter pylori. Helicobacter 16(Suppl. 1), 26–32. doi: 10.1111/j.1523-5378.2011.00877.x

Noto, J. M., and Peek, R. M. (2012). The helicobacter pylori cag pathogenicity island. Methods Mol. Biol. 921, 41–50. doi: 10.1007/978-1-62703-5-2_7

Owen, R. J. (1995). 1 Bacteriology of Helicobacter pylori. Baillieres. Clin. Gastroenterol. 9, 415–446. doi: 10.1016/0950-3528(95)90041-1

Pabona, J. M., Bath, K., Siba, Y., Edwards, C., Goldstein, A., Ahluwalia, M., et al. (2016). Mucosa-associated lymphoid tissue (MALT) lymphoma presenting with both gastric and small bowel involvement: a case report. Am. J. Gastroenterol. 111:S1131. doi: 10.14309/00000434-201610001-02326

Parsonnet, J. (1995). The incidence of Helicobacter pylori infection. Aliment. Pharmacol. Ther. 9(Suppl. 2), 45–51.

Peleteiro, B., Bastos, A., Ferro, A., and Lunet, N. (2014). Prevalence of Helicobacter pylori infection worldwide: a systematic review of studies with national coverage. Dig. Dis. Sci. 59, 1698–1709. doi: 10.1007/s10620-014-3063-0

Puccio, S., Grillo, G., Consiglio, A., Soluri, M. F., Sblattero, D., Cotella, D., et al. (2020). InteractomeSeq: a web server for the identification and profiling of domains and epitopes from phage display and next generation sequencing data. Nucleic. Acids Res. 48, W200–W207. doi: 10.1093/nar/gkaa363

Quinlan, A. R., and Hall, I. M. (2010). BEDTools: a flexible suite of utilities for comparing genomic features. Bioinformatics 26, 841–842. doi: 10.1093/bioinformatics/btq033

Resende, T., Correia, D. M., Rocha, M., and Rocha, I. (2013). Re-annotation of the genome sequence of Helicobacter pylori 26695. J. Integr. Bioinform. 10:233. doi: 10.1515/jib-2013-233

Rohde, M., Püls, J., Buhrdorf, R., Fischer, W., and Haas, R. (2003). A novel sheathed surface organelle of the Helicobacter pylori cag type IV secretion system. Mol. Microbiol. 49, 219–234. doi: 10.1046/j.1365-2958.2003.03549.x

Salama, N. R., Hartung, M. L., and Müller, A. (2013). Life in the human stomach: persistence strategies of the bacterial pathogen Helicobacter pylori. Nat. Rev. Microbiol. 11, 385–390. doi: 10.1038/nrmicro3016

Sblattero, D., and Bradbury, A. (2000). Exploiting recombination in single bacteria to make large phage antibody libraries. Nat. Biotechnol. 18, 75–80. doi: 10.1038/71958

Shahar, E., Folsom, A. R., Melnick, S. L., Tockman, M. S., Comstock, G. W., Gennaro, V., et al. (1994). The role of diagnostic roentgenology in medicine. N. Engl. J. Med. 262, 1201–1209. doi: 10.1056/nejm196006162622401

Shariq, M., Kumar, N., Kumari, R., Kumar, A., Subbarao, N., and Mukhopadhyay, G. (2015). Biochemical analysis of CagE: A VirB4 homologue of helicobacter pylori cag-T4SS. PLoS One 10:e0142606. doi: 10.1371/journal.pone.0142606

Skoog, E. C., Morikis, V. A., Martin, M. E., Foster, G. A., Cai, L. P., Hansen, L. M., et al. (2018). CagY-dependent regulation of type IV secretion in helicobacter pylori is associated with alterations in integrin binding. mBio 9:e00717-18. doi: 10.1128/mBio.00717-18

Solnick, J. V. (1998). Antibiotic resistance in Helicobacter pylori. Clin. Infect. Dis. 27, 90–92. doi: 10.1086/514641

Soluri, M. F., Puccio, S., Caredda, G., Grillo, G., Licciulli, V. F., Consiglio, A., et al. (2018). Interactome-seq: a protocol for domainome library construction, validation and selection by phage display and next generation sequencing. J. Vis. Exp. e56981. doi: 10.3791/56981

Stolte, M., and Eidt, S. (1989). Lymphoid follicles in antral mucosa: immune response to Campylobacter pylori? J. Clin. Pathol. 42, 1269–1271. doi: 10.1136/jcp.42.12.1269

Takahashi-Kanemitsu, A., Knight, C. T., and Hatakeyama, M. (2020). Molecular anatomy and pathogenic actions of Helicobacter pylori CagA that underpin gastric carcinogenesis. Cell. Mol. Immunol. 17, 50–63. doi: 10.1038/s41423-019-0339-5

Tang, R. X., Luo, D. J., Sun, A. H., and Yan, J. (2008). Diversity of Helicobacter pylori isolates in expression of antigens and induction of antibodies. World J. Gastroenterol. 14, 4816–4822. doi: 10.3748/wjg.14.4816

Thung, I., Aramin, H., Vavinskaya, V., Gupta, S., Park, J. Y., Crowe, S. E., et al. (2016). Review article: the global emergence of Helicobacter pylori antibiotic resistance. Aliment. Pharmacol. Ther. 43, 514–533. doi: 10.1111/apt.13497

Tomb, J. F., White, O., Kerlavage, A. R., Clayton, R. A., Sutton, G. G., Fleischmann, R. D., et al. (1997). The complete genome sequence of the gastric pathogen Helicobacter pylori. Nature 388, 539–547. doi: 10.1038/41483

Troilo, A., Grassi, A., Petrone, L., Cianchi, F., Benagiano, M., Bella, C., et al. (2019). Intrinsic factor recognition promotes T helper 17/T helper 1 autoimmune gastric inflammation in patients with pernicious anemia. Oncotarget 10, 2921–2929. doi: 10.18632/oncotarget.26874

Voss, B. J., Gaddy, J. A., McDonald, W. H., and Cover, T. L. (2014). Analysis of surface-exposed outer membrane proteins in Helicobacter pylori. J. Bacteriol. 196, 2455–2471. doi: 10.1128/JB.01768-14

Wyatt, J. I., and Rathbone, B. J. (1988). Immune response of the gastric mucosa to campylobacter pylori. Scand. J. Gastroenterol. 142, 44–49. doi: 10.3109/00365528809091712

Yuzhalin, A. (2011). The role of interleukin DNA polymorphisms in gastric cancer. Hum. Immunol. 72, 1128–1136. doi: 10.1016/j.humimm.2011.08.003

Zacchi, P., Sblattero, D., Florian, F., Marzari, R., and Bradbury, A. R. M. (2003). Selecting open reading frames from DNA. Genome Res. 13, 980–990. doi: 10.1101/gr.861503

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.

The reviewer AD declared a past co-authorship with the author CP to the handling editor.

Copyright © 2020 Soluri, Puccio, Caredda, Edomi, D’Elios, Cianchi, Troilo, Santoro, Sblattero and Peano. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 14 August 2020
doi: 10.3389/fmicb.2020.01893





[image: image]

Genomic and Long-Term Transcriptomic Imprints Related to the Daptomycin Mechanism of Action Occurring in Daptomycin- and Methicillin-Resistant Staphylococcus aureus Under Daptomycin Exposure

Viviana Cafiso1*, Stefano Stracquadanio1, Flavia Lo Verde1, Irene De Guidi1, Alessandra Zega1, Giuseppe Pigola2 and Stefania Stefani1

1Department of Biomedical and Biotechnological Sciences, University of Catania, Catania, Italy

2Department of Clinical and Experimental Medicine, University of Catania, Catania, Italy

Edited by:
Flavia Marinelli, University of Insubria, Italy

Reviewed by:
Pedro Matos Pereira, New University of Lisbon, Portugal
Iñigo Lasa, Universidad Pública de Navarra, Spain

*Correspondence: Viviana Cafiso, v.cafiso@unict.it

Specialty section: This article was submitted to Antimicrobials, Resistance and Chemotherapy, a section of the journal Frontiers in Microbiology

Received: 09 December 2019
Accepted: 20 July 2020
Published: 14 August 2020

Citation: Cafiso V, Stracquadanio S, Lo Verde F, De Guidi I, Zega A, Pigola G and Stefani S (2020) Genomic and Long-Term Transcriptomic Imprints Related to the Daptomycin Mechanism of Action Occurring in Daptomycin- and Methicillin-Resistant Staphylococcus aureus Under Daptomycin Exposure. Front. Microbiol. 11:1893. doi: 10.3389/fmicb.2020.01893

Daptomycin (DAP) is one of the last-resort treatments for heterogeneous vancomycin-intermediate Staphylococcus aureus (hVISA) and vancomycin-intermediate S. aureus (VISA) infections. DAP resistance (DAP-R) is multifactorial and mainly related to cell-envelope modifications caused by single-nucleotide polymorphisms and/or modulation mechanisms of transcription emerging as result of a self-defense process in response to DAP exposure. Nevertheless, the role of these adaptations remains unclear. We aim to investigate the comparative genomics and late post-exponential growth-phase transcriptomics of two DAP-resistant/DAP-susceptible (DAPR/S) methicillin-resistant S. aureus (MRSA) clinical strain pairs to focalize the genomic and long-term transcriptomic fingerprinting and adaptations related to the DAP mechanism of action acquired in vivo under DAP pressure using Illumina whole-genome sequencing (WGS), RNA-seq, bioinformatics, and real-time qPCR validation. Comparative genomics revealed that membrane protein and transcriptional regulator coding genes emerged as shared functional coding-gene clusters harboring mutational events related to the DAP-R onset in a strain-dependent manner. Pairwise transcriptomic enrichment analysis highlighted common and strain pair-dependent Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, whereas DAPR/S double-pair cross-filtering returned 53 differentially expressed genes (DEGs). A multifactorial long-term transcriptomic-network characterized DAPR MRSA includes alterations in (i) peptidoglycan biosynthesis, cell division, and cell-membrane (CM) organization genes, as well as a cidB/lytS autolysin genes; (ii) ldh2 involved in fermentative metabolism; (iii) CM-potential perturbation genes; and (iv) oxidative and heat/cold stress response-related genes. Moreover, a D-alanyl–D-alanine decrease in cell-wall muropeptide characterized DAP/glycopeptide cross-reduced susceptibility mechanisms in DAPR MRSA. Our data provide a snapshot of DAPR MRSA genomic and long-term transcriptome signatures related to the DAP mechanism of action (MOA) evidencing that a complex network of genomic changes and transcriptomic adaptations is required to acquire DAP-R.
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INTRODUCTION

Methicillin-resistant Staphylococcus aureus (MRSA) remains one of the major multidrug-resistant pathogens responsible for severe infections with high mortality rates (Stefani et al., 2015; Yoon et al., 2016; Britt et al., 2017). The subset of daptomycin-resistant (DAPR) S. aureus is of particular concern for the cumulative non-reversible metabolic changes demonstrated in resistant strains and for the difficulty in the treatment of severe infections (Bayer et al., 2013; Reed et al., 2019).

The DAP mechanism of action (DAP-MOA) has not been fully elucidated yet. The model of DAP-MOA proposes that DAP binds the cytoplasmic membrane leading to its permeabilization and depolarization caused by a loss of cytoplasm potassium ions (Allen et al., 1987). This mechanism, which can account for DAP’s bactericidal effect, would correlate with several changes in the membrane components, for example, with the level of phosphatidylglycerol. The complex mechanism of DAP resistance (DAP-R) was reviewed by Miller et al. (2016). Briefly, S. aureus can adopt different strategies to resist DAP. The first is to alter the net cell-surface charge, preventing the positively charged DAP-calcium binding to the cell envelope by electrostatic repulsion, mainly due to dlt over-expression—increasing the alanylation rate of the wall teichoic acids (Yang et al., 2009; Cafiso et al., 2014)—and to mprF mutations increasing the amount of the positively charged lysyl-phosphatidylglycerol on the outer membrane, conferring a “gain-of-function” and positively increasing the cell-envelope charge (Rubio et al., 2011; Bayer et al., 2015; Ernst et al., 2018; Sabat et al., 2018; Ernst and Peschel, 2019). The second is the alteration of membrane phospholipid composition, with decreased phosphatidylglycerol amount, or changes in membrane fluidity interfering with DAP binding and oligomerization (Jones et al., 2008; Kilelee et al., 2010; Mishra et al., 2011; Zhang et al., 2014). A third mechanism is the involvement of global regulatory genes modulating cell-envelope stress and maintenance, affecting the expression of the cell-wall (CW) “stimulon” (Utaida et al., 2003; Cafiso et al., 2012). Specifically, VraSR operon (Muthaiyan et al., 2008; Mehta et al., 2012; Sabat et al., 2018; Taglialegna et al., 2019), orthologous to the Bacillus subtilis LiaSR (Jordan et al., 2006), was involved and up-regulated by vancomycin and DAP exposure, and associated with CW biosynthesis via transcription of PBP2 (penicillin-binding protein 2), tagA (wall teichoic acids-synthesis), prsA (a-chaperone), and murZ (UDP-N-acetylglucosamine-enolpyruvyl transferase) (Kuroda et al., 2003; Mwangi et al., 2007). YycFG (also named WalKR), among the two-component regulatory systems (TCRSs), was implicated in the control of the peptidoglycan biosynthesis through the regulation of LytM and AtlA (Dubrac and Msadek, 2004; Fukushima et al., 2011). A YycFG down-regulation was associated with a decreased peptidoglycan turnover, augmented cross-linking, increased glycan chain length, and resistance to lysis by Triton X-100 (Dubrac et al., 2007). YycG senses changes in membrane fluidity and responds by adjusting CW cross-linking, compensating the stresses caused by osmotic pressure (Türck and Bierbaum, 2012). In DAPR strains, yycFG can accumulate mutations (Friedman et al., 2006; Howden et al., 2011), impairing the YycFG function and altering CW homeostasis to survive the DAP action, that is, lowering peptidoglycan turnover and increasing cross-linking. Mutations in the RNA polymerase rpoB and rpoC subunits were associated with DAP-R (Friedman et al., 2006). A621E mutation in RpoB was associated with an increased expression of the dlt-operon and correlated with an increase in positive cell-surface charge, whereas A621E and A477D substitutions were linked to an increased CW biosynthesis and thickness (Cui et al., 2010; Bæk et al., 2015).

Different cellular metabolic shifts, including a decreased activity of the tricarboxylic acid cycle (TCA), were described in DAPR strains (Fischer et al., 2011; Gaupp et al., 2015).

This investigation aimed to face the analysis of DAP-R mechanisms in MRSA strains on the basis of the acquired knowledge and considering new aspects. First, the “already known” DAP-R mechanisms (dlt over-expression, mprF mutations, and increased net positive cell-surface charge) do not always correlate with changes in DAP minimum inhibitory concentrations (MICs) (Mishra et al., 2014); second, during an infection, the bacteria elapse long periods in limited/arrested growth as in the late growth phases (Kolter et al., 1993); third, DAP is also active on non-dividing and not metabolically active bacteria (Mascio et al., 2007; McCall et al., 2019).

On this rationale, our study investigated genomics and, for the first time, the comparative late growth-phase transcriptomics of clinical DAPR versus DAPS isogenic MRSA by using whole-genome sequencing (WGS), RNA-seq, and bioinformatics to reveal their genomic traits as well as the long-term fingerprinting and adaptations related to DAP-MOA occurring in the acquisition of DAP-R by DAPS isolates.

These new findings could advance the knowledge in the field, revealing the genomic and long-term transcriptomic key features acquired in vivo by the DAPR versus their parental isogenic DAPS ancestor under DAP exposure and maintained after DAP removal, becoming stable traits characterizing DAPR MRSA.

Our data showed that DAP-MOA-related strain-dependent non-synonymous single-nucleotide polymorphisms (nsSNPs) in cell membrane (CM), structural/functional protein, and transcriptional regulator coding genes, combined with a complex transcriptional network, appeared as key factors characterizing DAPR MRSA versus DAPS parents.



MATERIALS AND METHODS


Bacterial Strains

Two S. aureus epidemiologically unrelated isogenic strain pairs of DAPS (1A, 3A) and DAPR MRSA (1C, 3B) isolated under DAP therapy, previously collected from patients hospitalized in two Italian hospitals, were investigated. The two isogenic strain pairs were provided by two different Italian hospitals (Cafiso et al., 2014); consequently, an ethical approval was not necessary as per institutional and national guidelines and regulations. Specifically, the 1A and 1C strains were isolated in Palermo by a skin infection, whereas the 3A and 3B strains were isolated by a soft tissue infection in a patient in Bergamo. Each pair included an initial pre-DAP therapy strain (1A and 3A) and its isogenic isolate after development of DAP-R during DAP administration. Each strain pair was previously assigned to the same pulsotype, multilocus sequence typing (MLST) type, SCCmec type, and agr group (Cafiso et al., 2014). The D-alanylated wall teichoic acid content, the lysinylated-phosphatidylglyderol amount, the CM fluidity, and the susceptibility to prototypic cationic host defense peptides of platelet and leukocyte origins were previously determined (Mishra et al., 2014). Finally, exponential or stationary growth-phase expression and SNPs in the “already DAP-R associated genes,” mprF and dltA, were previously reported (Table 1) (Cafiso et al., 2014; Mishra et al., 2014).


TABLE 1. Phenotypic and molecular characterization of the MRSA strain pairs.
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Whole-Genome Sequencing

Whole-genome sequencing was performed using the Illumina MiSeq sequencing system.



DNA Extraction and Illumina Shotgun Paired-End Library Preparation

Genomic DNA was extracted using PureLink Genomic DNA Mini Kit (Invitrogen) according to the manufacturer’s protocol. The quality of the DNA was assessed using Qubit and its concentration ascertained by Picogreen (Life Technologies). Paired-end (PE) reads libraries were prepared by Nextera XT DNA Library Prep Kit (Illumina, San Diego, CA, United States) following the manufacturer’s protocol, and their quality evaluation was performed as previously published (Cafiso et al., 2019). The indexed libraries were quantified as previously published (Cafiso et al., 2019) pooled at a final concentration of 2 nM and used for Illumina MiSeq sequencing with a PE 300 (2 × 300 bp). Raw reads were processed using FastQC (v.0.11.7) to assess data quality. Cutadapter tool (v.1.16), implemented in Python (v.3.5.2), was used to remove residual PCR primer and to filter low-quality bases (Q_score < 30) and short reads (<150 bp). The filtered trimmed reads were included in the downstream analysis. The total number of PE reads was reported with the estimated coverage in Supplementary Figure S1.



De novo Genome Assembly

De novo genome assembly was performed using SPAdes software (v3.12.0), producing a contig file for each sample. Post-assembly controls and metrics were generated using Quast (v.4.6.3). Supplementary Figure S2 shows de novo Genome Assembly Report.



Genome Alignments

Genome alignments were per performed by Mauve (Multiple Genome Alignments) (v.2.4.0).



Gene Annotation

The assembled scaffolds were processed using Prokka (v.1.12) software.



DNA-Sequencing Data Accession Number

The genomic reads were deposited in the National Center for Biotechnology Information (NCBI) Genome database in the Sequence Read Archive (SRA) under study accession no. SRP166981 (BioProject: PRJNA498510).



Single-Nucleotide Polymorphisms

Single-nucleotide polymorphisms calls were carried out from the PE library raw reads as previously published (Cafiso et al., 2019). Briefly, Illumina raw reads were trimmed using Trimmomatic (v.0.38), requiring a minimum base quality of 20 (Phred scale) and a minimum read length of 36 nucleotides, and aligned by “Bwa mem” (v.0.7.17). For detection of SNPs, and insertions and deletions (indels), each.bam file was sorted using Samtools (v.1.9), and duplicated reads were marked using the Picard Mark Duplicates utility. Complex variants, SNPs, and indels were detected using “Freebayes” (v.1.2.0), which required a minimum mapping quality of 30 (Phred scale) and a minimum base quality of 20. CSI phylogeny, a Center for Genomic Epidemiology service1, was used to identify the closest relationships between the strain pairs and four different reference genomes (RefGen) deposited in GenBank, that is, S. aureus NCTC8325 (CP000253.1), S. aureus USA 300 (CP000255.1), S. aureus MU50 (BA000017.4), and S. aureus ST398 (NC_017333.1).

Staphylococcus aureus NCTC8325 (CP000253.1) was selected as common RefGen for SNP mapping in agreement to the data obtained. The graphical output was a Phylogenetic tree shown in Supplementary Figure S3.

The majority of the sequenced reads was properly aligned with the corresponding reference genome, in detail, 90.98% for 1A, 91.08% for 1C, 96.45% for 3A, and 95.81% for 3B.

To select SNPs present in the DAPR strains, all SNPs were computationally filtered in both pairwise mode and double-cross filtering to find out if only nsSNPs present simultaneously in both two DAPR strains and the DAPS parents.



Genomic Epidemiology

Whole-genome sequencing raw data were analyzed to investigate the genomic epidemiology with ResFinder (v.3.2) and Point Finder (v.3.1.0) services for the detection of the acquired antimicrobial resistance (AMR) genes and to detect the known nsSNPs related to AMR using a 98% threshold for nucleotide sequence identity and 60% for the minimum length coverage (Zankari et al., 2012). MLST was genomically checked using the MLST (v2.0) (Larsen et al., 2012), spa-typing was confirmed by spaTyper (v.1.0) (Bartels et al., 2014), the identification of acquired virulence genes was performed by VirulenceFinder (v.2.0) (Joensen et al., 2014), and the plasmid strain profile was investigated by PlasmidFinder server (v.2.1) (Carattoli et al., 2014). All tools are available on the Center for Genomic Epidemiology website1. The genomic epidemiology of strain pairs was also analyzed by Nullarbor pipeline2.



Core Genome Single-Nucleotide Polymorphisms

The core genome SNP (cgSNP) detection shared among all strains was computationally carried out by Nullarbor2.



Enrichment Analysis

Enrichment analysis was performed by DAVID (v.6.8) using the default high stringency parameter set3 (Huang et al., 2009a, b).



Genomic Single-Nucleotide Polymorphism Effect Prediction

The prediction of the whole-genome SNPs (SNPome) effects was performed by SnpEff (v.4.3T), a genomic variant annotation and functional effect prediction toolbox. High (HI), low (LI), moderate (MI), and modifier impacting (MFI) effects were assigned according to the criteria previously published and in use in the tool4 (Cingolani et al., 2012). High impact: the variant is assumed to have disruptive impact in the protein, probably causing protein truncation and loss of function or triggering nonsense mediated decay. Low impact: the variant is assumed to be mostly harmless or unlikely to change protein behavior. Moderate impact: the variant is a non-disruptive variant that might change protein effectiveness. Modifier impact: the variant is a usually non-coding variant or variants affecting non-coding genes where predictions are difficult or there is no evidence of impact.



RNA-Seq


RNA-Seq Bacterial Cultures

For the construction of all RNA-seq libraries, an aliquot of an overnight culture was diluted 1:50 in 30 ml of brain heart infusion (BHI) in a sterile 50-ml flask (OD600 nm 0.05) to obtain an approximately 5 × 105 CFU/ml inoculum for each strain. Cells were grown under shaking at 250 rpm with normal atmospheric conditions at 37°C and harvested in the late post-exponential growth phase (1.5–4 × 1010 CFU/ml, ∼18 h). RNA extraction started immediately after cell harvesting to maintain RNA integrity. The cell density was determined by colony counting after plating onto Mueller–Hinton (MH) agar and incubation. Growth curves of the four DAP-free MRSA strains were shown in the Supplementary Figure S4.



RNA-Seq Libraries

RNA-seq was performed using the Illumina MiSeq sequencing system, and biological replicates were performed using two different libraries, a single-end library with 50-bp reads [Short-Insert Library (SI)] and a PE read library with 150-bp reads [Tru-Seq Library (TS)] starting from two different RNA extractions according to the following protocols as a strategy to optimize the collected RNA-seq data (Pereira et al., 2017; Cafiso et al., 2019).



Tru-Seq Library RNA Extraction

RNA was extracted using the NucleoSpin RNA (Macherey-Nagel, Dueren, Germany) kit following the manufacturer’s protocol with minor modifications. Pellets were lysed by the bead-beating procedure with 50 μl of RA1 buffer. Then 3.5 μl of β-mercaptoethanol was added, and the lysates were filtered through NucleoSpin Filters. The RNA-binding condition was adjusted by adding 70% ET-OH to the lysates, and the RNA was extracted with TRIzol reagent (Invitrogen) according to the manufacturer’s protocol. The total RNA quality was verified using a 2200 TapeStation RNA Screen Tape device (Agilent, Santa Clara, CA, United States), and its concentration was ascertained using an ND-1000 spectrophotometer (NanoDrop, Wilmington, DE, United States). The Agilent TapeStation 2200 system, an automated instrument for nucleic acid gel electrophoresis, assigned RNA integrity number (RIN) values ranging from 1 to 10, with 10 being the highest quality. Only samples with preserved 16S and 23S peaks and RIN values > 8 were used for the library’s construction. The RIN values > 8 indicate intact and high-quality RNA samples for downstream applications as previously published (Fleige and Pfaffl, 2006). Ribosomal RNA was removed using the Bacteria Ribo-Zero rRNA Removal Kit from 2 μg of RNA. The depleted RNA was used for the Illumina Truseq RNA stranded kit without PolyA enrichment. The obtained libraries were evaluated with high-sensitivity D1000 screen Tape (Agilent Tape Station 2200), and the indexed libraries quantified with the ABI9700 qPCR instrument using the KAPA Library Quantification Kit in triplicates was according to the manufacturer’s protocol (Kapa Biosystems, Woburn, MA, United States). From the pooled library, 2-nM final concentrations were used for sequencing with a 150 PE read sequencing module (Cafiso et al., 2019).



Short-Insert Library RNA Extraction

RNA was extracted with TRIzol reagent (Invitrogen) according to the manufacturer’s protocol. After ribosomal depletion, sequencing libraries were prepared using the Illumina mRNA-seq sample preparation kit following the supplier’s instructions except that total RNA was not fragmented and double-stranded cDNA was size-selected (100–400 bp) to maximize the recovery of small size RNA.

The prepared libraries were evaluated with high-sensitivity D1000 screen Tape (Agilent Tape Station 2200) as described for the TS Library. The indexed libraries were quantified in triplicate with the ABI7900 qPCR instrument using the KAPA Library Quantification Kit, according to the manufacturer’s protocol (Kapa Biosystems, Woburn, MA, United States). From the pooled library, 5 μl at a final concentration of 4 nM was used for MiSeq sequencing with an A single-end stranded library with reads of 50-bp sequencing module (Cafiso et al., 2019).



Tru-Seq Library Preparation and Sequencing

The samples were processed using the Illumina MiSeq, using an A PE library with reads of 150 bp and average insert size of 350/400 bp. After sequence data generation, raw reads were processed using FastQC (v.0.11.2) to assess data quality. The sequenced reads were then trimmed using Trimmomatic (v.0.33.2) to remove only sequencing adapters for PE reads. A minimum base quality of 15 (Phred scale) over a four-base sliding window was required. Only sequences with a length above 36 nucleotides were included in the downstream analysis. Similarly, only trimmed reads were included in the downstream analysis (Cafiso et al., 2019).



Short-Insert Library Preparation and Sequencing

The samples were processed using the Illumina MiSeq technology with an A single-end stranded library with reads of 50 bp. After sequence data generation, raw reads were processed using FastQC (v.0.11.2) to assess data quality. Reads were then trimmed using Trimmomatic (v.0.33.2) to remove sequencing adapters for single-end reads, requiring a minimum base quality of 15 (Phred scale) and a minimum read length of 15 nucleotides. Only trimmed reads were included in the downstream analysis (Cafiso et al., 2019).



Tru-Seq and Short-Insert Library Analysis

TS and SI RNA-seq reads were annotated on S. aureus NCTC 8325 RefGen (CP000253.1), as well as transcripts assembled and quantified using Rockhopper (v.2.03) (McClure et al., 2013; Tjaden, 2015), specifically designed for bacterial gene structures and transcriptomes. Analyses were run using default parameter settings with verbose output to obtain expression data. Rockhopper normalizes read counts for each sample using the upper quartile gene expression level. Starting from the p-values calculated according to the Anders and Huber approach, differentially expressed genes (DEGs) were assigned by computing q-values ≤ 0.01 on the basis of the Benjamini–Hochberg correction with a false discovery rate of <1%. In addition, Rockhopper is a versatile tool using biological replicates when available, and surrogate replicates when biological replicates for two different conditions are unavailable, considering the two conditions under investigation as surrogate replicates for each other (McClure et al., 2013).

Finally, filtering analyses were computationally carried out for sorting, first, the DEGs in the DAPR strains versus their DAPS parental strain and, then, a selection of only those present contemporarily in both DAPR isolates showing the same expression (under-expression or over-expression) (Cafiso et al., 2019).



Determination of the Affected Pathways

The online tool DAVID (v.6.8) was selected to identify the affected pathways among the DEGs. The gene lists were uploaded as Official Gene Symbols of the S. aureus NCTC 8325 RefGen and automatically selecting the list type (Gene list) of S. aureus. The Functional Annotation Chart was visualized using the p-value threshold of 0.01 and a minimum count number of four genes. The information on the affected pathways was obtained from Kyoto Encyclopedia of Genes and Genomes (KEGG) within the analysis in DAVID, using the mentioned thresholds. The affected biological processes were obtained from the Gene Ontology (GO) Consortium within the analysis in DAVID (Cafiso et al., 2019).



RNA Functional Categories

Functional categories of DEGs were investigated by BLAST, PANTHER Classification System, GO Consortium, ExPASy (STRING), and KEGG pathway (Cafiso et al., 2019).



RNA-Sequencing Data Accession Number

RNA-seq raw reads were deposited at the Gene Expression Omnibus (GEO) database under study accession no. GSE121797 (BioProject: PRJNA498510).



Downstream Statistical Analysis

An heatmap of the entire set of DEGs and principal component analysis (PCA) on the five discovered DEG functional categories, in DAPR MRSA versus their DAPS parents, were performed by XLSTAT 2020 Excel data analysis add-on (v.2020.1.3) using default setting.



Real-Time qPCR

To validate RNA-seq data, real-time qPCRs were performed on the most DAPR-relevant transcripts (SAOUHSC_02317, SAOUHSC_00022, SAOUHSC_00486, SAOUHSC_02922, SAOUHSC_01806, SAOUHSC_01334, and SAOUHSC_00545) using RNAs of three experiments performed under the RNA-seq growth conditions. Real-time qPCRs were carried out following published protocols (Cafiso et al., 2012, 2014); the primer sequences are shown in Supplementary Table S1 and used with the following thermal profile: 95°C for 3 min; 35 cycles at 95°C for 10 s, 60°C for 30 s, and 72°C for 45 s; and a final cycle at 95°C for 1 min, 60°C for 30 s, and 95°C for 30 s. gyrB was the normalizer. Statistical analyses were conducted as previously described (Pfaffl et al., 2002).




L-Lactic Acid Concentration Assay

Single strains were grown under shaking at 250 rpm in standard atmospheric conditions at 37°C and harvested in the late post-exponential growth phase. The lactate conversion was measured by enzymatic lactate oxidation into pyruvate using a D-lactic acid/L-lactic acid commercial test (R-Biopharm, Germany). L-Lactic acid concentrations were calculated using the D-lactic acid/L-lactic acid ultraviolet method according to the manufacturer’s instructions (R-Biopharm), which is based on the conversion of D-lactate or L-lactate by D-lactate dehydrogenase and L-lactate dehydrogenase, respectively, to pyruvate and NADH. The L-lactic acid concentrations were expressed in g/L. Three biological and technical replicates were performed for each strain. A statistical significance was attributed in Student’s t-test with p-values < 0.05.




RESULTS


Genomics


Core Genome Single-Nucleotide Polymorphism Phylogeny

Pairwise cgSNP distance analysis showed a very close phylogeny of the DAPR strains respect to the DAPS parents. Thirty-six cgSNP differences were found between the 1A and 1C, whereas 41 cgSNPs were found between the 3A versus 3B isolated during a period of both 4 and 6 months under DAP therapy, respectively.



Genomic Epidemiology

The genomic epidemiology showed the membership of the 1A/C strain pair to the ST398-SCCmecIVa-t1939-agrI both harboring the plasmid pDLK1 carrying ermC, together with the pS194 harboring the str gene (Table 1) only in 1C, both conferring aminoglycoside resistance. The 3A/B strain pair was confirmed to be ST8-SCCmec-IVc-t008-agrI having the SAP063A plasmid carrying blaZ determining β-lactam resistance, and with the 3B having in addition the pDLK1 carrying ermC (Table 1).

Integrating the Center for Genomic Epidemiology and Nullarbor outputs, the strain pair resistomes (acquired AMR genes and known chromosomal SNPs conferring antimicrobial resistance) and virulomes (chromosomal and acquired virulence genes) are outlined as shown in Table 1.



Genome Comparison

Mauve Genome alignments of the single DAPR MRSA genome versus its DAPS parent showed the lack of new genetic elements associable to DAP-R. The unique additional genetic traits present in DAPR MRSA strains were the two plasmids, that is, pS194 in 1C and pDLK1 in 3B.



SNPome and Possibly Related to Daptomycin Resistance Acquisition Non-synonymous Single-Nucleotide Polymorphisms

DAPR/S strain-pair SNPome carried out versus S. aureus NCTC8325 RefGen recorded a variant rate of 64 in the DAPR/S 1A/C strain pair with the presence of 43,720 variants in 1C and 43,947 in 1A; otherwise, a variant rate of 893 was found in 3B and 592 in 3A, with the presence of 3,157 variants and 4,762 variants, respectively.

In the DAPR/S 1 A/C strain pair, according to the criteria of SnpEff tool, 0.924% mutations were putatively predicted with HI on their products; 57.118% with LI; 23.665% with MI; and 18.293% with MFI, in 1C. Among these, 23.376% were missense (M), 0.25% were nonsense (NS), and 76.374% were silent (S). In 1A, similarly, 0.978% had HI, 56.833% had LI, 23.759% had MI, and 18.431% had MFI, with 23.701% of M mutations, 0.314% of NS mutations, and 75.984% of S mutations.

No shared HI and MI acquired nsSNPs in DAP-MOA-related targets were found in both DAPR and DAPS MRSA strain pairs (Figures 1, 2); however, high stringent DAVID enrichment analysis evidenced HI and/or MI DAP-MOA-related nsSNPs in the same functional protein clusters, with recovered coding genes and nsSNPs predominantly different between the two DAPR/S MRSA strain pairs.
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FIGURE 1. High (HI) and MI nsSNP overview of 1C versus 1A. HI, high impact; MI, moderate impact; nsSNP, non-synonymous single-nucleotide polymorphisms.
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FIGURE 2. High and MI nsSNP overview of 3B versus 3A. HI, high impact; MI, moderate impact; nsSNP, non-synonymous single-nucleotide polymorphisms.


In details, HI and/or MI DAP-MOA-related nsSNPs were detected in two UP_SEQ_FEATURE clusters of targets putatively related to DAP-MOA, that is, membrane proteins (including transmembrane proteins, lipoproteins, and two-component histidine kinase systems and transporters) and transcriptional regulators. In addition, only in DAPR 3B versus DAPS 3A MRSA were HI DAP-MOA-related nsSNPs also recovered in the UP_SEQ_FEATURE Signal Peptide Protein cluster including gene coding proteins involved in CW turnover and teichoic acid metabolism. Furthermore, in both DAPR and DAPS MRSA strain pairs, MI DAP-MOA-related nsSNPs were also detected in a miscellaneous of gene coding proteins putatively related to DAP-MOA including proteins related to autolysis, cell division, peptidoglycan transport and cell shape, diacylglycerol metabolism, phosphatidylglycerol modifications (MprF), proteins involved the cardiolipin biosynthetic process (Cls1), and lipoteichoic acid biosynthesis (DltB) (Supplementary Table S2).



RNAome Structures

The RNAome structures, shown in TS and SI libraries, of the single DAPR versus DAPS strain pairs are reported in Tables 2, 3.


TABLE 2. RNAomes—Tru-Seq library Rockhopper summary.
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TABLE 3. RNAomes—short-insert library Rockhopper summary.
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DAVID Pairwise Enrichment Analysis

Integrating data obtained from the two libraries, DAVID enrichment pairwise analysis (p-value ≤ 0.05) (Huang et al., 2009a, b) of the over-expressed DEGs evidenced the enrichment of only the ABC transporter KEGG pathway in both DAPR/S strain pairs (Supplementary Tables S3, S4). In addition, among the under-expressed DEGs, we found several enriched KEGG pathways responsible for ABC transporter, glycolysis and pyruvate metabolism, purine and propanoate metabolism, phosphotransferase system (PTS), and two-component regulatory systems. Among the TCRSs, SaeR/S (SAOUHSC_00714/SAOUHSC_00715) was found in both pairs and WalK (SAOUHSC_00021) only in the 3A/B pair (Supplementary Table S3). Diverse strain-dependent enriched over-expressed/under-expressed KEGG pathways were observed in the single 1A/C and 3A/B pair as shown in Supplementary Tables S3, S4.



Cross-Filtered Double-Pair Differentially Expressed Genes

Stringently double-pair cross-refiltering of the RNA-seq data—to define the signatures exclusively present in either DAPR MRSA strains or their DAPS parents, and with the same expression profiling in the same library (SI or TS)—highlighted the co-occurrence of 53 statistically significant DEGs: nine over-expressed and 44 under-expressed protein-coding genes were found (Figures 3, 4 and Supplementary Table S5).
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FIGURE 3. Heatmap of DEGs related to DAP-MOA and accessory traits maintained after DAP resistance onset in DAPR MRSA. COG/GO cluster of genes is shown on the top of the figure, and the transcript ID and gene name are shown on the bottom. DAPS (1A, 3A) and DAPR MRSA (1C, 3B). DEGs, differentially expressed genes; DAP, daptomycin; COG, clusters of Orthologous Group; GO, Gene Ontology; DAPR, daptomycin resistant; DAPS, daptomycin susceptible.
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FIGURE 4. Principal component analysis of the five discovered DEG functional categories versus the DAPR/DAPS MRSA. PCA plots show the relations between strains and genes in the different clusters. PCA, principal component analysis; DEG, differentially expressed gene; DAPR, daptomycin resistant; DAPS, daptomycin susceptible; MRSA, methicillin-resistant Staphylococcus aureus.


According to the GO numbers and Clusters of Orthologous Group (COG) groups, we categorized the characterizing DAPR DEGs in different clusters, as follows.


Cell division, cell wall, and cell membrane

Three DEGs implicated in peptidoglycan biosynthesis, two DEGs for the CW autolysis, and five DEGs involved in cell division and CM structure were found.

For peptidoglycan biosynthesis, we found under-expression in the UDP-N-acetylmuramoyl-tripeptide-D-alanyl–D-alanine ligase murF, in SAOUHSC_00751 hypothetical protein encoding gene (neighboring and consequently predicted as functionally related to the UDP-N-acetylenolpyruvoylglucosamine reductase MurB for the CW formation STRINGscore: 0.808), and in YycFG (WalKR) negative regulator, yycH. In CW autolysis, over-expression was shown in cidB autolysin and under-expression in the sensor histidine kinase lytS.

As concerns cell division and CM structure, under-expression was displayed in ftsH, incorporating the PBPs into the CM, in SAOUHSC_01919, SAOUHSC_02376, and SAOUHSC_02391 uncharacterized proteins located—according to the GO Cellular Component term (GO-CC): 0016021—in the CM, whereas over-expression was recorded only in SAOUHSC_03035 integral membrane protein.



Metabolism

A complex network involving differential expression was shown in metabolic genes. As regards the generation of precursor metabolites and energy, L-lactate dehydrogenase-2 encoding gene ldh2 involved in lactic fermentation was over-expressed, whereas the pyruvate kinase gene pyk involved in glycolysis and the protoporphyrinogen-oxidase SAOUHSC_01960 (porphyrin biosynthesis) were under-expressed. In the cofactor metabolism, under-expression was recorded in 2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylate synthase menH.

Regarding the compound metabolism, under-expression was found in cysteine-desulfurase SAOUHSC_01727 for sulfur-compound metabolism; in the porphobilinogen-deaminase hemC related to the nitrogen-compound metabolism; in SAOUHSC_02396 Cof-like hydrolase, SAOUHSC_01055 inositol-monophosphatase, and SAOUHSC_00847 ABC transporter involved in the metabolism of phosphate-containing compounds; in SAOUHSC_00861 lipoyl-synthase lipA for the coenzyme and cofactor metabolism; and in the molybdenum cofactor biosynthesis moaA.

With regard to nucleotide metabolism, phosphopentomutase deoB, GMP reductase guaC, carbamoyl-phosphate synthase small chain carA, and uridylate kinase pyrH were under-expressed. With regard to the amino acid and lipid catabolism, our data evidenced under-expression in alanine dehydrogenase ald2 and lipase-1 lipA. In the cellular protein modification process, under-expression was observed in nrdI coding the Class Ib ribonucleotide reductase stimulatory protein.



Nucleic acid metabolism

Under-expression was found in the SAOUHSC_01693 DNA-binding protein for DNA repair, and in the SAOUHSC_01690 of the DNA polymerase III complex and the ATP-dependent DNA-elicase, pcrA. In the RNA transcription and regulation, our data showed under-expression in DNA-binding protein HU coding gene functionally related to ClpC (STRINGscore: 0.555), in transcription anti-termination nusB, in SAOUHSC_00031 tRNA-dihydrouridine synthase, and in the aspartyl/glutamyl-tRNA amidotransferase subunit B gatB (tRNA metabolism). Examining ribosome biogenesis and maturation, we found over-expression in ATPase, whereas under-expression was found in rsgA (ribosome biogenesis). In SOS response, we observed over-expression in SAOUHSC_01334 hypothetical protein functionally related to LexA repressor (STRINGscore: 0.614) (DNA-damage response).



Stress response

Referring to the stress response, SAOUHSC_00304 luciferase-like monooxygenase (oxidative stress response) and SAOUHSC_00406 uncharacterized protein [previously annotated as poly(3-hydroxybutyrate) (PHB) depolymerase family protein] determining the use of PHB as a carbon source and energy storage in starvation conditions, were over-expressed. dnaJ (prevention of stress-denatured protein aggregation in response to hyperosmotic condition and heat shock) and the SAOUHSC_00204 globin domain protein, nitric oxide dioxygenase (nitrosative stress response), were under-expressed.



Transport

Under-expression was observed in SAOUHSC_00099, SAOUHSC_00137, and SAOUHSC_02700 transporters; in the SAOUHSC_00888 Na+/H+ antiporter mnhB1; and in SAOUHSC_00634 ABC metal ion transporter involved in cell adhesion. Over-expression was only found in SAOUHSC_01387 inorganic phosphate transmembrane transporter.

Results from carbohydrate transporters showed under-expression in SAOUHSC_00177 maltose ABC permease, in the SAOUHSC_02400 putative mannitol-specific PTS component, and in the SAOUHSC_00158 N-acetylmuramic acid transporter belonging to the phosphotransferase system.



Cell adhesion

Under-expression was shown in the serine-aspartate repeat-containing sdrD, a staphylococcal virulence factor.



Unknown function

Over-expression was observed in SAOUHSC_00826 encoding a conserved uncharacterized protein.




RNA-Seq Data Validation

RNA-seq data validation performed by real-time qPCR on the most DAPR-relevant genes confirmed the murF (SAOUHSC_ 02317), yycH (SAOUHSC_00022), ftsH (SAOUHSC_00486), ldh2 (SAOUHSC_02922), pyk (SAOUHSC_01806), SOS response protein related to LexA (SAOUHSC_01334), and sdrD (SAOUHSC_00545) expression profiles detected in RNA-seq data in both DAPR S. aureus and DAPS parents (Supplementary Figure S5).



Lactic Acid Quantification Assay

To biologically validate the bioinformatic prediction of the over-expression in L-lactate dehydrogenase-2, quantification assays of the amount of lactic acid were performed, showing a statistically significant increased concentration of L-Lactate in both DAPR MRSA and their DAPS parental strains (Figure 5).
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FIGURE 5. L-Lactic acid quantification. L-Lactic acid production by the four strains was calculated using the L-lactic acid ultraviolet method according to the manufacturer’s instructions (D-lactic acid/L-lactic acid kit, R-Biopharm), based on conversion of L-lactate by L-lactate dehydrogenase to pyruvate and NADH. L-Lactate production differences with p-values < 0.05, obtained by Student’s t-test, were considered statistically significant. * is for the statistical significance.






DISCUSSION

In S. aureus, DAP-R is a complex and multifactorial mechanism shaped by the co-occurrence of intrinsic, acquired, and adaptive determinants that, harmonizing in concert, confer resistance. We investigated two clinical epidemiologically unrelated DAPR/S MRSA strain pairs isolated from different patients in two different Italian hospitals. The two patients failed glycopeptide therapy and were then treated with DAP (Cafiso et al., 2014).

Previous investigations on the same DAPR/S MRSA strain pairs characterized some traits related to DAP-R, including a dysregulation in the two key determinants of net positive surface charge, dltA and mprF, both during exponential and stationary growth phases; a significant increase in the D-alanylated wall teichoic acids amount correlating with DltA gain-in-function; a heightened elaboration of lysyl-phosphatidylglycerol reflecting MprF gain-in-function; an increased CM fluidity; a strain-dependent CM fatty acid perturbation due to an increase in the anteiso-branch chain species corresponding to a reduction in the major iso-branched chain and saturated fatty acids (SFAs); and a reduced susceptibility to prototypic cationic host defense peptides of platelet and leukocyte origins (Cafiso et al., 2014; Mishra et al., 2014; Boudjemaa et al., 2018).

In the present study, genome-wide CSI phylogeny and the cgSNP analysis of the same strain pairs revealed the close relation of the DAPR/S MRSA isolated from the same patient under DAP therapy administered in hospital during a period of several months. Concomitantly, genomic epidemiology confirmed their previously published molecular typing (Cafiso et al., 2014) as well as plasmids and intrinsic resistance trait content; whereas acquired AMR genes and SNP profiling highlighted the acquisition of genetic traits related to the onset of additional antimicrobial resistances. In addition, virulome analysis showed a high virulence gene toxin content of the ST8 DAPR/S 3A/B strain pair with respect to the ST398 DAPR/S 1A/C.

Comparative genomics did not reveal newly acquired mobile genetic elements in both DAPR MRSA and their DAPS parents putatively related to DAP-R onset. On the contrary, in depth, SNPomics showed HI and MI DAP-MOA-related nsSNPs in shared functional coding-gene clusters, despite the diversity of the ST398 and ST8 genomic backgrounds with respect to the S. aureus NCTC8325 RefGen (proved to be the genome most closely related to both strain pairs in study).

Comparing DAPR versus their DAPS parents on S. aureus NCTC8325 RefGen, functional protein coding-gene clusters were found to be a hot spot of nsSNPs in a pairwise shared way. However, within these clusters, the detected putative HI and MI DAP-MOA-related nsSNPs in the target genes varied between the two strain pairs, indicating a strain-dependent behavior, defining two different DAPR genomic backgrounds.

Our data, supported by previous findings on laboratory induced DAPR MRSA of specific clones HG003, USA300-TCH1516, MSSA476, MW2, and MRSA252 mutants (Coe et al., 2019), first described and defined in two clinical DAPR/S MRSA of genomic backgrounds (ST8 and ST398) strain-dependent shared and functional protein clusters as hot spots of genomic variations. In particular, membrane protein (transmembrane proteins, lipoproteins, and transporters), transcriptional regulator (Sigma-70, RpoB, RpoC, RsbU, GraX, SarR, SarU, SarX, ArlS, WalK, AgrC/A, MsrR, Msa, KdpD, SAOUHSC_02390, and SAOUHSC_00673), and cell-envelope modification (Sle1, UgtP, DltB, FmtA, LspA, Cls1, MprF, and SAOUHSC_01063) protein coding-gene clusters emerged as accumulation sites of mutational events related to the DAP-R onset, randomly occurring in the same gene. Therefore, the CM structural and the functional proteins (cell envelope, cell division, and stress response system proteins) together with several transcriptional regulators represented the cellular targets undergoing genomic gain-in changes under DAP pressure.

The late growth phase transcriptional analysis, mimicking the in vivo infection-site growth, outline for the first time the long-term transcriptomic fingerprinting and networks involved in the adaptation to become DAPR MRSA. DAVID analysis highlighted common enriched pairwise over-expressed/under-expressed KEGG pathways in transport and TCRSs, SaeS/R, and WalKR, even though not in both strain pairs for WalK. Some differences in the enriched KEGG pathways can be attributable to strain-dependent features and different genomic background. The SaeR/S regulatory system (SAOUHSC_00714/SAOUHSC_00715) controls the production of exoproteins involved in adhesion and invasion of host cells, that is, hemolysins (hla and hlb), coa, Dnase, and spa- and CW-associated proteins (emp, eap, and fnbA), whereas WalK was previously related to glycopeptide resistance (Kolter et al., 1993; Shoji et al., 2011).

Transcriptomes revealed long-term imprints closely or indirectly related to the DAP-MOA and several accessory traits corroborating the multiple transcriptomic adaptations acquired with DAP-R onset, following DAP exposure and maintained by DAPR MRSA.

In particular, we considered as closely related features the CW and CM structure and organization traits as well as the primary metabolism ones owing to their link to the DAP-MOA and indirectly related features whether involved in biological pathways not directly related to DAP-MOA as the survival mechanisms of bacteria, that is, oxidative stress response, reactive oxygen species (ROS) detoxification, and ABC transporters.

The cell-envelope organization and structure are a key trait closely related to the DAP-MOA showing a multilevel feedback. Changes in the cell-envelope organization and structure appear, in fact, related to the modulation of four different pathways—that is, the peptidoglycan biosynthesis, cytolysis, cell division, and CM structure—considered related to DAP-MOA targets.

In details, adaptations in CW and CM organization and changes in the profile and content of the membrane proteins—affecting the availability of these DAP targets (Pogliano et al., 2012)—can be speculated via a modulation of the YycFG expression by yycH and membrane-protein gene under-expression. In Bacillus subtilis, yycHI is accessory system to YycFG repressing the YycG histidine kinase function (Fukushima et al., 2008). Changes in genes modulating cell-envelope stress and maintenance, including YycFG, had been previously associated with the development of DAPR in clinical and laboratory-derived DAPR S. aureus mutants, as well as with resistance to vancomycin (Utaida et al., 2003; Gaupp et al., 2015). The YycFG was reported as a key regulator of different processes affecting CW metabolism, CM lipid homeostasis and biofilm formation, changes in membrane fluidity, and CW cross-linking compensating osmotic pressure stresses (Dubrac and Msadek, 2004; Fukushima et al., 2011; Delauné et al., 2012).

Alterations in peptidoglycan synthesis were supposed via murF and SAOUHSC_00751 (functionally related to MurB) under-expression, indicating a putative decreased addition of the C-terminal D-alanyl–D-alanine dipeptide to the CW precursor muropeptide, a critical control point of peptidoglycan synthesis in S. aureus. The biosynthesis and attachment of the D-alanyl–D-alanine dipeptide are catalyzed by the different proteins encoded by ddlA and murF, with the MurF attaching the dipeptide to the UDP-N-acetylmuramic acid (MurNAc)-tripeptide, thus completing the biosynthesis of the peptidoglycan block, the UDP-linked MurNAc-pentapeptide. The D-alanyl–D-alanine C-terminal residues are essential for reactions taking place at the CW (Sobral et al., 2006). Even though DAP is structurally related to amphomycin, and similar lipopeptides as well as peptidoglycan biosynthesis inhibitors, no experimental studies share evidence on a similar MOA (Taylor and Palmer, 2016; Gómez Casanova et al., 2017). In our opinion, this signature could represent a new putative intrinsic daptomycin/glycopeptide cross-resistance mechanism because the D-alanyl–D-alanine dipeptide also represents glycopeptide targets. This transcriptomic trait experimentally supports the association of DAP-R and glycopeptide reduced susceptibility in MRSA, as well as, for the first time, providing experimental evidence on a relationship between DAPR onset and dysfunctionality in peptidoglycan biosynthesis, likely linked to a concomitance DAP inhibitor activity as reported for similar lipopeptide antimicrobials.

In addition, PBP incorporation into the CM and the quality control of cytoplasmic and integral membrane proteins could be affected through damaged-protein degradation and the protein-folding by ftsH under-expression (Lithgow et al., 2004). Autolysis is a crucial signature of the DAPR transcriptomic pathway and is closely related to the DAP-MOA, as demonstrated by cidB over-expression and lytS under-expression. Our data showed that DAP-R could lead to an increased activity of extracellular murein hydrolases via cidB over-expression. CidAB and LytS/R represent the key of the bacterial lysis regulatory pathway (Groicher et al., 2000; Patton et al., 2006). Furthermore, the LytSR system has been hypothesized to function as a staphylococcal “voltmeter,” rapidly sensing Δψ changes and leading to adaptations for resistance to host defense cationic antimicrobial peptides (HDPs) (Yang et al., 2013). Because the bactericidal mechanisms of action of the HDPs, as well as DAP, involve disruption of Δψ associated with the CM (either primarily or secondarily), DAP—owing to its similarity to HDPs—could perturb the staphylococcal CM and alter transmembrane potential (ΔΨ) impacting on programmed cell death and autolysis. Under stress conditions, for example, the presence of antimicrobials, CidAB can collapse the proton motive force and allow access of autolysins to their substrate resulting in cellular lysis modulating programmed cell death (Patton et al., 2006).

Different metabolic adaptations are directly linked to the DAP-MOA characterize DAPR MRSA. A fermentative metabolism appears to be the main metabolic pathway as expected in late growth phase, as demonstrated by the L-lactate dehydrogenase ldh2 over-expression associated with the increase in the lactic acid concentration reflecting the L-lactate dehydrogenase activity and the concomitant pyruvate kinase pyk under-expression. Shifting toward a fermentative metabolism leads to ATP deficiency and an alteration of membrane potential (ΔΨ) as a consequence of a decrease in the loss of oxidative phosphorylation, in agreement with previous findings showing that the succinate dehydrogenase levels, TCA enzyme, were lower in a DAPR strain with respect to DAPS strains (Fischer et al., 2011). menH under-expression (also functionally related to MurF) involved in menaquinone and phylloquinone epoxide biosynthesis was observed in DAPR strains. Menaquinone is a component of the staphylococcal membrane required for correct electron transport chain (ETC) functionality; thus, the menH under-expression may also be related to DAP-R acquisition.

Carbohydrate and inorganic phosphate transmembrane transport represents another key point indirectly related to the DAP-MOA in DAPR MRSA. In detail, our data showed a predominant under-expression of various transporter coding genes, including three genes responsible for carbohydrate transport. On the contrary, over-expression of the inorganic phosphate transmembrane transporter was observed. In particular, the over-expression of the inorganic phosphate transmembrane transporters could be implicated for its STRING predicted functionality related to the walR, arlR, and ssrA master regulators involved in autolysis, biofilm formation, CW metabolism, adhesion, multidrug resistance, virulence, and the global regulation of staphylococcal virulence factors in response to environmental oxygen levels as well as repression of agr, spa, and tst transcription.

Accessory DAP-R fingerprints were also discovered in DAPR MRSA. DAP-R alters the metabolism of amino-acid, lipid, cofactors, pyrimidine, and purine as demonstrated by the under-expression of various metabolic genes. Alterations in the pyrimidine and purine metabolic pathways have been indeed previously reported in DAPR S. aureus (Cui et al., 2010). Looking at the nucleic acid metabolism, different genes required for DNA replication, transcription, and translation appeared differentially expressed comparing DAPR versus DAPS strains. The over-expression of SAOUHSC_01334—annotated as sosA—could indicate an SOS-response block. sosA appears to be LexA regulated, exhibiting an over-expression similar to that of the SOS genes (Cirz et al., 2007; Mesak et al., 2008). An SOS-response block related to hypermutator behavior is considered a key mechanism of mutational antibiotic resistance. As regards the oxidative stress response, SAOUHSC_00304 mono-oxygenase over-expression could reflect the generation of ROS (Gaupp et al., 2012). In addition, the globin domain containing protein with nitric oxide dioxygenase activity (SAOUHSC_00204) under-expression—catalyzing nitric oxide (NO) to nitrate (NO3–) conversion—could cause an accumulation of reactive oxidant species such as NO. All these data could indicate the involvement of oxidative stress response enzymes in DAP-R responsible for cell survival because of an increased activity of ROS detoxification. Other different heat and cold shock stress response genes were found differentially expressed in DAPR S. aureus. In particular, dnaJ under-expression could be related to a decreased production of the chaperone protein DnaJ, involved in the response to hyper-osmotic and heat shock stress, preventing or restoring aggregation of denatured proteins. The use of different carbon sources in stress and nutrient limitation conditions were found, which could facilitate the survival of DAPR strains in starvation and stress conditions via PHB-depolymerase family protein over-expression. As regards cell adhesion, our data showed a putative decreased adhesion ability of DAPR versus DAPS S. aureus via sdrD under-expression, although this was in contrast with previous findings (Song et al., 2013). SdrD, cell surface-associated calcium-binding protein, interacts with the extracellular matrix of higher eukaryotes.

In addition, different PCAs supported the correlation of the five distinctive functional DEG clusters with a daptomycin resistance or susceptible phenotype.

New consideration should be given for mprF and dltA expression. In the late post-exponential growth phase RNA-seq data, mprF expression trend showed increased transcripts in 1C versus 1A and decreased in 3B versus 3A, even though not statistically significant. Even dltA expression did not display statistically significant differential expression in any strain pairs; however, the expression trend displayed a decreased amount of transcripts in DAPR strains in both strain pairs (data shown in files submitted to GEO). Based on these data, we hypothesize a growth-phase/strain-dependent mprF expression in the late growth phase transcriptomes correlating with the increased lysyl-phosphatidylglycerol synthesis in 1C versus 1A strain pair and a decrease in 3B versus 3A strain pair described in our previously published data on stationary cultures (Mishra et al., 2014). On the contrary, a growth phase-dependent dltA expression was observed in the late post-exponential growth phase in both strain pairs in agreement with other findings (Yang et al., 2009). Ultimately, although the bioinformatic cutoffs used to analyze these transcriptomic data are the standard ones, they could be too stringent both to simultaneously identify all RNAomic features characterizing DAPR S. aureus and to fully reflect the complexity of this biological system.



CONCLUSION

Our data define the complex genomic and long-term transcriptomic fingerprinting and adaptations of DAPR MRSA, providing new insights into their distinctive traits focusing on targets related to DAP-MOA. Briefly, we can summarize that DAPR MRSA acquired diverse genomic and transcriptomic changes to cope with and preserve bacterial cell from DAP action. CM structural/functional proteins and transcriptional regulators emerged as the cell targets related to genomic changes gained under DAP pressure. Furthermore, DAP-MOA-related transcriptomic adaptations were found in CW and CM organization, that is, peptidoglycan biosynthesis, cell division, and CM structure, as well as in the autolytic system, in primary metabolism via a shift toward fermentation, and in CM-potential perturbation. Finally, accessory traits can also impact on DAPR such as multilevel amplified stress responses mainly including oxidative stress response determining cell survival due to an increased ROS detoxification and the ABC transporters.
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Efflux pumps (EPs) are present in all living cells and represent a large and important group of transmembrane proteins involved in transport processes. In bacteria, multidrug resistance efflux pumps (MDR EPs) confer resistance to antibiotics at different levels and are deeply implicated in the fast and dramatic emergence of antibiotic resistance. Recently, several reports have outlined the great versatility of MDR EPs in exporting a large variety of compounds other than antibiotics, thus promoting bacterial adaptation to a wide range of habitats. In several bacterial pathogens, MDR EPs contribute to increase the virulence potential and are directly involved in the crosstalk with host cells. In this work, we have investigated the possible role of MDR EPs in the infectious process of the adherent-invasive Escherichia coli (AIEC), a group of pathogenic E. coli that colonize the ileal mucosa of Crohn disease (CD) patients causing a strong intestinal inflammation. The results we have obtained indicate that, with the exception of mdtM, all MDR-EPs encoding genes present in E.coli K12 are conserved in the AIEC prototype strain LF82. The analysis of MDR EP expression during LF82 infection of macrophages and epithelial cells reveals that their transcription is highly modulated during the bacterial intracellular life. Notably, some EP genes are regulated in a cell-type specific manner, strongly suggesting that their function is required for LF82 successful infection. AIEC are able to adhere to and invade intestinal epithelial cells and, importantly, to survive and multiply within macrophages. Thus, we further investigated the role of EPs specifically induced by macrophage environment. We present evidence indicating that deletion of mdtEF genes, encoding an MDR EP belonging to the resistance nodulation division (RND) family, significantly impairs survival of LF82 in macrophages and that the wild type phenotype can be restored by trans-complementation with functional MdtEF pump. Altogether, our results indicate a strong involvement of MDR EPs in host pathogen interaction also in AIEC and highlight the contribution of MdtEF to the fitness of LF82 in the macrophage environment.
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INTRODUCTION

Efflux pumps (EPs) are membrane protein complexes found in all living organisms. In many bacteria, including pathogens, EPs mediate the efflux of one or more antibiotics, thus strongly contributing to the development of multidrug resistance (MDR; Li et al., 2015; Du et al., 2018). EPs are usually present in the inner membrane as single-component transporters. In Gram-negative bacteria, they can form a tripartite structure spanning both membranes and consisting of an inner membrane protein, a periplasmatic adaptor protein and an outer membrane protein (Hinchliffe et al., 2013). On the basis of sequence similarity, transport function and energy source bacterial MDR EPs have been grouped into six families: ATP binding cassette (ABC), resistance nodulation division (RND), major facilitator superfamily (MFS), multidrug and toxic compound extrusion (MATE), small multidrug resistance (SMR), and proteobacterial antimicrobial compound efflux (PACE; Du et al., 2018). Recently, an additional family has been identified: the p-Aminobenzoyl-glutamate transporter (AbgT) family (Delmar and Yu, 2016). EPs use the proton motive force of the inner membrane as energy source. ABC EPs are an exception as they rely on ATP hydrolysis (Li et al., 2015; Du et al., 2018).

Multidrug resistance efflux pumps (MDR EPs) have been thoroughly studied because of their clinical relevance in bacterial infections (Li et al., 2015; Du et al., 2018). In recent years, it has become clear that the importance of MDR EPs goes beyond the efflux of antibiotics (Piddock, 2006; Alvarez-Ortega et al., 2013; Alcalde-Rico et al., 2016; Pasqua et al., 2019b) and involves several cellular functions. In particular, due to their ability to extrude a variety of different compounds, MDR EPs play a relevant role in the interactions of bacteria with plant and animal cells, in the maintenance of cellular homeostasis, in the detoxification of metabolic intermediates, and in cell-to-cell communication. Moreover, MDR EPs actively contribute to virulence of bacterial pathogens in plant and animals, including humans (Piddock, 2006; Alcalde-Rico et al., 2016). In opportunistic pathogens associated with cystic fibrosis, e.g., Pseudomonas aeruginosa, Acinetobacter baumannii, and Stenotrophomonas maltophilia, MDR EPs contribute to the export of quorum sensing molecules and favor the formation of biofilms (Alav et al., 2018; Pasqua et al., 2019b).

In some enteropathogens, MDR EPs, besides contributing to resistance to bile salts (Alvarez-Ortega et al., 2013; Leuzzi et al., 2015; Urdaneta and Casadesús, 2018), play a relevant role in the intracellular life of the bacterium. For example, in Salmonella Typhimurium MDR EPs are required for an efficient invasion and survival within macrophages and intestinal cells (Buckley et al., 2006; Bogomolnaya et al., 2013) while in Listeria monocytogenes they favor bacterial intracellular spread and tissue invasion through their capability to activate IFN-β production in infected mouse macrophages (Crimmins et al., 2008). Furthermore, it has been shown that, in Staphylococcus aureus, EPs contribute to the invasion of human epithelia and facilitate the persistence within staphylococcal-induced abscesses (Truong-Bolduc et al., 2015) and that, in Mycobacterium tubercolosis, an increased expression of MDR EP genes promotes bacterial replication in macrophages and survival in mouse models (Bianco et al., 2011).

In a recent study (Pasqua et al., 2019a), we were able to demonstrate that the MDR EmrKY EP significantly contributes to the survival of Shigella flexneri in macrophages. S. flexneri belongs to the Escherichia coli species and its invasive process is characterized by the capability to invade macrophages, where it multiplies and induces cell death (Schroeder and Hilbi, 2008; Pasqua et al., 2017). The bacteria released from dying macrophages invade neighboring enterocytes, where they rapidly lyse the vacuole and actively replicate. Invasion of macrophages and epithelial cells is a pathogenicity step also found in another group of enteropathogenic E. coli, the adherent and invasive E. coli (AIEC; Darfeuille-Michaud, 2002; Croxen et al., 2013). AIEC represent a pathotype associated with Crohn disease (CD), an inflammatory syndrome affecting the intestinal tract (Darfeuille-Michaud, 2002; Palmela et al., 2018; Shaler et al., 2019). AIEC strains do not express virulence factors typically found in other pathogenic E. coli and cluster within the E. coli B2 phylogenetic group whose members are mostly extraintestinal E. coli (Miquel et al., 2010). Despite the capability to invade the same host cells, AIEC and Shigella exhibit different intracellular survival strategies. AIEC replicate extensively in large vacuoles within macrophages without inducing host cell death (Glasser et al., 2001) and stimulate the production of large amount of TNF-α, leading to chronic inflammation. Moreover, in AIEC strains, the invasion of human intestinal epithelia occurs via a macropinocytosis-like process and involves the interaction of bacterial Type 1 pili with the CEACAM6 glycoprotein receptor, which is abnormally expressed in CD patients (Barnich et al., 2007). As opposed to Shigella, in epithelial cells, AIEC strains do not lyse the vacuole soon after invasion and replicate within late endosomes to escape cell autophagy (Lapaquette et al., 2010).

The different behavior of AIEC and Shigella within host cells has prompted us to investigate the expression of the MDR EPs of clinical strain LF82, considered as an AIEC prototype (Boudeau et al., 1999), during the invasion of epithelial cells and macrophages. The results we have obtained indicate that within these environments bacteria display a strong induction of several EPs, some of which are host-cell specific. As the extensive replication of LF82 in macrophage phagolysosomes is a critical step for the intracellular survival of the pathogen (Glasser et al., 2001; Demarre et al., 2019), we have focused on EPs highly expressed only within macrophages and have found that MdtEF, a MDR EP belonging to the RND family, significantly contributes to bacterial fitness in this environment.



MATERIALS AND METHODS


Bacterial Strains, Plasmids, and Growth Conditions

Bacterial strains and plasmids used in this study are listed in Supplementary Table S1. E. coli LF82 is an AIEC strain isolated from a chronic ileal lesion of a CD patient (Boudeau et al., 1999). The LF82 ΔmdtEF strain, containing a deletion of the mdtEF genes, and MG1655 ΔacrAB, deleted of entire acrAB operon, have been constructed using the one-step method of gene inactivation (Datsenko and Wanner, 2000) by transforming LF82 pKD46 or MG1655 pKD46 with amplicon obtained using pKD13 as template and the oligo pairs EFF/EFR for mdtEF deletion and ABF-ABR for acrAB deletion (Supplementary Tables S1, S2).

Plasmid pGEF3 was obtained by cloning the mdtEF genes into pGIP7, a pACYC184 espression vector carrying the lacIq gene and ptac promoter (Falconi et al., 2001; Supplementary Table S1). The mdtEF amplicon obtained using MG1655 as template and oligo pairs pACmdtEFF/pACmdtEFR (Supplementary Table S2) was digested with BamHI and cloned into pGIP7 downstream the ptac promoter. Plasmid pGEF3 and deletion of mtdEF and acrAB genes have been verified by DNA sequencing (Biofab, Rome). Bacterial cells were grown aerobically in Luria-Bertani (LB) medium at 37°C. Congo Red at 0.01% was added to Trypticase soy agar to monitor the LF82 Congo Red phenotype. Antibiotics, and chemicals were used at the following concentrations: ampicillin 30 μg/ml, chloramphenicol 25 μg/ml, erythromycin 12.5 μg/ml or 25 μg/ml, kanamycin 30 μg/ml, and gentamicin 10 μg/ml or 100 μg/ml for infection procedures.



General Procedures

DNA purification, restriction, cloning, plasmid transformation, and gel electrophoresis were carried out as previously described (De Carolis et al., 2011; Leuzzi et al., 2017). The oligonucleotide sequences, designed on the basis of the LF82 genome (Miquel et al., 2010) or MG1655 genome, are reported in Supplementary Table S2. PCR reactions were routinely performed using the DreamTaq DNA polymerase (Thermo Fisher Scientific) or, when required a higher fidelity of PCR product, the Ex taq DNA polymerase (Takara). DNA sequence data were compared to known nucleotide and protein sequences using the BLAST server (National Center for Biotechnology Information). Analysis of distribution of MDR EPs in the genome of other AIEC strains was performed using the EcoCyc database (Keseler et al., 2017).



Cell Cultures and Infections

Both the human promonocytic U937 and the human monocytic THP-1 cell lines were grown in Roswell Park Memorial Institute (RPMI) 1640 (Gibco) medium containing 10% heat-inactivated fetal bovine serum (FBS; Euroclone), 0.05 IU/ml penicillin, and 0.05 IU/ml streptomycin (PS), referred to as RF10, at 37°C in a humidified 5% CO2 atmosphere. Before bacterial infection, both U937 and THP-1 cells were differentiated into macrophages. U937 cells were seeded in 6-well tissue culture plates (Falcon), at a density of 1.5 × 106 cells/well, in RF10 supplemented with 80 nM phorbol myristate acetate (PMA; Sigma). After 2 days, PMA containing medium was removed and cells were left for further 4 days in RF10. Two hours before bacterial infection, RF10 was replaced with fresh RPMI. THP-1 monocytes were seeded in 6-well tissue culture plates (Falcon) at a density of 1.0 × 106 cells/well in growth medium supplemented with 50 nM PMA. After 48 h, PMA containing medium was removed and cells left for further 24 h in RF10. Two hours before bacterial addition, RF10 was replaced with fresh RPMI. The human epithelial colorectal adenocarcinoma Caco-2 cell line was grown in Dulbecco minimal essential medium (DMEM; Gibco) containing 10% FBS and PS, referred to as DF10, at 37°C in a humidified 5% CO2 atmosphere. For bacterial infection, cells were seeded in 6-well tissue culture plates (Falcon) at a density of 4.0 × 105 cells/well in growth medium. After 48 h, cells were serum-starved over-night in DMEM supplemented with 0.5% FBS and PS (DF0.5). Two hours before bacterial infection, DF0.5 was replaced with fresh DMEM without serum and antibiotics. Bacteria were added to the cell cultures at a multiplicity of infection of 100. After addition of bacteria, plates were centrifuged for 15 min at 750 × g and incubated 30 (U937 and THP1) or 45 min (Caco-2) at 37°C under 5% CO2 atmosphere to allow bacterial entry. Then extracellular bacteria were removed by three extensive washing with phosphate-buffered saline (PBS). This point was taken as time zero (T0). Fresh medium (RPMI or DMEM) containing gentamicin (100 μg/ml) was added to the other plates to kill extracellular bacteria, and infected cells were incubated at 37°C up to 4 or 5 h.



RNA Isolation and Quantitative Real Time PCR

To monitor gene expression during host cell infection, one 6-well tissue culture plate was considered for each time point to maximize the yield of intracellular bacteria. Intracellular LF82 bacteria were recovered by lysing infected cells with 1% Triton X-100 (Sigma) for 5 min. Bacteria were diluted 1:2 with PBS to decrease Triton concentration before proceeding with RNA extraction (Di Martino et al., 2016). Two micrograms of total RNA were treated with DNAse I and retro-transcribed using the High Capacity cDNA Reverse Transcription Kit (Thermo Fischer Scientific). qRT-PCR was performed in a 30 μl reaction mix containing 3 μl cDNA using Power SYBR Green PCR Master Mix (Thermo Fischer Scientific) on a 7300 Real-Time PCR System (Thermo Fischer Scientific). At least three wells were run for each sample. Relative quantification was performed using the comparative cycle threshold (2−ΔΔCt) method (Livak and Schmittgen, 2001). Primers for the nusA transcript (endogenous control) and target transcripts were designed with the aid of the Primer Express software v2.0 (Thermo Fischer Scientific) and experimentally validated for suitability for the 2−ΔΔCt method. All primers used are listed in Supplementary Table S2. In the case of EP systems consisting of more than one protein (AcrAB, EmrAB, EmrKY, MacAB, MdtJI, AcrEF, and MdtABC) encoded by genes clustered in a single operon, we monitored the transcription of the promoter-proximal gene.



Live and Dead Assay

Intracellular dead bacteria were evaluated by staining the entire population with 4′,6-diamidino-2-phenylindole (DAPI; Sigma) and labelling dead cells with Propidium iodide (PI; Sigma). At the indicated time points, infected macrophages were lysed by adding 1% Triton X-100 in 1× PBS. The cell lysate was pelleted at 13,000 rpm for 5 min. The pellet containing intracellular bacteria was washed once in 1× PBS and suspended in 1x PBS containing 10 μg/ml DAPI and 15 μM PI. Samples were incubated 20 min at room temperature in the dark. Bacteria were centrifuged at 13,000 rpm for 5 min and washed once with 1× PBS. Pellet was resuspended in 20 μl 1X PBS containing 50% glycerol; 5 μl of the stained bacteria were added to the glass slide and overlaid with the coverslip for immediate observation and counting.



Statistical Analyses

The statistical differences of the EP gene expression level between intracellular bacteria and bacteria grown in RPMI or DMEM were determined using Microsoft Excel by calculating the values of p derived from a one-way ANOVA. The statistical difference between the percentage of dead intracellular LF82 wt strain and the percentage of dead intracellular LF82 derivatives at each time point was determined by a two-tailed t-test.




RESULTS


In silico Identification of the MDR EP Encoding Genes in AIEC LF82 Strain and Their Expression Profile During Infection of Host Cells

LF82 is a prototype strain of AIEC, isolated from CD patients (Boudeau et al., 1999). As previously reported (Miquel et al., 2010), the genome of LF82 contains 130 LF82 specific CDSs. Most of them (88.5%) are not found in any E. coli genome while the remaining percentage has no homology with genes identified in any pathogenic bacteria. Since among these LF82 specific CDSs there were no genes coding for MDR EPs, we searched in the genome of LF82 homologs for each of the 20 functional MDR EPs encoding operons described in E. coli K12 (Nishino and Yamaguchi, 2001; Kobayashi et al., 2006).

As shown in Table 1, 19 out of the 20 genetic systems encoding MDR EPs described in E. coli K12 MG1655 are present in LF82 genome. The mdtM gene is completely absent due to a severe rearrangement in the mdtM-rpnD locus as compared to MG1655 with the insertion of LF82 specific genes (Miquel et al., 2010). The remaining MDR EPs and their encoding genes show high homology with those of commensal E. coli K12 strain (Table 1). The pattern of functional MDR EPs of LF82 is the most common among those observed in highly invasive AIEC strains, isolated from CD patients, belonging to the B2 phylogroup (data not shown).



TABLE 1. Analysis of the multidrug efflux pump encoding genes present in the adherent-invasive Escherichia coli (AIEC) LF82 genome.
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LF82 is a pathogenic AIEC strain that is able to invade epithelial cells and survive and replicate widely in macrophages without inducing cell death (Boudeau et al., 1999; Glasser et al., 2001), suggesting that the bacterium is able to adapt and establish an equilibrium with the host cell. The expression of LF82 MDR EPs was therefore analyzed at early stage of the invasive process during the first 4 h of infection of human U937 monoblasts differentiated into macrophage-like cells and of Caco-2 epithelial cells. The global analysis by qRT-PCR shows that the expression of some of the conserved MDR EP encoding genes, such as mdtG, mdtH, emrD, emrA (MSF family), mdtA, acrD (RND family), and macA (ABC family), is weakly modified by host cell environment with few differences between the two cell types, or downregulated in both cell types, as for emrE (SMR family), which is heavily repressed particularly in macrophages, and bcr (MFS family; Figure 1). Concerning the other MDR EP genes conserved in LF82, results obtained by qRT-PCR analysis demonstrated that some of them are constantly upregulated during the infection of both cell types (Figure 2), while the expression of four genes, namely fsr, mdtL, mdtEF, and acrA, is regulated in a cell specific manner (Figure 3A).
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FIGURE 1. Mild-responsive MDR EPs to different cellular environments. Relative transcription of the EP encoding genes mdtG, mdtH, emrD, emrA, mdtA, acrD, macA, emrE, and bcr during LF82 infection of U937 and Caco-2 cells. Quantitative analysis of the transcripts was performed by qRT-PCR. Total RNA was extracted from LF82 bacteria at various time points p.i., from 0 h (corresponding to bacterial adhesion to and entry into target cells, T0) up to 4 h (T4) p.i. and from control bacteria grown in RPMI (U937) or DMEM (Caco-2). Each experiment was repeated three times and at least three wells were run for each sample. The results are shown as fold-change relative to the expression of each gene in control bacteria set to 1.0. A one-way ANOVA performed between intracellular bacteria and control bacteria yielded p < 0.01 for all the EP genes shown. Error bars represent SD.
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FIGURE 2. Highly-induced MDR EPs in both cellular environments. Relative transcription of the EP encoding genes emrK, mdtJ, acrE, mdtK, cusB, and mdfA, during LF82 infection of U937 and Caco-2 cells. Quantitative analysis of the transcripts was performed by qRT-PCR. Total RNA was extracted from LF82 bacteria at various time points p.i., from 0 h (corresponding to bacterial adhesion to and entry into target cells, T0) up to 4 h (T4) p.i. and from control bacteria grown in RPMI (U937) or DMEM (Caco-2). Each experiment was repeated three times and at least three wells were run for each sample. The results are shown as fold-change relative to the expression of each gene in control bacteria set to 1.00. A one-way ANOVA performed between intracellular bacteria and control bacteria yielded p < 0.01 for all the EP genes shown. Error bars represent SD.


[image: Figure 3]

FIGURE 3. MDR EPs specifically responding to different cellular environment. (A) Relative transcription of the EP encoding genes fsr, mdtL, mdtE, and acrA during LF82 infection in U937 and Caco-2 cells. (B) Relative transcription of the EP encoding genes fsr, mdtL, and mdtE during the LF82 infection of THP-1 cells. Quantitative analysis of the transcripts was performed by qRT-PCR. Total RNA was extracted from LF82 bacteria at various time points p.i., from 0 h (corresponding to bacterial adhesion to and entry into target cells, T0) up to 4 h (T4) p.i. and from control bacteria grown in RPMI (U937 and THP-1) or DMEM (Caco-2). Each experiment was repeated three times and at least three wells were run for each sample. The results are shown as fold-change relative to the expression of each gene in control bacteria set to 1.00. A one-way ANOVA performed between intracellular bacteria and control bacteria yielded p < 0.01 for all the EP genes shown. Error bars represent SD.




Some MDR EP Genes Are Induced Regardless of the Cell Type LF82 Is Infecting

The analysis of the transcriptional profile of all the genes encoding MDR EPs revealed that the genes emrK and mdfA (MFS family), mdtJ (SMR family), acrE and cusB (RND family), and mdtK (MATE family) are invariably induced during the infection of both U937 and Caco-2 cells, although at different extent (Figure 2). In particular, when LF82 strain infects macrophages, the emrK, mdtJ, acrE, and mdtK transcripts accumulate promptly after bacterium entry into the cell (T0), increasing throughout the infection period analyzed (Figure 2, upper panel). During the infection of epithelial cells, induction of the same genes is observed later, at 1 h post infection (p.i.), afterwards their expression follows a behavior similar to that observed in U937-derived macrophages, since the genes are strongly upregulated (Figure 2, lower panel). Particularly, the mdtJ transcript accumulates up to 25-fold at 4 h p.i., as compared to LF82 grown in DMEM medium (Figure 2, lower panel). The expression profile of the cusB gene is also quite comparable in the two cell types, with some differences at the very early stage of infection (T0) where the transcript levels keep unaltered in U937 cells, compared to control bacteria grown in RPMI medium, while decrease in LF82 infecting Caco-2 cells. Finally, among these group of EP genes, mdfA appears to be an exception, as its behavior at T0 is specular to that observed for the other EPs in the two cells types, being unchanged in epithelial cells, as compared to the control LF82, while downregulated in macrophages. The delay of induction observed in epithelial cells for virtually all these EP genes may be explained by the different mode of bacterium entry into the two cell types, direct phagocytosis by macrophages (Glasser et al., 2001) versus pilum-CEACAM6 interaction-dependent macropinocytosis (Glasser et al., 2001; Barnich et al., 2007), which might imply that bacteria face cellular response much earlier in macrophages than in epithelial cells.

Collectively, these data suggest that these MDR EP genes respond to stimuli common to both infected macrophages and epithelial cells and that their enhancement might be important for the overall invasive process of the bacterium.



fsr, mdtL, mdtEF, and acrA MDR EP Genes Are Differentially Expressed During the Infection of Macrophages and Epithelial Cells

Unlike the genes described above, whose induction is independent from the cell type LF82 is infecting either macrophages or epithelial cells, the modulation of fsr, mdtL, mdtEF, and acrA EP genes appears to be driven by specific cell environment. Indeed, the transcript levels of the fsr and mdtL, encoding MDR EPs of the MFS family and mdtE encoding an MDR EP of the RND family, are strongly increased when LF82 invades U937-derived macrophages, as compared to LF82 grown in RPMI (Figure 3A). In particular, induction of the frs, mdtL, and mdtE genes occurs immediately as bacteria adhere and enter the host cell (T0; Figure 3A, upper panel). Conversely, the expression of these same genes is either downregulated, as in the case of fsr and mdtL, or virtually unchanged, as for mdtE, throughout the infection of epithelial cells (Figure 3A, lower panel). On the other way around, the acrA gene encoding the AcrAB EP (RND family) is specifically expressed when the LF82 invades epithelial cells. The transcription level of acrA gene increases over the time during Caco-2 cell infection (up to 8-fold), as compared to LF82 grown in DMEM (Figure 3A, lower panel). In contrast, the acrA gene is constantly downregulated during the infection of macrophages (Figure 3A, upper panel).

Overall, these findings suggest that the expression of some MDR EP genes in the LF82 AIEC strain represents a kind of signature mirroring the bacterial response to specific host-cell environment, either macrophagic or epithelial.

Resident macrophages in the intestinal tract are among the sentinels devoted at limiting systemic microbial dissemination and defending the organism from pathogen attacks. On the other hand, it is largely acknowledged that macrophages fail to restrict intracellular AIECs, which, in turn, survive and replicate inside them (Glasser et al., 2001; Vazeille et al., 2015; Palmela et al., 2018; Demarre et al., 2019). Hence, the specific induction of frs, mdtL, and mdtE genes observed in LF82 infecting U937 cells might be part of the bacterial strategies to counter the host-cell defenses. To strengthen this observation, the expression profile of these EP genes was also verified in THP-1 monocyte-derived into macrophages, widely used as model system to study the infection process of LF82 and other AIEC clinical strains (O’Brien et al., 2017; Demarre et al., 2019). Figure 3B shows that, although induced at lesser extent, the overall behavior of the three genes is quite similar to that observed in U937 cells. Noteworthy, the induction of these EP genes in LF82 is particularly significant as soon after the addition of bacteria to THP-1 cells, with mdtL being the least upregulated at T0 and almost unmodified at the other time points analyzed.



MdtEF Contributes to the Survival of LF82 Inside Macrophages

More and more studies are addressing the emergent role of EPs in bacterial pathogenesis and virulence beyond that of conferring MDR (Piddock, 2006; Alcalde-Rico et al., 2016; Pasqua et al., 2019b). Recently, we have described how several EP genes are modulated in S. flexneri upon infection of macrophages and epithelial cells and how they can be functional for the macrophage invasive process (Pasqua et al., 2019a). Shigella and AIECs are two invasive E. coli pathotypes using very different virulence tools and strategies (Croxen et al., 2013). One of all is the outcome of macrophage infection, where Shigella rapidly exits the entry vacuole and eventually kills the cell (Ogawa and Sasakawa, 2006) while AIECs replicate inside the phagosome without inducing cell death (Glasser et al., 2001). Interestingly, during the evolution process toward intracellular lifestyle AIECs have conserved some genetic systems encoding MDR EPs, which are, instead, lost by Shigella (Pasqua et al., 2019a). Of note, mdtEF is among the MDR EP genes disrupted in Shigella, thus the specific induction seen in LF82 infecting macrophages may reflect, at least in part, the profound differences of the pathogenic mechanisms between the two pathogens. To get more insights on the value of the very early response of the LF82 inside macrophages, a LF82 mdtEF deletion mutant was generated by site specific mutagenesis (LF82 ΔmdtEF) and used to infect THP-1-derived macrophages. Parallel infections were performed with the wild type LF82 strain. Although AIECs persist and replicate inside macrophages, they are continuously under macrophage attack and a fraction of intracellular death bacteria is always present (Demarre et al., 2019). Hence, we asked whether lack of functional MdtEF could affect intramacrophagic LF82 survival. At the indicated time points, intracellular bacteria were recovered from infected macrophages and stained with PI and DAPI; the amount of PI positive dead LF82 and LF82 ΔmdtEF cells were evaluated under fluorescence microscopy. Data shown in Figure 4 confirm that a constant proportion, ranging from 10 to 17% of dead LF82 bacteria is detectable throughout the infection period analyzed. Interestingly, lack of MdtEF leads to a significant increase of bacteria that succumb to macrophage attack. Indeed, the percentage of PI positive LF82 ΔmdtEF shifts up 2–2.5-fold, depending on the time point considered, ranging from 24 to 38%. In order to assess the direct contribution of MdtEF in conferring intramacrophagic LF82 viability, we made attempts to restore the wild type phenotype in a LF82 ΔmdtEF by expressing a functional MdtEF protein complex. To this end, we constructed pGEF3 by cloning the mdtEF genes into the pGIP7 vector (Supplementary Table S1). Functionality of MdtEF pump encoded by pGEF3 was verified by testing the capability of pGEF3 to confer resistance to erythromycin in a E. coli K12 strain depleted of AcrAB, the major MDR EP (MG1655 ΔacrAB; Supplementary Table S3). Parallel infections of THP-1 macrophages were carried out with LF82, LF82 ΔmdtEF, LF82 ΔmdtEF pGIP7, or LF82 ΔmdtEF pGEF3. As exptected, LF82 ΔmdtEF pGIP7 strain behaves as the deleted mutant (data not shown). On the other way around, trans-complementation with pGEF3, encoding a functional MdtEF pump, completely restores the phenotype of LF82 ΔmdtEF strain. Indeed, Figure 4 shows that the proportion of dead LF82 ΔmdtEF pGEF3 bacteria is fully superimposable to that of dead wild type LF82 bacteria. The reduced viability of the LF82 ΔmdtEF indicates that the MdtEF EP participates in the bacterial response to the macrophage attack promoting LF82 survival.
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FIGURE 4. MdtEF pump favors survival of LF82 within macrophages. Intracellular bacteria were recovered from THP-1 differentiated macrophages at 0, 1, 2, 3, 4, and 5 h p.i. (referred to as T0, T1, T2, T3, T4, and T5, respectively) and soon after stained with DAPI/PI. The values are expressed as percentage of PI (+) dead bacteria relative to DAPI (+) bacteria. The results shown are the average of at least three independent experiments. A two-tailed t test performed between LF82 and LF82 ΔmdtEF or between LF82 ΔmdtEF pGEF3 and LF82 ΔmdtEF yielded a p < 0.01 at each time point while comparison between LF82 and LF82 ΔmdtEF pGEF3 yielded p > 0.1. Error bars represent SD.


Attempts to translate the viability phenotypes into a different number of colony forming bacteria failed due to the extremely high variability of growth curves obtained from different infection experiments both with the wild type and the mutant strains. This is in agreement with a recent study that well documents how intramacrophagic challenges induces a high LF82 phenotypic heterogeneity (Demarre et al., 2019), influencing the growth properties of intracellular bacteria. Altogether, these data indicate that increasing expression of the MdtEF encoding genes might be functional to activate a strategy for persisting in the harsh environment of the macrophage phagolysosome.




DISCUSSION

In the present study, we analyzed the differential expression of genes encoding the MDR EPs of the AIEC LF82 strain during the first steps of its intracellular life. We found that some of these genes are highly and specifically activated during infection of macrophages while others are specifically induced when bacteria infect epithelial cells. Among MDR EPs significantly activated in the macrophage environment, we have focused on MdtEF, an EP belonging to the RND family, and we were able to show that its expression is linked to reduced mortality of LF82 within macrophages.

AIEC are a peculiar group of enteropathogenic E. coli, very frequently found in CD patients, able to colonize the intestinal epithelial cells and to actively replicate in macrophages (Darfeuille-Michaud, 2002; Palmela et al., 2018; Shaler et al., 2019). Adhesion of AIEC on ileal enterocytes is mediated by the interaction of bacterial type1 pili with the host cell receptor CEACAM6. The high expression of this receptor at the apical surface of enterocytes in CD patients accounts for the massive presence of AIEC in their intestinal epithelia (Barnich et al., 2007). In addition to invasion of intestinal epithelial cells, AIEC are able to translocate through the epithelium and gain access to the macrophages. AIEC replicate extensively within macrophage phagolysosomes without triggering cell death. Continuous replication of AIEC in infected macrophages results in secretion of high levels of TNF-α, causing strong intestinal inflammation in CD patients (Glasser et al., 2001). The intravacuolar microenvironment of macrophage phagolysosomes not only protects bacteria from autophagy (Lapaquette et al., 2010) but also favors full expression of the virulence phenotype and active replication (Bringer et al., 2006). Recently, it has been shown that persistence within macrophages exposes AIEC LF82 to several stresses, resulting in a complex bacterial response that promotes the formation of non-growing and antibiotic tolerant variants (Demarre et al., 2019).

A growing body of studies suggests that the functional significance of MDR EPs goes beyond their capability to extrude a wide range of antibiotics as these pumps are also involved in relevant aspects of bacterial cell physiology, including interactions with host cells (Alcalde-Rico et al., 2016; Du et al., 2018; Pasqua et al., 2019b). While in other enteroinvasive bacteria, such as Salmonella and Shigella, it was shown that MDR EPs contribute to the bacterial survival within the host cells (Buckley et al., 2006; Pasqua et al., 2019a), no data are available for AIEC strains. LF82 is a reference AIEC strain isolated from CD patients (Boudeau et al., 1999) that has been widely used to investigate bacteria-host interactions. As compared to the commensal E. coli K12, we observed that the LF82 genome contains all functional MDR EPs previously described with the exception of MtdM, whose operon has been disrupted by the insertion of AIEC specific genes. We found that the expression of many of the MDR EP genes conserved in LF82 is strongly modified by intracellular environment, suggesting a potential involvement of these systems in the infection process also in AIEC. Notably, some MDR EPs are invariably induced regardless of the cell type LF82 is infecting, indicating that the bacterium is subjected to common stimuli in both U937-derived macrophages and Caco-2 epithelial cells (Figure 2). Among these MDR EPs, EmrKY is of particular interest. Indeed, as we have previously reported, in Shigella, EmrKY is selectively expressed in macrophages and inhibited in epithelial cells (Pasqua et al., 2019a), while here we found that in AIEC this EP is actively transcribed in both cell types throughout the analyzed infection period. As demonstrated before the acidic cytoplasmic pH determined by Shigella infection of macrophages is responsible for EmrKY induction (Pasqua et al., 2019a). AIEC and Shigella both belong to the E. coli species and share the capacity to invade macrophages and epithelial cells (Croxen et al., 2013). However, their infection strategy greatly differs, as Shigella rapidly escapes from phagolysosome upon infection of both macrophagic and epithelial cells and multiplies in the cytoplasm (Schroeder and Hilbi, 2008), while AIEC remain and multiply inside the phagolysosome or the late endosome in macrophages and epithelial cells, respectively (Glasser et al., 2001; Lapaquette et al., 2010). Hence, the induction of emrK gene in LF82 during the infection of both macrophages and epithelial cells is likely because AIEC are continuously exposed to an acidic environment, such as that of phagolysosome or late endosome, in both cell types.

In addition to the LF82 EPs being highly induced by both cell environments, we observed that the expression of few EP genes is specifically induced when the bacterium infects U937-derived macrophages or Caco-2 epithelial cells. Particularly, the gene acrA, encoding the periplasmic component of the AcrAB efflux pump, is upregulated when LF82 strain invades epithelial cells, while is downregulated in macrophages. The AcrAB efflux pump belongs to the RND family and it is known as the major E. coli MDR efflux system (Nishino and Yamaguchi, 2001); therefore, its downregulation in the macrophage environment might be complemented by overexpression of other pumps that could fulfill, at least in part, the same function. Accordingly, the expression levels of the fsr and mdtL, encoding MDR EPs of the MFS family and mdtE encoding an EP of the RND family, are strongly increased when LF82 invades U937-derived macrophages, while lowered when Caco-2 cells are infected. Whether the activity associated to these MDR EPs can complement the downregulation of AcrAB has still to be determined. However, the specular expression profile of this group of EPs in LF82 infecting either macrophages or epithelial cells appears intriguing. In this context, it is worth mentioning that in Salmonella Typhimurium the silencing of acrA or acrF, which encode the transporter component of two RND EPs, increases the expression of acrD, a gene encoding another RND EP (Eaves et al., 2004).

The induction of Fsr and MdtE appears to be a common response of LF82 to macrophagic environment as we find them upregulated during the infection of a different monocytic cell line, the widely used THP-1-derived macrophages (Figure 3B). This observation strongly supports the hypothesis that these EPs might be part of the pathogenic strategy of LF82, favoring survival and multiplication inside macrophages.

From an evolutionary point of view, MdtEF is of particular interest, as it is among the MDR EPs lost by Shigella (Pasqua et al., 2019a), likely because unnecessary during the intracellular life.

MdtEF forms a tripartite EP with the common outer membrane channel TolC. In E. coli K12, the overexpression of MdtEF confers resistance to a large panel of antibiotics and toxic compounds, including fatty acids and sodium deoxycholate (Nishino and Yamaguchi, 2001). The mtdEF genes are located downstream the gadE gene, which encodes the key regulator of a major acid resistance system. Transcriptional regulation from the gadE promoter has been extensively studied and involves, among others, the response regulators ArcA, EvgA, and PhoP, the nucleoid associated protein H-NS, the sigma factor RpoS and the regulatory sRNA DsrA (Nishino et al., 2011; Zhang et al., 2011). The expression of mdtEF genes is induced by various physiological and environmental stimuli, e.g., stationary growth phase or presence of indole and acetylglucosamine, as well as by oxygen and acid stress (Deng et al., 2013). While it has been shown that MdtEF protects the E. coli cells from nitrosative damage during anaerobic conditions (Zhang et al., 2011), its potential role in pathogenicity has not yet been fully explored. The data we have obtained on the viability phenotype of intracellular LF82 bacteria expressing or not the MdtEF pump indicate that this EP, probably because of its capacity to extrude a large panel of compounds, might favor the intravacuolar survival of LF82, likely pumping out toxic metabolites. The capability of the mdtEF genes expressed by the pGEF3 plasmid to fully restore the intracellular viability in LF82 ΔmdtEF strain further confirms the contribution of this EP to the LF82 fitness in the harsh macrophage niche. It has been recently reported (Demarre et al., 2019) that, inside the macrophages, LF82 strain rapidly activates the response to acid and oxidative stress, to envelope alterations and to the lack of important nutrients. The inclusion of mdtEF operon in a complex regulatory network able to perceive and respond to the severe stresses from macrophage phagolysosome allows the rapid induction of its transcription soon after the bacterial entry into the cell. The prompt activation of MdtEF encoding genes would provide a high abundance of this pump, promoting a quick defensive response to the hostile phagolysosome environment.

Further studies will be necessary to clearly define the contribution of other EPs in the interactions of LF82 with the host cells. Up to now, the role we disclosed for MdtEF in improving survival inside the stressing environment of the macrophagic phagosome represents the first evidence of the involvement of an MDR EP in the infection strategy of an AIEC invasive strain. This further highlights the critical role of the RND systems in both MDR and virulence.
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Antibiotic resistance is a problem for human health, and consequently, its study had been traditionally focused toward its impact for the success of treating human infections in individual patients (individual health). Nevertheless, antibiotic-resistant bacteria and antibiotic resistance genes are not confined only to the infected patients. It is now generally accepted that the problem goes beyond humans, hospitals, or long-term facility settings and that it should be considered simultaneously in human-connected animals, farms, food, water, and natural ecosystems. In this regard, the health of humans, animals, and local antibiotic-resistance–polluted environments should influence the health of the whole interconnected local ecosystem (One Health). In addition, antibiotic resistance is also a global problem; any resistant microorganism (and its antibiotic resistance genes) could be distributed worldwide. Consequently, antibiotic resistance is a pandemic that requires Global Health solutions. Social norms, imposing individual and group behavior that favor global human health and in accordance with the increasingly collective awareness of the lack of human alienation from nature, will positively influence these solutions. In this regard, the problem of antibiotic resistance should be understood within the framework of socioeconomic and ecological efforts to ensure the sustainability of human development and the associated human–natural ecosystem interactions.
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INTRODUCTION

The problem of antibiotic resistance (AR) has been traditionally addressed by focusing on human-linked environments, typically health care facilities. Nevertheless, it is now generally accepted that most ecosystems may contribute to the selection and spread of AR (Aminov, 2009; Martinez et al., 2009; Davies and Davies, 2010; Martinez, 2014; Berendonk et al., 2015; Larsson et al., 2018). A key conceptual point is that, based on cultural, humanitarian, and economic reasons, we have historically preserved the health of individual humans and farming animals. To that purpose, the same families of antimicrobial agents have been used. As a consequence, their positive (healing) and negative (selection of AR, therapeutic failure) effects have influenced the common health of humans and animals in particular locations (One Health). The concept One Health, first used in early twentieth century, expands the integrative thinking about human and animal medicine, including for the first time ecology, public health, and societal aspects (Zinsstag et al., 2011). In the case of AR, the One Health perspective focuses on the risk assessment of emergence, transmission, and maintenance of AR at the interface between humans, animals, and any other linked (local) environment (Robinson et al., 2016; Jean, 2017). Consequently, the application of One Health approaches demands integrative surveillance tools and interventions based on multidisciplinary approaches that include ecological and sociodemographic factors, besides more classic epidemiological models.

Global Health is based on a broad collaborative and transnational approach to establish “health for all humans.” In this case, it focuses AR at a general (global) scale, considering that the selection and global spread of antibiotic-resistant bacteria (ARBs) and antibiotic resistance genes (ARGs) are a problem that influences the health of human societies with disparate social and economic structures and is linked to many societal and ecological factors (Chokshi et al., 2019). Interventions to reduce AR burden in a global world certainly require common and integrated policy responses of countries, international organizations, and other actors (stakeholders included). Its goal is the equitable access to health and minimizing health risks all over the globe. Besides its objective aspects (i.e., how travelers, migrating birds, or international commerce may contribute to AR spread), it has important international political aspects. It focuses in how countries and international organizations address the elements connecting and potentially spreading AR among humans, animals, and natural ecosystems at the Earth scale (Wernli et al., 2017). In summary, the problems and the potential solutions concerning AR are not confined to particular regions, but have a global dimension: a problem for all humans, animals, and natural ecosystems, which should be solved with interventions aiming to improve health for all of them (Brown et al., 2006; Koplan et al., 2009; Laxminarayan et al., 2013). In the context of AR, a healthy environment would be an environment where AR is low or can be controlled by human interventions (Hernando-Amado et al., 2019; Andersson et al., 2020).

Of course, the Global Health concept of “health of an environment” (Iavarone and Pasetto, 2018; Pérez and Pierce Wise, 2018; Bind, 2019; van Bruggen et al., 2019) or, in general, Planetary Health (Lerner and Berg, 2017), has an unavoidable anthropogenic flavor. In practice, we consider “healthy environments” or “healthy ecosystems” those that minimize their current or their potential harm for the human individual or the society, in our case for AR. In other words, we adopt a selfish strategy, which should be necessarily implemented by the international (global) institutions. Selfishness (Kangas, 1997) applies mainly to individuals, but also to societal groups. However, these groups have not enough possibilities to act alone in the case of infectious diseases in general and AR in particular, which may expand worldwide. Therefore, individual selfishness for health should be integrated in local One Health and also in Global Health actions. The goal of controlling AR is a highly complex one, and its dimension has been compared to climate change or biodiversity loss, problems where individual actions are not enough for providing a solution, and consequently, individual freedom is confronted with collective responsibility (Looker and Hallett, 2006).

The construction of human societies reflects the tension between individual freedom and social rules/laws. The implementation of different social rules/laws for regulating human activities within a society is mainly based on moral (as Kant’s categorical imperative (Kant, 1785) or religious-based brotherhood (Matthew 22:35–40) statements), social stability (as anticrime laws; Schiavone, 2012), organizative (type of government and how it is formed, group identity), and efficacy (as antitrust laws; Ricardo, 1821) arguments. However, these arguments mainly apply for establishing the socioeconomic organization as well as the individual welfare within a society. The situation concerning human health is somehow different. There are individual diseases, such as cancer or stroke, and social diseases, such as transmissible infections. For the firsts, social norms (as consciousness of the importance of the control of cholesterol, excess sugar uptake, or hypertension levels) are well established, and even laws (non-smoking regulations) had been implemented in occasions. However, the main impact of these regulations is at the individual health level (Wikler, 2002), because the associated diseases are not physically transmissible. A different situation happens in the case of infectious diseases in general and of AR in particular. For these diseases, everything that happens in a single person affects any one around. Further, the fact that an ARG emerging in a given geographic area can spread worldwide implies that neither individual norms nor country-based norms have been sufficient until now to counteract the worldwide spread of AR.

One important aspect of laws in democratic societies is that they must be well accepted by the community, so that the acceptation of social norms usually comes first than their implementations as rules/laws. Actually, the efficiency of democracy for responding to social crisis (as current AR or COVID-19 crises), in opposition to other more autocratic regimens where decisions are implemented top-down, had been the subject of debate from the early beginning of democratic revolutions (Tocqueville, 1838; Hobbes, 1968; Rousseau, 1974; Spinoza, 2007). In this regard, it is important to remark that One Health aspects of AR can be tackled in the basis of country-level regulations that are linked to the socioeconomic and cultural aspects of each country (Chandler, 2019; Chokshi et al., 2019). However, because global Earth governance does not exist, Global Health control of AR is based on recommendations, rather than in rules/laws. Consequently, the acceptance of social norms, starting within individuals or small organizations and expanding throughout the whole society (Figure 1), is fundamental to provide global solutions to the AR problem (Nyborg et al., 2016; Chandler, 2019). The acceptance by the community of these social norms, considering that the way of promoting these norms might differ in different parts of the world (Cislaghi and Heise, 2018; Cislaghi and Heise, 2019), largely depends on the transfer to the society of the knowledge required to understand the mechanisms and the impact for human health of the emergence and transmission of AR, an information that is discussed below.
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FIGURE 1. How the interactions among individual health, One Health, Global Health, and social norms influences antibiotic resistance. The right panel shows the different levels of dissemination of antibiotic resistance. In the left panel, the different types of norms (from individual to global norms) that can impact antibiotic resistance at each level are shown. These norms influence all levels of transmission: the individual promotes (red arrows) his own individual health, but doing it also promotes the health of the group, and the health of the group promotes Global Health of the human society at large. At each level, there is a positive action (red broken lines) on antibiotic resistance. Such dynamics largely depends on social norms (blue arrows) rewarding the individual or the groups whose behavior promotes health. Below the left panel, the basic social norm, progress and development, has consequences on the whole ecobiology of the planet (lower panel with bullet points), influencing the undesirable open circulation of antimicrobial resistant bacteria (with their mobile genetic elements) and antibiotic resistance genes.




DEFINING THE BRICKS BUILDING UP ANTIBIOTIC RESISTANCE IN A GLOBALIZED WORLD

The classic definition of AR is based only on the clinical outcome of the infected patient. An organism is considered resistant when the chances for the successful treatment of the infection it produces are low (Martinez et al., 2015). This definition, which is the most relevant in clinical settings, presents some limitations for studies based on One Health approaches that include the analysis of non-infective organisms, which lack a clinical definition of resistance, as well as analysis of the distribution of ARGs, in several occasions, using non–culture-based methods (Martinez et al., 2015). Even in the case of animal medicine, antibiotic concentration breakpoints defining resistance are still absent for some veterinary-specific antimicrobials and poorly defined for different types of animals with disparate weights, which would influence the availability of the drug inside animal body (Toutain et al., 2017; Sweeney et al., 2018). To analyze AR beyond clinical settings, the term resistome, understood as the set of genetic elements that can confer AR, irrespectively of the level of resistance achieved, in a given organism/microbiome was coined (D’Costa et al., 2006; Wright, 2007; Perry et al., 2014).

AR acquisition is the consequence of either mutation (or recombination) or recruitment of ARGs through horizontal gene transfer (HGT), transformation included. AR mutations are generally confined to their original genomes, propagating vertically and not spreading among bacterial populations, although some few exceptions of horizontal transfer of chromosomal regions containing AR mutations have been described (Coffey et al., 1991; Ferrandiz et al., 2000; Novais et al., 2016; Nichol et al., 2019). The set of mutations that confer AR can be dubbed as the mutational resistome. Current whole-genome-sequencing methods of analysis can allow defining the mutational resistome in an isolated microorganism (Cabot et al., 2016; Lopez-Causape et al., 2017). However, they are not robust enough yet for determining the mutational resistome in metagenomes. Consequently, the impact of these analyses in One Health studies is still limited and will not be further discussed in the present review.

Concerning their relevance for acquiring AR, ARGs can be divided in two categories. The first one comprises the genes forming the intrinsic resistome (Fajardo et al., 2008), which includes those that are naturally present in the chromosomes of all (or most) members of a given bacterial species and have not been acquired recently as the consequence of antibiotic selective pressure. Despite that these genes contribute to AR of bacterial pathogens, they are responsible just for the basal level of AR, which is taken into consideration when antibiotics are developed. In this regard, unless these genes, or the elements regulating their expression mutate, they are not a risk for acquiring resistance and have been considered as phylogenetic markers (Martinez et al., 2015). Further, it has been discussed that these genes may contribute to the resilience of microbiomes to antibiotic injury (Ruppe et al., 2017b), hence constituting stabilizing element of microbial populations when confronted with antibiotics more than a risk for AR acquisition by pathogens.

The second category, dubbed as the mobilome, is formed by ARGs located in mobile genetic elements (MGEs) that can be transferred both vertically and horizontally, hence allowing AR dissemination among different bacteria (Frost et al., 2005; Siefert, 2009; Jorgensen et al., 2014; Lange et al., 2016; Martinez et al., 2017).

While the analysis of the resistome of microbiota from different ecosystems has shown that ARGs are ubiquitously present in any studied habitat (D’Costa et al., 2006; Walsh, 2013; Jana et al., 2017; Lanza et al., 2018; Chen et al., 2019b), the impact of each one of these ARGs for human health is different. Indeed, it has been stated that the general resistome of a microbiome is linked to phylogeny and to biogeography, indicating that most ARGs are intrinsic and do not move among bacteria (Pehrsson et al., 2016). However, some ARGs escape to this rule and are shared by different ecosystems and organisms (Forsberg et al., 2012; Fondi et al., 2016). These mobile ARGs, frequently present in plasmids (Tamminen et al., 2012; Pehrsson et al., 2016), are the ones that are of special concern for human health.

Although not belonging to the antibiotic resistome, genes frequently associated with resistance to other antimicrobials, such as heavy metals or biocides, as well as the genes of the MGEs backbones, eventually involved in the transmission and selection of ARGs among microbial populations, the mobilome at large, are also relevant to track the emergence and dissemination of AR among different habitats (Lanza et al., 2015; Martinez et al., 2017; Baquero et al., 2019).

HGT processes are recognized as the main mechanisms for transmission of genetic information (Baquero, 2017). From the ecological point of view, HGT should be understood as a cooperative mechanism that allows the exploitation of common goods as ARGs (Baquero et al., 2019) by different members within bacterial communities. In fact, some studies suggest that the ecological consequences of HGT events in AR evolution are contingent on the cooperation of complex bacterial communities, besides the acquisition of individual adaptive traits (Smillie et al., 2011). However, the understanding of the ecological causes and consequences of ARGs transmission among organisms and microbiomes is still limited from the One Health and Global Health perspectives.

HGT-mediated AR is a hierarchical process (Figure 2) in which ARGs are recruited by gene-capture systems as integrons and afterward integrated in MGEs as plasmids, insertion conjugative elements, or bacteriophages (Frost et al., 2005; Garcia-Aljaro et al., 2017; Gillings et al., 2017; Botelho and Schulenburg, 2020), which afterward are acquired by specific bacterial clones. Selection at each of these levels will also select for all the elements involved in AR spread. For instance, the acquisition of an ARG by a clone may promote the expansion of the latter (and of all the genetic elements it contains, other ARGs included) in antibiotic-rich environments, such as hospitals or farms (Martinez and Baquero, 2002; Schaufler et al., 2016), and vice versa, the introduction of an ARG in an already successful clone may increase the chances of this resistance gene for its dissemination even in environments without antibiotics, unless the associated fitness costs are high. In this sense, if ARG acquisition reduces the fitness, and this implies a decreased capability for infecting humans (see below), the burden for human health might eventually be lower. Nevertheless, it is relevant to highlight that AR transmission cannot be understood just by analyzing the genetic mechanisms involved and the consequences of such acquisition for the bacterial physiology. Indeed, as discussed below, there are ecological and socioeconomic elements that strongly influence AR dissemination.
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FIGURE 2. Genetic, ecological, and socioeconomic elements mediating the transmission of antibiotic resistance. ARGs are ubiquitously present in any studied microbiome (A). However, only a few of them are transferred to human/animal pathogens, hence constituting a health problem. The genetics events implied include the acquisition of ARGs by gene-recruiting genetic elements such as integrons (B); the integration of these elements in MGEs as plasmids, bacteriophages, or insertion conjugative elements (C); and the acquisition of these elements by specific bacterial clones (D). These ARBs can share these elements among the members of gene-sharing communities (E) and also move among different ecosystems, including humans, animals (particularly relevant farm animals), and natural ecosystems (with a particular relevance for water bodies). The connection of these ecosystems, as well as the reduced diversity of animals, plants, and in general habitats as the consequence of human activities, allows the different microbiomes to be in contact, favoring ARGs transmission among the microorganism they encompass (F). This transmission is facilitated at the global scale by travel, animal migration, trade of goods, and eventually by meteorological phenomena, climate change included (G), hence producing a Global Health problem (H). While most studies on the dissemination of ARGs focus on MGEs (Davies, 1997; Muniesa et al., 2013; Lanza et al., 2015; Garcia-Aljaro et al., 2017), recent works suggest that the contribution of natural transformation (orange arrow), allowing the direct uptake of ARGs by natural competent microorganisms, may have been underestimated (Domingues et al., 2012; Blokesch, 2017). Further, competence can occur due to interbacterial predation (Veening and Blokesch, 2017), a biological interaction that may facilitate the acquisition of beneficial adaptive traits by predator bacterial species (Cooper et al., 2017; Veening and Blokesch, 2017). Other HGT mechanisms, such as DNA packing in extracellular vesicles (ECV) or transference of DNA through intercellular nanotubes, also seem to be relevant in nature (Dubey and Ben-Yehuda, 2011; Fulsundar et al., 2014). While the biotic conditions that may enhance HGT have been studied in detail, less is known concerning abiotic modulation of ARGs transfer. Under contemporary conditions, at least 1024 microorganisms are affected by a freeze-and-thaw cycle, at least 1019 are agitated by sand, and at least 1017 are subjected to conditions suitable for electrotransformation every year (Kotnik and Weaver, 2016).




HIGHWAY TO ANTIBIOTIC RESISTANCE

The evolution of AR comprises the emergence, the transmission, and the persistence of ARBs (Martinez et al., 2007; Baquero et al., 2011). Concerning human health, selection of ARBs/ARGs is particularly relevant at the individual health level, whereas transmission is a main element to be taken into consideration at the One Health and Global Health levels (Figure 2). Indeed, unless AR is transmitted, it will be just an individual problem that would not affect the community at large.

It is generally accepted that non-clinical ecosystems are often primary sources of ARGs (Davies, 1994). As above stated, after their capture and integration in MGEs (Figure 2), ARGs and their bacterial hosts can contaminate different ecosystems, which might then be involved in their global spread (Martinez, 2012; Fondi et al., 2016; Gillings, 2017; Gillings et al., 2017). This means that nearly any ecosystem on Earth, along with the human-driven changes produced in it, may modulate evolution of AR. Importantly, the huge escalation and worldwide expansion of a limited set of animals, plants, and their derived products, including foods, due to the anthropogenic selection of a few breeds and cultivars for mass production in livestock and agricultural industries (Okeke and Edelman, 2001; Zhu et al., 2017) of economic interest have collapsed the variability and biodiversity of animals and plants (Seddon et al., 2016). Because these organisms harbor particular host-adapted bacteria, which are frequently under antibiotic challenge, this situation, together with the ecological similarities of human habitats, might favor AR spread (Martiny et al., 2006; Manyi-Loh et al., 2018). Indeed, while in underdeveloped areas of the world food animals are very diverse, intensive farming, common in developed countries, ensures a “shared-stable” environment where only the most productive types prevail (Kim et al., 2017). The common genetic origin of these types and the process of microbiota acquisition from nearby animals in intensive farming should homogenize also their microbiomes with consequences for AR dissemination. Actually, it has been shown that the loss of microbial diversity may favor AR spread (Chen et al., 2019a). Note that, beyond the transmission of particular AR spreading clones, AR is expected to spread in farms by the modification (eventually homogenization) of animals’ microbiota. Notwithstanding, even farm workers are subject to microbiome acquisition from animals, leading to microbiome coalescence (Baquero et al., 2019; Sun et al., 2020). It is to be noticed, and the recent COVID-19 crisis exemplifies it, that besides economic development, cultural habits are relevant in the use of animals for food, a feature that has not been analyzed in detail, particularly with respect to their role as vectors potentially involved in AR dissemination.

Despite that the homogenization of hosts may help in AR transmission, the spread of ARBs has some constraints, because the differential capability of each bacterial clone for colonizing different hosts may modulate their dissemination. Indeed, while some species and clones are able to colonize/infect different animal species, humankind included, several others present some degree of host specificity (Price et al., 2017; Sheppard et al., 2018). Further, it has been shown that the capacity to colonize a new host is frequently associated with a reduction in the capacity for colonizing the former one. The same happens for mobile ARGs; they are encoded in MGEs that present different degrees of host specificity, which defines the formation of gene-exchange communities, where the interchange of genetic material among members is facilitated (Skippington and Ragan, 2011). Conversely, the incorporation of different replicons and modules within plasmid backbones, a feature increasingly reported (Douarre et al., 2020), would enable ARG replication in different clonal/species background and thus modify the community network of ARGs. Actually, the risk for humans of animal-based AR seems to be linked in most cases to shuttle, generalist clones able to colonize humans and particular animals (Price et al., 2017; Sheppard et al., 2018). The understanding of the elements driving the transfer of AR among animals, humans included (Figure 3), requires the comprehensive survey of the clones and ARGs that are moving among them (European Food Safety Authority et al., 2020). Tools to track the global epidemiology of antimicrobial-resistant microorganisms such as Bigsdb (Jolley et al., 2018) or comprehensive databases of ARGs, ideally providing information of their mobility (Zankari et al., 2012; Alcock et al., 2020), are fundamental for studying AR transmission at a global level.
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FIGURE 3. Local and global intervention strategies to tackle AR and knowledge gaps that could help improve existing ones. Most interventions for reducing antibiotic resistance are based on impairing the selection of ARBs/ARGs, which is just the first event in AR spread. Our main goal, as for any other infectious disease, would be reducing transmission. This does not mean that selective pressure is not relevant for transmission. Indeed, without positive selection, HGT events are not fixed, allowing the enrichment of some ARGs that are consequently more prone to diversification, both because they are more abundant and more frequently subjected to selection (Davies, 1997; Martinez, 2009a, b; Salverda et al., 2010) and because they can explore different landscapes when present as merodiploids in multicopy plasmids (Rodriguez-Beltran et al., 2018). Therefore, reducing the selective pressure, either due to antibiotics or by other coselecting agents as heavy metals, still stands as a major intervention against AR emergence and transmission. To address this issue, we need to know more on the amount of pollutants, their selective concentrations, and their mechanisms of coselection and cross-selection in different ecosystems. This is a general example illustrating the gaps in knowledge in the AR field that need to be filled as well as strategies that may help in tackling this problem. The figure includes several other examples of the gaps of knowledge (red) that require further studies and the interventions (blue) that may help to tackle AR.


It is worth mentioning that, because humans constitute a single biological species, the human-associated organisms spread easily among all individuals. In fact, more prominent differences in humans’ microbiome composition can be observed between individuals than among ethnic groups, even though, as expected, the resemblance in microbiotas is higher among those groups that are geographically clustered (Deschasaux et al., 2018; Gaulke and Sharpton, 2018). Some groups of human population are, however, more prone to acquire ARBs, due either to socioeconomic or to cultural factors. In LMICs (low- to medium-income countries) and BRICS (Brazil, Russia, India, China, and South Africa) countries, the combination of wide access to antibiotics, weak health care structures, and poor sanitation defines certainly a dangerous landscape. Moreover, the progressive aging of the Western population might favor the establishment and further expansion of an elderly reservoir of ARBs and ARGs, an issue that deserves further studies. The hypothesis that the microbiome of elder people might be a reservoir of AR is based not only on their cumulative history of antibiotic exposure and contacts with health care centers, but also on the rampant use of antibiotics of this population more prone to suffer from acute, chronic, or recurrent infections. Significant worldwide advances in the organization of medical care of the elderly people lead to frequent hospitalizations, but health care centers may also facilitate the selection and further amplification of AR in the community. In addition, this may subsequently favor the entry of high-risk clones and of ARGs in the hospital setting (Hujer et al., 2004).

As stated above, there is a global increasing permeability of the natural biological barriers that have historically prevented bacterial dissemination through different ecosystems. Besides local spread of AR in environments shared by animals and humans, which has to be addressed under a One Health approach, AR can disseminate worldwide (Figure 2) by economic corridors that promote the global interchange of goods and trade or human travelers or by natural bridges, such as animal migration paths or natural phenomena such as air and water movements (Okeke and Edelman, 2001; Baquero et al., 2008; Allen et al., 2010; Overdevest et al., 2011; Kluytmans et al., 2013; Fondi et al., 2016). The result is the appearance of similar ARBs and ARGs in different geographic areas. As the consequence, AR is a Global Health problem in the sense that an ARB that emerges in a given place can rapidly spread worldwide. Indeed, multidrug-resistant bacteria, similar to those encountered in clinical settings, have been detected in human isolated populations that were not previously in contact with antibiotic, as well as in wildlife (Clemente et al., 2015). This indicates that pollution with ARGs is present even in places where antibiotic concentrations are low (Kümmerer, 2004) and might involve mechanisms of transmission that do not require selection. For instance, migrating birds can carry enteropathogenic bacteria resistant to different antibiotics (Middleton and Ambrose, 2005; Poeta et al., 2008), and international travelers, even those not receiving antibiotic treatments, also contribute to AR transfer among different geographic regions (Murray et al., 1990; Reuland et al., 2016). In the group of long travelers are refugee people, in which dissemination of multidrug-resistant strains is favored by the poor sanitary conditions and overcrowding camps that refugees confront (Maltezou, 2016).

A final issue concerning AR is its stability in the absence of selection. It has been proposed that the acquisition of AR reduces bacterial competitiveness in the absence of antibiotics (fitness costs) (Andersson and Hughes, 2010; Martinez et al., 2011); certainly, a wishful proposition such as, if true, the reduction in the use of drugs or eventually antibiotic-cycling strategies should decrease AR (Beardmore et al., 2017). Nevertheless, eliminating the use of an antibiotic does not produce a full decline of AR (Sundqvist et al., 2010). In fact, different studies have shown that AR not always reduces fitness but also can even increase bacterial competitiveness (Andersson and Hughes, 2010; Schaufler et al., 2016). In addition, compensatory mutations or physiological changes that restore fitness can be selected in resistant bacteria (Andersson, 2006; Schulz zur Wiesch et al., 2010; Olivares et al., 2014). It is a fact, however, that although ARBs are found nearly everywhere, including wild animals, natural ecosystems, or people from isolated populations without contact with antibiotics, among others (Durso et al., 2012; Clemente et al., 2015; Alonso et al., 2016; Fitzpatrick and Walsh, 2016; Power et al., 2016), AR prevalence is consistently lower when antibiotics are absent, which suggests that pollution may impact AR, a feature that is discussed below.



ANTIBIOTIC RESISTANCE IN AN ANTHROPOGENICALLY IMPACTED WORLD

Pollution of natural ecosystems is associated with activities that have driven relevant economic transition, in principle favoring human welfare, such as mining, industry, intensive land use, or intensive farming, among others. Notwithstanding, globalization of health services, as well as the shift toward intensive farming, besides their positive contribution to human well-being, has rendered an increasing pollution by compounds with pharmacological properties of natural ecosystems, particularly water bodies, which may disrupt the stability of these ecosystems (Oldenkamp et al., 2019). Among them, antibiotics are considered the most relevant cause of AR selection. Despite regulations for reducing their use (Van Boeckel et al., 2017), a substantial increase in global antibiotic consumption has occurred in the last years, and an even greater increase is forecasted in the next years (Klein et al., 2018).

However, antibiotics are not the unique pollutants that can prime the selection and spread of AR. In this regard, it is important to highlight that heavy metals are one of the most abundant pollutants worldwide (Panagos et al., 2013). Their abundance results from anthropogenic-related activities, such as mining, industry, agriculture, farming, or aquaculture and even for therapeutic use in ancient times. Importantly, they may persist in nature for long periods of time. Further, likely because metal pollution occurred before the use of antibiotics, heavy metal resistance genes were incorporated to MGE backbones before ARGs (Mindlin et al., 2005; Staehlin et al., 2016). This means that heavy metals may coselect for MGEs and the ARGs they harbor (Partridge and Hall, 2004; Staehlin et al., 2016; Zhao et al., 2019a). Even more, the presence of heavy metals, as well as of biocides or sublethal antibiotic concentrations (Jutkina et al., 2018; Zhang et al., 2018), may stimulate HGT, as well as modify the dynamics of antibiotics, such as tetracyclines, in natural ecosystems (Hsu et al., 2018). Coselection may also occur when a single resistance mechanism, such as an efflux pump, confers resistance to both heavy metals and antibiotics (cross-resistance) (Pal et al., 2017).

Although most published works analyze the effect of different pollutants on their capacity to select ARBs or ARGs, it is important to highlight that ARGs should also be considered pollutants themselves. Actually, a recent work indicates a close relationship between the abundance of ARGs and fecal pollution (Karkman et al., 2019). In this respect, it is worth mentioning that, differing to classic pollutants, ARGs/ARBs are not expected to disappear along time and space, but rather, their abundance may even increase as the consequence of selection and transmission (Martinez, 2012). While the direct selection of AR by antibiotics or the coselection mediated by other pollutants, as the aforementioned heavy metals, has been discussed (Wales and Davies, 2015), the effect of other types of human interventions on the dissemination of ARGs and ARBs through natural ecosystems has been analyzed in less detail. As an example, it has been proposed that wastewater treatment plants, where commensals, ARBs, ARGs, and antibiotics coexist, could act as bioreactors favoring the selection and transmission of ARGs between different organisms (Rizzo et al., 2013; Su et al., 2017; Manaia et al., 2018), although evidences supporting this statement are scarce (Munck et al., 2015; Azuma et al., 2019).

In addition to the aforementioned pollutants with a direct effect in AR selection, it is worth noting that there are other abundant contaminants, such as sepiolite (present in cat litters or used as a dietary coadjuvant in animal feed) or microplastics, present in almost all aquatic ecosystems, which can favor the transmission of ARGs or MGEs between bacterial species (Rodriguez-Beltran et al., 2013; Kotnik and Weaver, 2016; Arias-Andres et al., 2018), hence amplifying the AR problem at a global scale.

Finally, the possible effect of climate change on the spread of AR is worth mentioning. Indeed, it modifies the biogeography of vectors (such as flies, fleas or birds) involved in the spread of infectious diseases (Fuller et al., 2012; Beugnet and Chalvet-Monfray, 2013). In addition, the increase of local temperatures seems to correlate with an increased AR abundance in common pathogens (MacFadden et al., 2018). Besides, climate change is affecting ocean currents (Martinez-Urtaza et al., 2016), which may allow the intercontinental distribution of ARBs and ARGs (Martinez, 2009a, b). Although this phenomenon might contribute to the globalization of AR, further research is needed to clearly demonstrate a cause–effect relationship.

It is relevant to mention that increased pollution and climate change are the unwanted consequences of human development. It would then be worth discussing how human development in general may impact (positively and negatively) AR, a feature that is analyzed below.



ANTIBIOTIC RESISTANCE AS A GLOBAL DEVELOPMENT PROBLEM

Human development is a necessity of our human behavior, although different models of development have been and are proposed, each one producing different impacts in the structure of human societies and on the preservation and stability of natural ecosystems (Fenech et al., 2003; Farley and Voinov, 2016; Seddon et al., 2016). Nevertheless, even for different socioeconomic models, there are some social norms that tend to be widely accepted, in particular those aiming to improve individual well-being. This implies the establishment of a society of welfare, understood as a right of any human on Earth, a feature that depends on the economic development, and can be particularly relevant in the case of transmissible infectious diseases in general and of AR in particular.

A continuously repeated mantra in worldwide AR policies is that the abusive consumption of antibiotics for the treatment or prevention of infections in humans and animals constitutes the major driver of AR. However, we should keep in mind that antibiotics constitute an important example of human progress supporting individual and global human health. In fact, the origin of the massive production of antimicrobials was a consequence of the needs resulting from World War II in the 1940s. This was followed by many decades of human progress, most importantly by the common understanding of equal human rights, which was followed by the economic and social development (including medicine and food industry) of densely populated regions in the planet, including India and China. These countries are currently among the leaders in the production and consumption of antimicrobial agents. Notwithstanding, as in any area of economy, progress bears a cost that, in this case, is antibiotic pollution of the environment, globally accelerating the process of the emergence, the transmission, and the persistence of ARBs (Martinez et al., 2007; Baquero et al., 2011).

The non-controlled use of antibiotics is facilitated in LMICs with disparate economic growth by different factors. Heterogeneous regulation of antibiotic sales and prescriptions (often weak or missing) and the increase of online on-bulk sales in recent years contribute to their overuse (Mainous et al., 2009). Most of live-saving medicines represent out-of-pocket costs in most LMICs, which led to an exacerbated use of cheap (usually old and less effective) antibiotics, phasing out their efficacy and increasing the demands and prices for the most expensive ones, eventually resulting in treatment unavailability (Newton et al., 2011). Further, the cost of treating AR infections is much higher than that of treating susceptible ones, which is increasing the cost of health services (Wozniak et al., 2019). Conversely, the growing economic capability of LMICs in the BRICS category triggers the access of the population to health services and last-resort antibiotics. These countries also face a sudden high demand for meat and thus a prompt industrialization of animal production that has favored the misuse of antibiotics for growth promotion facilitated by their online availability (Mainous et al., 2009). In addition, counterfeit or substandard antibiotics recently become a serious global problem (Gostin et al., 2013), which is exacerbated in LMICs, where they represent up to a third of the available drugs. Noteworthy, 42% of all reports received by the WHO Global Surveillance and Monitoring System on substandard and falsified medicines worldwide come from Africa, and most of them correspond to antimalarials and antibiotics (Newton et al., 2011; Gostin et al., 2013; Hamilton et al., 2016; Petersen et al., 2017).

Despite this situation, it is important to highlight that human consumption of antibiotics is an unavoidable need to preserve human health. In fact, most health problems dealing with infections in LMICs are still caused by a poor access to antibiotics, not by an excessive use of them. Proof of this is the fact that the distribution of antibiotics has reduced endemic illnesses and children mortality in Sub-Saharan Africa (Keenan et al., 2018). This means that, while a global decline in the use of antibiotics would be desirable to diminish the problem of AR, there are still several parts in the globe where antibiotic use should still increase to correctly fight infections. In fact, our primary goal should not be to reduce the use of antibiotics, but to ensure the effective therapy of infectious diseases for the long term. This does not mean that AR is not a relevant problem in LMICs; it means that reducing antibiotic use is not enough to solve the problem. Indeed, the current high morbidity and mortality due to infectious diseases (malaria, tuberculosis, low respiratory infections, sepsis, and diarrhea) in LMICs will be worsened in the absence or low efficiency of therapeutic treatments. Further, AR has economic consequences. According to World Bank, 24.1 million people could fall into extreme poverty by 2050 because of AR, most of them from LMICs (Jonas and World Bank Group Team, 2017).

Consequently, besides a Global Health problem, AR has an important economic impact (Rudholm, 2002), hence constituting a Global Development Problem, endangering not only the achievements toward the Millennium Development Goals but also the Sustainable Development Goals (van der Heijden et al., 2019). World Bank estimates that AR could impact the gross domestic product from 1 to 3.8%, which is even higher than what is estimated for the climate change (Jonas and World Bank Group Team, 2017). These economic foresights are linked to the threads of increased poverty, food sustainability, Global Health deterioration (associated with both food safety and affordability to health care), and environment protection. All these issues are also impacted by the overuse and misuse of antibiotics, its lack of effectiveness, and the affordability to medicines and health care (van der Heijden et al., 2019).

When talking about reducing antibiotic consumption, it is important to remind that up to two-thirds of overall antibiotic usage is for animal husbandry (Done et al., 2015). Further, recent work states that the use of antibiotics in crops, particularly in LMICs, might have been largely underestimated (Taylor and Reeder, 2020). Despite that evidences on the presence of common ARGs distributed among animals and humans were published decades ago (Bager et al., 1997; Wegener et al., 1997; Aarestrup, 1998; Aarestrup et al., 1998), and although the use of antibiotics as growth promoters has been banned in different countries (Cox and Ricci, 2008), they are still allowed in many others (Mathew et al., 2007). Of relevance is the fast increase of antibiotic consumption for animal food production in China (23% in 2010) and other BRICS countries (Van Boeckel et al., 2015). As stated previously, in these countries, increased income has produced a fast increase in meat products demand, due to changes in diet of their population. In addition, the increasing international competitiveness in meat production of these countries has fostered the rampant development of their industrial farming. Together with the fact that legislation on antibiotics use remains weak, this situation increases the risk of emergence of AR linked to animal production. Nevertheless, the problem is not restricted only to LMICs, because antibiotics consumption rose as well in the high-income countries as the United States (13%) (Van Boeckel et al., 2015), where approximately 80% of the antimicrobials purchased in 2011 were applied in livestock production as non-therapeutic administration (Done et al., 2015). The development of intensive methods of fish production has also contributed to the rise in the use of antimicrobials and the selection of resistance determinants that can be shared among fish and human bacterial pathogens (Cabello et al., 2013).

Economic development has facilitated as well more global transport, waste disposal, and tourism, favoring AR spread within and between different geographical areas (Ruppe et al., 2017a; Ruppe and Chappuis, 2017). However, economic growth can also reduce the AR burden, especially when it enables the development of regulations and infrastructures that might reduce the risks of infection and AR spread. This is particularly relevant in the case of public health interventions on food, water, and sewage. Because AR pathogens are mainly introduced in natural ecosystems through the release of human/animal stools (Karkman et al., 2019), the best way of reducing this impact is through the use of wastewater treatment plants, which are still absent in several places worldwide. Indeed, it has been described that drinking water is a relevant vehicle for the spread of ARBs in different countries (Walsh et al., 2011; Fernando et al., 2016) and that raw wastewater irrigation used for urban agriculture may increase the abundance of mobile ARGs in the irrigated soil (Bougnom et al., 2020). Notably, the analysis of ARGs in wastewaters has shown that the prevalence of ARGs in the environment in each country might be linked to socioeconomic aspects mainly related to economic development, as general sanitation, particularly the availability of drinking and wastewater treatments, malnutrition, number of physicians and health workers, human overcrowding, or external debt grace period (Hendriksen et al., 2019). The field of AR has mainly focused in the mechanisms of selection; the main driver for the increased burden of AR would be then the use of antibiotics itself. However, these results indicate that transmission, even in the absence of direct human-to-human contact, might be, at least, equally relevant. In this situation, an important element to reduce the AR burden will be to break the transmission bridges among different ecosystems that could be reservoirs of ARGs.

Even when wastewater-treatment plants are available, the presence of ARBs in drinking, fresh, and coastal waters, as well as in sediments nearby industrial and urban discharges, has been described in several countries (Ma et al., 2017; Leonard et al., 2018). As in the case of fecal contamination markers, a reduction in the amount of ARGs to non-detectable levels would be extremely difficult even when advanced water treatment procedures are applied. A standard definition of polluting ARB/ARG markers, as well as their acceptable levels, is then needed. This would be required not only for potable water, but also for water reutilization, as well as for land application and release of sewage effluents, because in all cases the reused water/sewage may carry ARBs and ARGs, together with pollutants, such as antibiotics, metals, biocides, or microplastics, which, as above stated, may select for AR (Baquero et al., 2008; Moura et al., 2010; Yang et al., 2017; Zhu et al., 2017; Larsson et al., 2018; Imran et al., 2019; Wang et al., 2020) and may even induce HGT.

The examples discussed above justify that human health in general and AR in particular are closely interlinked with economic development (Sharma, 2018). Economic differences are also found at individual level, because there is a positive relationship between economic status and health (Tipper, 2010). In addition, social behavior might also impact AR, a feature discussed in the following section.



SOCIAL NORMS AND TIPPING POINTS IN ANTIBIOTIC RESISTANCE: A SOCIOECOLOGICAL APPROACH

Different socioeconomic factors can modulate the spread of infective bacteria in general and of AR in particular. Among them, the increasing crowding of humans and foodborne animal populations favors transmission at the local level (One Health), whereas trade of goods and human travel (Figure 2) favor worldwide transmission (Global Health) (Laxminarayan et al., 2013; Hernando-Amado et al., 2019).

Besides these global changes in social behavior, linked to economic development, more specific socioeconomic factors (income, education, life expectancy at birth, health care structure, governance quality), sociocultural aspects (inequalities, uncertainty avoidance, integration of individuals into primary groups, gender biases, cultural long-term orientation), and personality dimension highly influence antibiotic use and AR transmission (Gaygısız et al., 2017). For instance, although the governance quality seems to be the most important factor associated with a proper antibiotic use, Western countries with distinct national culture patterns show different levels of antibiotics consumption (Kenyon and Manoharan-Basil, 2020). A better understanding of human social responses facing ailments, especially epidemics and antibiotic use, requires then a more detailed analysis of the differences between collectivistic (individuals living integrated into primary groups) and individually long-term oriented societies (oriented to future individual rewards) (Hofstede, 2001; Gaygısız et al., 2017; Kenyon and Manoharan-Basil, 2020).

Consistent with the sociological elements of AR, many of the aspects influencing AR reviewed above depend on social norms (Figure 1). In the classic view of the psychoanalyst Erich Fromm presented in his book “Escape From Freedom” (Fromm, 1941), human individual behavior is oriented to avoid being excluded from a higher social group. Indeed, not following social common rules can be eventually considered as a mental disorder; a sociopathology. A social norm is defined as a predominant behavioral pattern within a group, supported by a shared understanding of acceptable actions and sustained through social interactions within that group (Nyborg et al., 2016). In democratic societies, laws usually derive from already accepted social norms; otherwise, they would be changed, and in that sense, the establishment of accepted social norms for fighting AR is a prerequisite to implement the global approaches, based on worldwide rules, which are required for tackling this relevant problem.

Interestingly, the AR problem is a bottom-up process, where small emergent changes (in some type of individual patients, in some groups, in some locations) cumulatively escalate to gain a global dimension. Frequently, that occurs by crossing tipping points, that is, points where the local AR incidence becomes significant enough to cause a larger, eventually Global, Health problem. Because of that, the implementation of solutions should be adapted to the control of critical tipping points in the small groups of individuals to disrupt the bottom-up processes. However, as AR spread can occur everywhere and at any time, global surveillance and mechanisms of control should be implemented to prevent a top-down process of global AR expansion.

Individual selfishness for AR is the cornerstone of social norms. This concept was coined and developed by one of us over a decade ago (Baquero, 2007). Let us imagine that each individual is aware that each consumption of an antibiotic increases the personal risk of himself/herself or for his/her closer relatives (frequently exchanging microorganisms) of dying because of an antibiotic-resistant infection. The situation is analogous to the consumption of cholesterol-rich or highly salted food, or drinks with excess of sugar, concerning individual health. However, in the case of AR, it requires the understanding of the impact of individual actions at the global level. In this respect, anti-AR social actions should resemble more antitobacco and even general pollution/ecological campaigns.

At the individual level, there is inertia that precludes changing habits, until a tipping point is crossed and health is compromised. The conclusions of studies mainly based on long-term cohort analysis, such as the Framingham program for the influence of diet or smoking on personal cardiovascular disease (Mahmood et al., 2014), have become social norms that are naturally imposed by the ensemble of individuals. This creates a kind of societal culture, leading to appropriate individual behaviors, in occasions without the need of specific laws (diet), in occasion favoring the implementation of such laws (antismoking). However, we lack similar studies on issues such as these dealing with personal–familiar risks that have successfully shifted social norms, driven by groups of individuals and based on the promotion of individual behaviors in the case of AR.

Despite that quantitative models on how individual antibiotic use mayimpact AR at the population level are still absent, it is worthmentioning that a reduced antibiotic consumption has also begun tooccur in a number of countries just as a result of a change inindividual behavior (Edgar et al., 2009), and some tools and indicators to address these changes have been suggested (Ploy et al., 2020). The “tragedy of the commons” metaphor, first proposed in the XIX century (Lloyd, 1833) and later on discussed in 1968 (Hardin, 1968), has been used for addressing the sociology of AR, by showing how individual selfishness promotes antibiotic use, increases resistance, and influences the health of the community by impairing antibiotic efficacy (Baquero and Campos, 2003; Foster and Grundmann, 2006). Ensuring the prestige of individuals that follow the social rules is needed to counteract the tragedy of the commons. Nevertheless, it is important noticing that the tension between individual freedom and social rules that is inherent to the construction of democratic societies (Tocqueville, 1838; Hobbes, 1968; Rousseau, 1974; Spinoza, 2007) also applies here. One example of this situation is vaccination, considered in the last century as one of the most important advances to fight infectious diseases and now being the focus of antivaccination campaigns (Megget, 2020), a movement that has been considered by the WHO as one of the top 10 Global Health threats of 20191. It is commonly accepted that social norms are mainly created by learning and education, a rational path that promotes health (Chen and Fu, 2018). Also, the increasing activities of “personalized medicine,” including antibiotic stewardship, follow the same trend (Gould and Lawes, 2016). However, the antivaccination movement is an example of how the narrative, as well as the use of decentralized, social information channels such as the Internet search, blogs, and applications to facilitate communication such as Twitter, Facebook or WhatsApp, is of particular relevance in the construction of social norms, not necessarily based on scientific and rational grounds (Jacobson et al., 2020; Scott and Mars, 2020).

The impact of social norms goes beyond human societies as human activities alter natural ecosystems; consequently, humans cannot be aliens of nature. We should then shape a socioecological system, linking the individuals, the groups, and the entire society, as well as natural ecosystems, also potentially damaged by AR, in a common multilevel adaptive system based on social norms and policies at the individual, local (One Health), and global (Global Health) scale (Levin et al., 2013). The recent crisis of COVID-19 illustrates the influence of social norms in the individual behavior. Each one of the individuals, protecting himself/herself, also protects the others. A person not wearing on face mask is frowned upon, and on the contrary, somebody attaching to the rules increases reputation. The individual adopts the right behavior being influenced by the judgment. of others. In addition, different political regimes (democracy or autocracy), as well as their organization (centralized, federal), together with the capacity of the health services to support the norms and their efficacy to communicate the chosen policy to the citizenry, may shape the individual responses to social norms (Greer et al., 2020; Häyry, 2020; Kavanagh and Singh, 2020).

Notwithstanding, two reasons that have been proposed to explain the low prevalence of COVID-19 in Japan were related with social norms more than with biological issues. These reasons, which are not common to other countries, were the socially accepted use of face masks and the mandatory vaccination of all the population against tuberculosis, which might protect from SARS-CoV-2 infection (Iwasaki and Grubaugh, 2020), a feature that is still to be confirmed.

The loss of social prestige of individuals taking antibiotics without prescription, as well as the pharmacies delivering these drugs or do not respect environmental protection, or the overconsumption of antibiotics in hospitals or in farms, or even in certain countries, is progressively constituting a “social norm,” converted in rules able to reduce AR emergence and spread. Of course, family and school education, as well as governmental campaigns, including the use of social media (Grajales et al., 2014) reinforces such social norms, which could allow the support of the society for the implementation of different interventions, some of them described below.



Controlling Resistance: Local and Global Interventions

Controlling resistance not only requires establishing local interventions, which could be relatively easily implemented, but would also require global interventions that every country should follow, despite their disparate regulatory systems. Local and global interventions are necessarily intertwined; for example, the use of a new drug to treat a single individual depends on regulations at the county level (One Health approach), but the worldwide prevalence and transmission of resistance to this drug, as well as the regulations of its use, should be established internationally (Global Health approach).

Three main interventions to tackle AR have been historically considered: first, reduction of the antibiotic selective pressure by decreasing antimicrobials use; second, reduction of transmission of ARBs using improved hygienic procedures that prevent spread; third, development of novel antimicrobials with limited capacity to select ARBs or the design of new treatment strategies based on use of non–antibiotic-based approaches or, more recently, on the exploitation of trade-offs associated with AR evolution (Imamovic and Sommer, 2013; Gonzales et al., 2015; Barbosa et al., 2018; Imamovic et al., 2018). These interventions have been basically limited to local initiatives, applied mainly to hospitals and, more recently, to farms. However, AR has emerged and spread globally, in bacteria from different environments, so the health and dynamics of the global microbiosphere could be affected by antibiotics. In a sense, AR is affecting the Planetary Health (Lerner and Berg, 2017), and the needed interventions for tackling this problem cannot be restricted to hospital settings (Figure 3).

The proposed reduction in the use of antibiotics (Blaskovich, 2018) must be compensated with alternative approaches for fighting infectious diseases. In this regard, strategies based on improving the capability of the immune system for counteracting infections (Levin et al., 2017; Traven and Naderer, 2019) or the use of non-antibiotic approaches to prevent them, such as vaccines (Jansen and Anderson, 2018), may help to reduce the burden of AR infections. Indeed, vaccination against Haemophilus influenzae and Streptococcus pneumoniae has been demonstrated to be an effective intervention for reducing AR (Jansen and Anderson, 2018). However, while vaccination has been extremely useful to prevent viral infections, it has been less promising in the case of bacterial ones. Recent approaches, including reverse vaccinology, may help in filling this gap (Delany et al., 2013; Ni et al., 2017). Moreover, vaccination should not be restricted to humans, because veterinary vaccination can also contribute to animal wealth and farm productivity (Francis, 2018). Besides, the use of vaccines in animal production reduces the use of antibiotics at farms/fisheries, hence reducing the selection pressure toward AR.

Other strategies to reduce antibiotic selective pressure include the use of bacteriophages (a revitalized strategy in recent years) (Viertel et al., 2014; Forti et al., 2018), not only in clinical settings, but also in natural ecosystems (Zhao et al., 2019b), as well as the use of biodegradable antibiotics (Chin et al., 2018) or adsorbents, able to reduce selective pressure on commensal microbiome (De Gunzburg et al., 2015, 2017). Besides reducing the chances of selecting ARBs, the use of antibiotics adsorbents may preserve the microbiomes, reducing the risks of infections (Chapman et al., 2016). Importantly, the procedures for removing antibiotics should not be limited to clinical settings, but their implementation in wastewater treatment plants would reduce selection of AR in non-clinical ecosystems (Tian et al., 2020).

Concerning the development of new antimicrobials (Hunter, 2020), while there is a basic economic issue related to the incentives to pharmaceutical companies (Sciarretta et al., 2016; Theuretzbacher et al., 2017), the focus is on the possibility of developing novel compounds with low capacity for selecting AR (Ling et al., 2015; Chin et al., 2018). For this purpose, multitarget (Li et al., 2014) or antiresistance drugs, such as membrane microdomain disassemblers (Garcia-Fernandez et al., 2017), are also promising. Furthermore, antimicrobial peptides, with a dual role as immunomodulators and antimicrobials, may also help fight infections (Hancock et al., 2016). In fact, some works have shown that ARB frequently present collateral sensitivity to antimicrobial peptides (Lázár et al., 2018) and that, importantly, some antimicrobial peptides present limited resistance or cross-resistance (Kintses et al., 2019; Spohn et al., 2019).

From a conservative point of view, based on the use of the drugs we already have, it would be desirable to fight AR using evolution-based strategies for developing new drugs or treatment strategies. Regarding this, the exploitation of the evolutionary trade-offs associated with the acquisition of AR, as collateral sensitivity, could allow the rational design of treatments based on the alternation or the combination of pairs of drugs (Imamovic and Sommer, 2013; Gonzales et al., 2015; Barbosa et al., 2018; Imamovic et al., 2018).

In addition to interventions that reduce the selective pressure of antibiotics or that implement new therapeutic approaches, reducing transmission is also relevant to fight infections. The development of drugs or conditions (as certain wastewater treatments) able to reduce mutagenesis or to inhibit plasmid conjugation may also help in reducing the spread of resistance (Thi et al., 2011; Alam et al., 2016; Lin et al., 2016; Lopatkin et al., 2017; Valencia et al., 2017; Kudo et al., 2019). Besides specific drugs to reduce the dissemination of the genetic elements involved in AR, socioeconomic interventions to break the bridges that allow transmission (Baquero et al., 2019) between individuals and, most importantly (and less addressed), between resistance entities (Hernando-Amado et al., 2019) are needed (Figure 3). More efficient animal management, not only allowing less antibiotics use but also reducing animal crowding (and hence AR transmission), as well as improved sanitation procedures, including the universalization of water treatment, will certainly help in this task (Berendonk et al., 2015; Manaia, 2017; Hernando-Amado et al., 2019). Notably, wastewater treatment plants are usually communal facilities where the residues of the total population of a city are treated. Hospitals are the hotspots of AR in a city; hence, on-site hospital (and eventually on-farm) wastewater treatment may help to reduce the pollution of communal wastewater by antibiotics and ARBs (Cahill et al., 2019; Paulus et al., 2019), hence reducing AR transmission.

Concerning trade of goods, it is relevant to remark that, although there are strict regulations to control the entrance of animals or plants from sites with zoonotic of plant epidemic diseases (Brown and Bevins, 2018), there are no regulations on the exchange of goods from geographic regions with a high AR prevalence, a feature that might be taken into consideration for reducing the worldwide spread of AR.

Once ARBs are selected and disseminated, interventions based on the ecological and evolutionary (eco–evo) aspects of AR (Bengtsson-Palme et al., 2018; Lehtinen et al., 2019) should be applied to restore (and select for) susceptibility of bacterial populations, as well as to preserve drug-susceptible microbiomes in humans and in animals (Baquero et al., 2011, 2015). Eco–evo strategies include the development of drugs specifically targeting ARBs. For that, drugs activated by mechanisms of resistance, vaccines targeting high-risk disseminating resistance clones or the resistance mechanisms themselves (Kim et al., 2016; Ni et al., 2017), or drugs targeting metabolic paths that can be specifically modified in ARBs (Baquero and Martinez, 2017) might be useful. The use of bacteriovores such as Bdellovibrio to eliminate pathogens without the need for antibiotics has been proposed; although its utility for treating infections is debatable, it might be useful in natural ecosystems (Shatzkes et al., 2016). More recent work suggests that some earthworms may favor the degradation of antibiotics and the elimination of ARBs (Wikler, 2002), a feature that might be in agreement with the finding that ARBs are less virulent (and hence might be specifically eliminated when the worm is present) in a Caenorhabditis elegans virulence model (Sanchez et al., 2002; Ruiz-Diez et al., 2003; Paulander et al., 2007; Olivares et al., 2012). However, the information on the potential use of worms for reducing AR in the field is still preliminary and requires further confirmation. Noteworthy, AR is less prone to be acquired by complex microbiomes (Mahnert et al., 2019; Wood, 2019), a feature that supports the possibility of interventions on the microbiota to reduce AR. Among them, fecal transplantation (Chapman et al., 2016; Pamer, 2016) or the use of probiotics able to outcompete ARBs (Keith and Pamer, 2019) has been proposed as strategies for recovering susceptible microbiomes.



CODA: ANTIBIOTIC RESISTANCE, A PANDEMIC TO WHICH A GLOBAL WORLD SEEMS TO BE ACCUSTOMED

The recent crisis of COVID-19 (Garrett, 2020) resembles the pandemic expansion of ARGs and clearly shows that pandemic outbreaks cannot be solved by just applying local solutions. Further, unless all population is controlled, and comprehensive public-health protocols are applied to the bulk of the population, such global pandemics will be hardly controlled. The case of COVID-19 is rather peculiar, because we are dealing with a novel virus. Very strict interventions have been applied, mainly trying to control something that is a novel, unknown, disease; we have been learning along the pandemic and still ignore what will come further. AR is already a very well-known pandemic affecting humans, animals, and natural ecosystems (Anderson, 1999; Verhoef, 2003). In this case, we have tools that might predict the outcome, and likely because the degree of uncertainty is lower than in the case of COVID-19, we have not applied clear, common, and comprehensive procedures to reduce the spread of AR. It is true that we know the evolution of antibiotics consumption and AR prevalence in several countries, and also interventions, mostly based on social norms, have been applied. Social norms have reduced the unnecessary prescription of antibiotics, or pharmacy sales without prescription, and the use of antibiotics for fattening animals has been banned in several countries, being still allowed in several others. Nevertheless, these actions are not general, and more aggressive, global actions are still needed. Coming back to the COVID-19 example, while the aim of health services worldwide is to detect any possible source of SARS-CoV-2, surveillance of infections (eventually by ARBs) is not universal. In other words, it does not apply to all citizens in all countries. The reasons can be just political such as the inclusion of immigrants in public health services (Scotto et al., 2017) or the consequence of limited financial resources and technical capacity that countries such as those belonging to the LMIC category can face (Gandra et al., 2020). The problem is not only on citizens, because different non-human reservoirs, such as wastewater, drinking water, or freshwater, may jointly contribute to AR dissemination (Hendriksen et al., 2019). In this regard, it is important to highlight that low quality of water is regularly associated to poverty. Universalization of health services, sanitization, access to clean water, and in general reduction of poverty are relevant step-forward elements for reduction of the burden of infectious diseases in general and of AR in particular. The time has come to tackle AR, and this cannot be done just by taking actions at the individual or even country level, but by taking convergent actions across the globe. As stated by John Donne (1923) in his poem, “No Man Is an Island,” written after his recovery from an infectious disease (likely typhus): “No man is an Iland, intire of itselfe; every man is a peece of the Continent, a part of the maine; if a Clod bee washed away by the Sea, Europe is the lesse, as well as if a Promontorie were, as well as if a Manor of thy friends or of thine owne were; any mans death diminishes me, because I am involved in Mankinde; And therefore never send to know for whom the bell tolls; It tolls for thee.”

This reflection on how infectious diseases in general should be faced by the society was published at 1624, but the idea behind still applies nowadays, especially for AR.
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Microbial biofilms strongly resist host immune responses and antimicrobial treatments and are frequently responsible for chronic infections in peri-implant tissues. Biosurfactants (BSs) have recently gained prominence as a new generation of anti-adhesive and antimicrobial agents with great biocompatibility and were recently suggested for coating implantable materials in order to improve their anti-biofilm properties. In this study, the anti-biofilm activity of lipopeptide AC7BS, rhamnolipid R89BS, and sophorolipid SL18 was evaluated against clinically relevant fungal/bacterial dual-species biofilms (Candida albicans, Staphylococcus aureus, Staphylococcus epidermidis) through quantitative and qualitative in vitro tests. C. albicans–S. aureus and C. albicans–S. epidermidis cultures were able to produce a dense biofilm on the surface of the polystyrene plates and on medical-grade silicone discs. All tested BSs demonstrated an effective inhibitory activity against dual-species biofilms formation in terms of total biomass, cell metabolic activity, microstructural architecture, and cell viability, up to 72 h on both these surfaces. In co-incubation conditions, in which BSs were tested in soluble form, rhamnolipid R89BS (0.05 mg/ml) was the most effective among the tested BSs against the formation of both dual-species biofilms, reducing on average 94 and 95% of biofilm biomass and metabolic activity at 72 h of incubation, respectively. Similarly, rhamnolipid R89BS silicone surface coating proved to be the most effective in inhibiting the formation of both dual-species biofilms, with average reductions of 93 and 90%, respectively. Scanning electron microscopy observations showed areas of treated surfaces that were free of microbial cells or in which thinner and less structured biofilms were present, compared to controls. The obtained results endorse the idea that coating of implant surfaces with BSs may be a promising strategy for the prevention of C. albicans–Staphylococcus spp. colonization on medical devices, and can potentially contribute to the reduction of the high economic efforts undertaken by healthcare systems for the treatment of these complex fungal–bacterial infections.
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INTRODUCTION

Biofilms are complex biological structures, composed of sessile multicellular communities encapsulated in a hydrated matrix of polysaccharides and proteins, in which microorganisms become more resistant to drug therapy and host immune response (Chen and Wen, 2011; Pompilio and Di Bonaventura, 2018). Microbial cells forming biofilms also communicate through the quorum sensing (QS) system, which is responsible of regulating genes expression, production of proteases and other signals that enable high-density bacterial cluster to flourish (Buch et al., 2019; Irorere et al., 2019).

Biofilms give rise to chronic infections both in tissues (e.g., lung infection in cystic fibrosis, chronic wound infections) and on the surface of implantable medical devices (e.g., orthopedic prostheses, endotracheal tubes, intravenous and urinary catheters, heart valves), which are characterized by the development of persistent and progressive diseases mainly due to the inflammatory response surrounding these biofilms (Clinton and Carter, 2015; Percival et al., 2015; Teo et al., 2016; Omar et al., 2017; Song et al., 2018). This makes many biofilm infections difficult to diagnose or to adequately treat.

Although most tissue and medical device-associated infections are caused by a single pathogen, an increasing number of polymicrobial infections have been reported in the clinical practice (Mihai et al., 2015; Rodrigues et al., 2019). The involved microorganisms are believed to coexist and realize synergistic interactions within the biofilm environment resulting in enhanced pathogenicity, virulence, and resistance to antimicrobials, thus leading to more aggressive forms of infections (Marculescu and Cantey, 2008; Burmølle et al., 2014). An emerging finding in polymicrobial biofilm research is the presence of both eukaryotic and prokaryotic pathogens (Brogden et al., 2005). The coexistence of Candida albicans and Staphylococcus species, in particular, has been frequently associated with extremely complicated infections and high mortality rates (Tsui et al., 2016). Biofilm-associated diseases related to C. albicans and Staphylococcus species, including wound infections, periodontitis, denture stomatitis, and medical devices related infections involving catheters and orthopedic implants have all been described before (Adam et al., 2002; Gupta et al., 2005; Valenza et al., 2008; Cuesta et al., 2010; Harriott and Noverr, 2011). These polymicrobial infections are difficult to diagnose and are mostly untreatable with the conventional antibiotic treatment strategies and commonly requires complex multi-drug therapy and in the vast majority of cases, the removal of infected medical devices (Harriott and Noverr, 2009; Pammi et al., 2013; Carolus et al., 2019).

This worldwide public health problem requires the development of innovative approaches able to efficiently tackle infections associated with these bacteria, fungi, and their biofilms. For this reason, several surface-coating strategies have been proposed to safeguard medical devices from microbial adhesion and colonization (John et al., 2007; Zilberman and Elsner, 2008; Ramasamy and Lee, 2016; Francolini et al., 2017; Khatoon et al., 2018; Wang and Tang, 2018; Ghensi et al., 2019). Unfortunately, surface-treated biomaterials showed, in some cases, limited efficacy over time as well as an inherent risk of cytotoxicity toward cell tissues (Francolini and Donelli, 2010). Therefore, the application of natural molecules for the creation of new safe and effective biocompatible antibacterial and/or anti-adhesive biomaterial coatings or pharmaceutical products to prevent and treat both single-species and polymicrobial biofilm infections are urgently required (Vasilev et al., 2011).

Focusing on this goal, biosurfactants (BSs) have been suggested as a new group of antimicrobial/anti-biofilm biocompatible compounds useful in a wide range of pharmaceutical and biomedical applications (Diaz De Rienzo et al., 2014; Elshikh et al., 2017; Lydon et al., 2017; Juma et al., 2020). BSs are amphiphilic molecules, produced by a wide group of microorganisms, which partition at and alter the physical–chemical conditions of the interfaces and are characterized by interesting biological activities like antimicrobial, anti-adhesive, and anti-biofilm properties (Banat et al., 2014; Simms et al., 2020). BSs ability to destabilize the integrity and permeability of cell membranes and to modify surface properties of biomaterials, affecting microbial vitality and adhesion, limiting biofilm formation, or reducing the structural integrity of existing biofilms have been reported (Fracchia et al., 2015, 2019; Satpute et al., 2016).

Toward this goal, during the past few years, we have demonstrated the ability of lipopeptides, rhamnolipids, and sophorolipids BSs, alone or in combination with antimicrobials and quorum-sensing molecules to inhibit microbial adhesion and biofilm formation of mono-species biofilms of fungal or bacterial pathogens on biomedical materials such as silicone (Ceresa et al., 2016, 2017, 2018, 2019b, 2020). The activity of BSs against biofilm formation on model surfaces such as polystyrene, glass, silicone, and polydimethylsiloxane has also been described in other works (Sharma and Saharan, 2016; Aleksic et al., 2017; Janek et al., 2018; Satpute et al., 2018). Conversely, to our knowledge, no studies have been conducted yet concerning the use of BSs against these clinically relevant fungal–bacterial polymicrobial biofilms.

In this perspective, the present study aimed at testing the efficacy of three different BSs (lipopeptide AC7BS, rhamnolipid R89BS, and sophorolipid SL18) as anti-adhesive and anti-biofilm agents against the formation of clinically relevant multi-species biofilms composed by fungal and bacterial species (C. albicans–Staphylococcus aureus, C. albicans–Staphylococcus epidermidis) employing a multidisciplinary and multifaceted approach.



MATERIALS AND METHODS


Study Design

The study was organized in seven experimental phases: (1) definition of the dual-species biofilm model with quantification of biomass production and metabolic activity on polystyrene and silicone elastomer and comparison with the corresponding single species counterpart; (2) identification of the non-cytotoxic BSs concentrations with a significant inhibitory activity against single species biofilm formation; (3) evaluation of the anti-biofilm and antimicrobial activity of BSs at the non-cytotoxic concentrations against polymicrobial cultures, in co-incubation; (4) evaluation of the anti-biofilm and antimicrobial activity of silicone discs coated with BSs against polymicrobial cultures; (5) assessment of cells surface hydrophobicity and membrane permeability changes induced by BSs in soluble form; (6) observation of the dual-species biofilm micro-structure on BSs-coated silicone discs; and (7) preliminary assessment of BSs-coated silicone discs biocompatibility.



Strains

The rhamnolipid-producer strain Pseudomonas aeruginosa 89, a clinical isolate from a patient with cystic fibrosis, was cultured from frozen stocks onto Tryptic Soy Agar (TSA, Scharlab, Barcelona, ES) at 37°C for 18–20 h. The lipopeptide-producer strain Bacillus subtilis AC7, from the inside of stems of Robinia pseudoacacia, was cultured from frozen stocks onto Luria Bertani agar (LBA, Sigma–Aldrich, St. Louis, MO, United States) at 28°C for 18–20 h. The sophorolipid-producer strain Candida bombicola ATCC 22214, obtained from the American Type Culture Collection (ATCC, Manassas, VA, United States), was cultured from frozen stocks onto Sabouraud dextrose agar (SDA, Scharlab, Barcelona, ES) at 25°C for 18–20 h. All the biofilm-producer strains used in this study were obtained from the ATCC (Manassas, VA, United States). C. albicans ATCC 10231, S. aureus ATCC 25923, S. aureus ATCC 6538, and S. epidermidis ATCC 35984 were cultured from frozen stocks onto SDA and TSA plates, respectively, and incubated overnight at 37°C.



Biosurfactants Production and Extraction

Lipopeptide AC7BS and rhamnolipid R89BS were produced and extracted as described by Ceresa et al. (2018, 2019b). Briefly, a loop of B. subtilis AC7 from a LBA overnight culture was grown in 20 ml of LB broth at 28°C for 4 h at 140 r/min. Afterward, 2 ml of this culture was used to inoculate 500 ml of LB broth and was incubated at 28°C for 24 h at 140 r/min. A loop of P. aeruginosa 89 from a TSA overnight culture was grown in 40 ml of Nutrient Broth II (Sifin Diagnostics GmbH, Berlin, DE) for 4 h at 37°C at 140 r/min. Afterward, 8 ml of this culture was added to 400 ml of Siegmund–Wagner medium and incubated at 37°C for 5 days at 120 r/min. Cell-free supernatants were acidified to pH 2.2 with 6 M HCl (AC7BS) or 6 M H2SO4 (R89BS) and stored overnight at 4°C. Lipopeptide AC7BS and rhamnolipid R89BS were extracted three times with 167 ml ethyl acetate:methanol (4:1) or 134 ml ethyl acetate (Sigma–Aldrich, St. Louis, MO, United States), respectively. Organic phases were anhydrified, filtrated, and vacuum-dried. BSs were recovered by dissolution in acetone (Sigma–Aldrich, St. Louis, MO, United States) and collected in glass tubes. Acetone was, then, evaporated and BSs were weighted.

Sophorolipid SL18 was obtained from a fed batch cultivation of C. bombicola ATCC 22214, according to Ceresa et al. (2020). Briefly, the cells (10% v/v) were grown in 2 l of Glucose Yeast Urea (GYU) medium [100 g/l glucose (Sigma–Aldrich, St. Louis, MO, United States), 10 g/l yeast extract (Sigma–Aldrich, St. Louis, MO, United States), and 1 g/l urea (Sigma–Aldrich, St. Louis, MO, United States)]. Oleic acid (99%, Sigma–Aldrich, St. Louis, MO, United States) was supplemented as a feeding source at a concentration of 20% to generate lactonic congeners. Fermentation was performed for 8 days at 200 r/min and 30°C. Sophorolipid SL18 were, then, extracted twice with ethyl acetate (1:1 extract ratio) (Sigma–Aldrich, St. Louis, MO, United States) and partially purified by three washings with hexane (Sigma–Aldrich, St. Louis, MO, United States) to remove residual fatty acids.

At the end of the extraction process, the presence, the purity, and the composition of the three BSs were confirmed by ESI/MS analysis as previously described (Ceresa et al., 2016, 2019b, 2020). All the following biological tests and microscopy analyses were performed using the same batch of production for each BS. BSs were dissolved in Phosphate Buffer Solution pH 7.4 (PBS) at the different concentrations of use. The solutions were filtered through a 0.2 μm filter and stored at room temperature.



Silicone Cleaning and Sterilization

Silicone-elastomeric discs (SEDs—0.8 cm in diameter and 1.5 mm in thickness) were cut from medical-grade silicone sheets (TECNOEXTR s.r.l, Palazzolo sull’Oglio, IT) and prepared as described in Ceresa et al. (2015). Briefly, discs were cleaned with a 1.4% (v/v) RBSTM 50 solution (Sigma–Aldrich, St. Louis, MO, United States), sonicated for 5 min at 60 kHz, and rinsed twice in Milli-Q water. Silicone was, then, dipped in MeOH (99%, Sigma–Aldrich, St. Louis, MO, United States), sonicated, and rinsed as previously described. Afterward, SEDs were autoclaved, dried, and moved aseptically into 48-well plates.



Anti-biofilm Assays

Mono- and dual-species biofilm formation: fungal and bacterial cells were suspended in Roswell Park Memorial Institute (RPMI) 1640 (Sigma–Aldrich, St. Louis, MO, United States) buffered with MOPS (Sigma–Aldrich, St. Louis, MO, United States) and supplemented with 2% Glucose (Biolife, Monza, IT), pH 7.0 (RPMI +2%G). Cell density was adjusted up to 106 and 107 colony forming unit (CFU)/ml for C. albicans and Staphylococcus spp. respectively. Polystyrene was used as a substrate for the growth of biofilms in co-incubation assays and silicone was used for the growth of biofilms in the coating assays. Surfaces were inoculated with 0.5 ml of the suspension and incubated at 37°C in static conditions up to 72 h; growth medium was removed and replaced with fresh RPMI +2%G every 24 h. Blank polystyrene and silicone control surfaces (without biofilm) were also included in the experimental setting. The ability of microbial strains to form polymicrobial biofilms, compared to the mono-species ones, was evaluated by the determination of biofilm biomass and metabolic activity of sessile cells as described below. All experiments were carried out in quadruplicate and repeated two times.

Co-incubation conditions (BSs in soluble form in polystyrene plates): in order to determine the minimum non-cytotoxic concentration of BSs (Ceresa et al., 2018, 2019b) able to inhibit single-species biofilm formation on polystyrene by at least 80%, increasing concentrations of lipopeptide AC7BS (0.125–0.5 mg/ml) and rhamnolipid R89BS (0.0125–0.05 mg/ml) were tested. The wells were filled with 50 μl of 10× BSs solutions (treated samples) or with an equal volume of PBS (control samples) and 0.5 ml of single-species suspensions of C. albicans (106 CFU/ml) and Staphylococcus spp. (107 CFU/ml) in RPMI +2%G. The 48-well plates were incubated for 24 h at 37°C. The effect was evaluated in terms of biofilm biomass reduction as described below. All experiments were carried out in quadruplicate and repeated twice.

Subsequently, the selected concentrations of BSs were tested against dual-species biofilm formation. The bottom of the wells was covered with 50 μl of the selected 10× BSs solutions (treated samples) or with an equal volume of PBS (control samples). Then, 0.5 ml of the dual-species suspensions of C. albicans (106 CFU/ml) and Staphylococcus spp. (107 CFU/ml) in RPMI +2%G were added to each well. The plates were incubated up to 72 h at 37°C. Growth medium was removed and replaced with fresh RPMI +2%G supplemented with 10× BSs solutions (treated samples) or with an equal volume of PBS (control samples) every 24 h. Blank surfaces (without biofilm) were also included in the experimental setting. The ability of microbial surfactants to inhibit dual-species biofilm formation in co-incubation conditions was evaluated by the determination of biofilm biomass and metabolic activity of sessile and planktonic cells as described below. Experiments were performed in quadruplicate and repeated twice.

Coating conditions: the treatment of silicone surfaces was carried out in 48-well plates by immersing SEDs in BS solutions (rhamnolipid R89BS: 2 mg/ml; lipopeptide AC7BS: 2 mg/ml; sophorolipid SL18: 8 mg/ml) at 37°C for 24 h at 180 r/min. These solutions were chosen as previously optimized in Ceresa et al. (2016; 2019b; 2020). Afterward, discs were moved into new plates and dried before use. Five hundred microliters of the dual-species suspensions (C. albicans at the concentration of 106 CFU/ml and Staphylococcus spp. at the concentration of 107 CFU/ml) in RPMI +2%G were added to each well. SEDs were incubated up to 72 h at 37°C. Every 24 h, discs were moved into fresh media. Blank surfaces (without biofilm) were also included. The anti-biofilm activity of BSs was evaluated at 24, 48, and 72 h by the determination of biofilm biomass, metabolic activity of sessile and planktonic cells, and viable cell counting as described below. Experiments were performed in quadruplicate and repeated twice.


Biofilm Biomass

The determination of the total biomass was carried out by crystal violet staining according to Ceresa et al. (2019b), with minor changes. Briefly, biofilms were washed twice and stained with 0.5 ml of the CV solution (0.1%) for 10 min. After the removal of the excess of dye, CV was dissolved with 0.5 ml of acetic acid (33% in water). Absorbance of the solutions was measured at 570 nm (A570) (Victor3VTM, Perkin Elmer, Italy), data were normalized to blank surfaces (background), and percentages of inhibition were calculated using the following formula:
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where

Atreat: absorbance of treated samples

ACTRL: absorbance of controls.



Biofilm Metabolic Activity

The determination of biofilm metabolic activity was carried out by means of the colorimetric MTT assay according to Ceresa et al. (2019b), with minor changes. Briefly, biofilms were washed twice and, then, dipped in 0.5 ml of MTT working solution [0.075% MTT (Scharlab, Barcelona, ES) solution supplemented with 0.1% glucose (Biolife, Monza, IT) and 10 μM menadione (Sigma–Aldrich, St. Louis, MO, United States)]. After 30 min of incubation at 37°C in static conditions, MTT solution was removed and formazan crystals formed by metabolic active cells within biofilms were dissolved with 0.5 ml of the lysis solution [dimethyl sulfoxide (DMSO)/0.1 M glycine buffer (pH 10.2) solution (7:1)]. The A570 of the solutions was measured, data were normalized to background, and percentages of inhibition were calculated according to formula (1).



Planktonic Cells Metabolic Activity

The metabolic activity of planktonic cells in supernatants was evaluated by the MTT assay according to Ceresa et al. (2019b), with minor changes. Briefly, growth media and washing solutions, from each treated and untreated surface, were collected after 24, 48, and 72 h. Microbial cells were harvested by centrifugation at 17,000 r/min for 15 min and incubated in 0.5 ml of the MTT working solution for 30 min. Afterward, cells were collected by centrifugation at 17,000 r/min for 15 min, MTT solution was removed, and formazan crystals were dissolved with 0.5 ml of the lysis solution. The A570 of the solutions was measured and data were normalized to background.




Quantification of Viable Sessile Cells

The number of microbial cells forming the multi-species biofilms was determined by the spread plate method as described in Ceresa et al. (2015). Briefly, after two washings, biofilms were detached from silicone surfaces and broke up by four cycles of sonication (30 s) and stirring (30 s). The obtained suspensions were serially diluted in PBS and seeded both on Mannitol Salt Agar (MSA, Scharlab, Barcelona, ES) plates, selective for staphylococcal species, and on Sabouraud Chloramphenicol Agar (SCA, Scharlab, Barcelona, ES) plates, selective for fungal species. After 24 h at 37°C, the colonies were counted and the number of C. albicans, S. aureus, or S. epidermidis cells within the polymicrobial biofilm was quantified.



Anti-adhesive Assay

Silicone-elastomeric discs surface coating with the BSs was carried out as described by Papa et al. (2015), with minor changes. Briefly, a volume of 20 μl of BS solutions (rhamnolipid R89BS: 2 mg/ml; lipopeptide AC7BS: 2 mg/ml; sophorolipid SL18: 8 mg/ml) or 20 μl of PBS as control, were deposited on the silicone surfaces. SEDs were then placed under laminar flow to allow complete drying and, subsequently, moved into 48-well plates. The discs were filled with 0.5 ml of the dual-species suspensions (C. albicans at the concentration of 106 CFU/ml and Staphylococcus spp. at the concentration of 107 CFU/ml in RPMI +2%G) and incubated at 37°C for 4 h. The quantification of cells attached on SEDs was carried out using crystal violet staining as reported in Section “Biofilm Biomass.” All experiments were carried out in quadruplicate and repeated twice.



Cell Surface Hydrophobicity and Membrane Permeability Changes by BSs in Soluble Form


Cell Surface Hydrophobicity

Bacterial and fungal suspensions were prepared in PBS to obtain an optical density (OD) at 600 nm, respectively, of 0.5 and 0.4 and treated with BSs (final concentration R89BS—0.05 mg/ml, AC7BS—0.5 mg/ml) at 37°C for 1 h at 150 r/min. Untreated suspensions were taken as control. Cell hydrophobicity was measured by microbial adherence to hexadecane (Scharlab, Barcelona, ES) according to Rosenberg et al. (1980). Microbial cells were collected by centrifugation at 4000 r/min for 15 min and resuspended in PUM Buffer, pH 7.1 (22.2 g K2HPO4⋅3H20, 7.26 g KH2PO4, 1.8 g urea, 0.2 g MgSO4⋅7H20 and distilled water to 1 l). One milliliter of hexadecane was mixed to 4 ml of cell suspensions in a glass tube at high speed for 2 min and equilibrated for 10 min. Afterward, the ODs of the initial cell suspensions and aqueous phases were measured at 550 nm (Genova Plus, Jenway, United Kingdom) and cell hydrophobicity was calculated using the following formula:
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Cell Membrane Permeability

Bacterial and fungal suspensions were prepared in PBS to obtain an OD at 600 nm, respectively, of 0.5 and 0.4 and treated with BSs (final concentration: R89BS—0.05 mg/ml, AC7BS—0.5 mg/ml) at 37°C for 1 h at 150 r/min. Untreated suspensions were taken as control. Cell membrane permeability was evaluated by checking crystal violet enhanced penetration. Cells were collected by centrifugation at 4000 r/min for 15 min and resuspended in PBS containing crystal violet (10 μg/ml) and incubated at 37°C at 150 r/min for 20 min. Afterward, cells were collected by centrifugation at 4000 r/min for 15 min and the absorbance (A) of the solutions was measured at 590 nm (Genova Plus, Jenway, United Kingdom). The percentage of crystal violet uptake was estimated using the following formula:
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Experiments were performed in triplicate and repeated three times.




Biofilm Architecture

The micromorphology and architecture of multi-species biofilm on SEDs was visualized using the scanning electron microscope (SEM) Quanta 200F FEG (Fei, Eindhoven, Netherlands) in high-vacuum mode. Samples were prepared for SEM imaging according to Ceresa et al. (2019b), with minor changes. Briefly, after two washings, biofilms were fixed in 2.5% glutaraldehyde, washed twice in distilled water, dehydrated in a graded ethanol series, and coated with a 10 nm layer of gold with a sputter coater (Emitech K500X, Quorum Technologies, Laughton, United Kingdom). A set of representative images at a magnification of 500×, 1000×, 2000×, and 4000× were obtained from untreated (controls) and pre-coated SEDs with rhamnolipid R89BS or sophorolipid SL18 and incubated with either C. albicans–S. epidermidis or C. albicans–S. aureus at 24, 48, and 72 h. Secondary electron signal was collected to investigate structural details of microbial cells and extracellular matrix on the biofilm. The primary beam energy was set to 5 keV to minimize damage to the organic structures. Possible artifacts due to the sample preparation process were considered according to indications provided by Hrubanova et al. (2018) and previous experience performed in imaging microbial biofilm formed in vitro on medical devices (Tessarolo et al., 2007; Signoretto et al., 2013).



Biocompatibility of BS-Coated Silicone Discs

The in vitro biocompatibility of BSs-coated discs was evaluated in 48-well plates by the MTT assay (Ceresa et al., 2019a). Spontaneously immortalized human skin keratinocyte—HaCaT cells (104 cells/well) were seeded in Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose (EuroClone, Milan, IT) supplemented with 4% FBS (EuroClone, Milan, IT), L-glutamine 200 nM (EuroClone, Italy) and 1% Pen/Strep (EuroClone, Milan, IT), and incubated at 37°C in 5% CO2. After 24 h, growth medium was removed and replaced with the eluates obtained from BSs-coated SEDs after static release at 37°C for 24 h. Negative control consisted in cells treated with 0.5% Triton X, whereas positive control was represented by cells w/o any treatment. Fifty microliters of the MTT solution (5 mg/ml) was added into each well. Plates were then incubated for 24 and 72 h at 37°C. Formazan crystals were dissolved with 200 μl of 0.05 M HCl/isopropanol (50:1) and A570 was measured at the two time points. The percentage of cell viability was estimated using the following formula:
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where

Asample: absorbance of BSs or CTRL—samples

ACTRL+: absorbance of positive controls.

Experiments were performed in triplicate and repeated twice.



Data Analysis and Statistics

All analyses and graphics were performed using the statistical program R, 3.6.2 (R Core Team, 2019). One-way ANOVA was applied to compare mono- and dual-species biofilms. Two-way ANOVA followed by Tukey post hoc test was used to investigate the anti-biofilm activity of BSs on dual-species biofilms and the metabolic activity of planktonic cells. To estimate log10 CFU/disk from colony counts, the R package dupiR was used (Comoglio et al., 2013). Differences in the percentage composition of dual-species biofilms were investigated by two-sample t-test for equality of proportions with continuity correction. Two-sample t-test was performed to evaluate the significance of data in hydrophobicity and membrane permeability assays. One-way ANOVA followed by Tukey post hoc test was performed to evaluate the significance of data in the biocompatibility assay in comparison to positive and negative controls. Differences were considered statistically significant at p < 0.05.




RESULTS


Biosurfactants Anti-biofilm and Anti-adhesive Activity

Mono- and dual-species biofilms of C. albicans–Staphylococcus spp. were grown on polystyrene (Figure 1) and on silicone surfaces (Figure 2) up to 72 h. Biofilm biomass and biofilm metabolic activity were quantified at 24, 48, and 72 h. C. albicans–S. aureus biomass and metabolic activity were higher than those of the two individual species both on polystyrene and on silicone at all incubation times (p < 0.001). Concerning C. albicans–S. epidermidis, biomass and metabolic activity were always higher than those observed for the individual species, on both surfaces, up to 48 h (p < 0.001). On the contrary, at 72 h, biomass and metabolic activity of dual-species biofilms were lower than those observed for S. epidermidis biofilms, with the exception of metabolic activity on polystyrene (p < 0.001).
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FIGURE 1. Mono- and dual-species C. albicans–Staphylococcus spp. biofilm formation on polystyrene. The ability of microbial strains to form biofilms was evaluated at 24, 48, and 72 h by biofilm biomass (A,C) and biofilm metabolic activity (B,D) quantification.
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FIGURE 2. Mono- and dual-species C. albicans–Staphylococcus spp. biofilm formation on silicone discs. Biofilms were evaluated in terms of biofilm biomass (A,C) and biofilm metabolic activity (B,D) at 24, 48, and 72 h.


AC7BS and R89BS were selected to perform the co-incubation assays as they were previously reported as not cytotoxic versus MRC5 cells monolayers at the concentrations active against biofilm (Ceresa et al., 2018, 2019b). On the contrary, SL-18 was not included in this assay since it was previously detected as cytotoxic when used in soluble form at concentrations active against C. albicans and S. aureus single species biofilms (Ceresa et al., 2020). Increasing concentrations of lipopeptide AC7BS (0.125–0.5 mg/ml) and rhamnolipid R89BS (0.0125–0.05 mg/ml) were tested and the minimum concentration of BSs that counteracted single-species biofilms formation on polystyrene by at least 80% (inhibition level threshold) was identified (Figure 3). In general, the formation of C. albicans and S. aureus biofilms was reduced in a concentration-dependent manner by the two BSs while the formation of S. epidermidis biofilm was effectively inhibited (≥80%) only by rhamnolipid R89BS (Figure 3A). In particular, the three mono-species biofilms were inhibited by about 87% by rhamnolipid R89BS at a concentration of 0.05 mg/ml. Concerning lipopeptide AC7BS (Figure 3B), the threshold inhibition level was reached at a concentration of 0.5 mg/ml only for C. albicans and S. aureus biofilms (82%) but not for S. epidermidis, which had a maximum inhibition of only 27%. For this reason, this BS was excluded from the subsequent anti-biofilm assays against C. albicans–S. epidermidis dual-species biofilms.
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FIGURE 3. Activity of BSs in soluble form on C. albicans, S. aureus, and S. epidermidis biofilm formation. The anti-biofilm activity of AC7BS (A) and R89BS (B) was evaluated in co-incubation conditions by the determination of biofilm biomass.


The boxplot in Figure 4 shows the effect of rhamnolipid R89BS and lipopeptide AC7BS against C. albicans–S. aureus and of R89BS against C. albicans–S. epidermidis biofilm formation up to 72 h. In general, as confirmed by two-way ANOVA and Tukey post hoc test, for each co-culture, biofilm formation on polystyrene was significantly dependent on BSs treatment (p < 0.001) and incubation time (p < 0.001). Regardless of the two strain combinations involved in the dual-species biofilm development, biofilm biomass (Figures 4A,D) and metabolic activity (Figures 4B,E) were equally inhibited by the BSs. The anti-biofilm activity of rhamnolipid R89BS was stable up to 72 h, while, for lipopeptide AC7BS, a slight reduction was detected between 24 and 72 h. In particular, as observed in Table 1, rhamnolipid R89BS proved to be the most effective BS for the inhibition of C. albicans–S. aureus biofilm growth and an excellent agent for the prevention of C. albicans–S. epidermidis biofilm formation, with mean percentages of reduction of 94% (C. albicans–S. aureus) and 95% (C. albicans–S. epidermidis), after 72 h co-incubation. In addition, to define whether part of the observed effect was the result of an antimicrobial activity of the BSs, the metabolic activity of planktonic cells in the supernatants was assessed (Figures 4C,F). The absorbance values of the cell supernatants co-incubated with BSs were significantly higher in comparison to the controls (p < 0.001) suggesting that, in the treated wells, cells existed in a planktonic state rather than by forming a biofilm. However, in the case of C. albicans–S. aureus co-cultures, the lower absorbance values observed in the rhamnolipid R89BS-treated wells compared to those of the lipopeptide AC7BS-treated wells (p < 0.001), suggested an antimicrobial activity of the rhamnolipid (Figure 4C).
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FIGURE 4. Anti-biofilm activity of BSs in soluble form on C. albicans–S. aureus and C. albicans–S. epidermidis biofilm formation. The anti-biofilm activity of BSs was evaluated in co-incubation conditions in terms of biofilm biomass (A,D) and biofilm metabolic activity (B,E). The viability of planktonic cells (C,F) was measured by the metabolic activity assay.



TABLE 1. Inhibition percentages of dual-species C. albicans–S. aureus and C. albicans–S. epidermidis biofilm formation on polystyrene in co-incubation assays. The anti-biofilm activity of BSs in soluble form was detected by CV (biofilm biomass) and MTT assays (biofilm metabolic activity).
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The results of BSs pre-coating on SEDs further confirmed the inhibitory activity of these natural microbial molecules against the formation of C. albicans–S. aureus (rhamnolipid R89BS, lipopeptide AC7BS, sophorolipid SL18) and C. albicans–S. epidermidis (rhamnolipid R89BS, sophorolipid SL18) mixed biofilms (Figure 5). As previously observed in co-incubation conditions, for each co-culture, the development of biofilms on silicone surfaces was significantly dependent on BSs treatment (p < 0.001) and incubation time (p < 0.001). Biofilm biomass (Figures 5A,D) and metabolic activity (Figures 5B,E) were equally inhibited on all BSs-coated discs (SEDs). Concerning the dual-species biofilms of C. albicans–S. aureus, the anti-biofilm activity of rhamnolipid R89BS- and sophorolipid SL18-coated SEDs was stable up to 72 h, while a slight reduction of the efficacy of lipopeptide AC7BS-coated SEDs was observed during this time. The anti-biofilm activity of rhamnolipid R89BS coating was stable also for C. albicans–S. epidermidis mixed biofilms, while that of sophorolipid SL18-coated SEDs slightly decreased over time. In general, starting from 48 h of incubation, the surface treatment of silicone with rhamnolipid R89BS proved to be the most effective in counteracting the growth of both polymicrobial biofilms. In particular, after 72 h, average inhibitions of 93 and 90% against C. albicans–S. aureus and C. albicans–S. epidermidis biofilms were found, respectively. Table 2 shows the percentages of biomass and metabolic activity inhibition at the different time-points. To exclude that the observed activity was due to an antimicrobial action of the BSs, the metabolic activity of the planktonic cells in the wells was evaluated (Figures 5C,F). As observed in co-incubation conditions, the absorbance values of the supernatants of the BSs-coated silicone discs were significantly higher than those obtained for the corresponding controls (p < 0.001). Conversely, no significant variations were found between the absorbance values of planktonic cells recorded for the different BSs treatments (p > 0.05).
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FIGURE 5. Anti-biofilm activity of the BSs coated silicone discs. The efficacy of the surface treatments was evaluated in terms of biofilm biomass (A,D) and biofilm metabolic activity (B,E). The viability of planktonic cells was measured by the metabolic activity assay (C,F).



TABLE 2. Inhibition percentages of dual-species C. albicans–S. aureus and C. albicans–S. epidermidis biofilm formation on BSs treated silicone discs by CV (biofilm biomass) and MTT assays (biofilm metabolic activity).
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In addition, to evaluate whether the tested BSs exhibited their anti-biofilm action in equal proportions on the single species forming the polymicrobial biofilms on the silicone surfaces, the number of cells of C. albicans, S. aureus, and S. epidermidis was determined on selective media for both control and coated discs (Supplementary Tables 1, 2) and the percentage compositions were calculated (Tables 3, 4). In general, at all incubation times, biofilms on the control discs mainly consisted of bacterial cells (98.6–99.8%) and only for a small percentage of the yeast cells (0.2–1.4%). In particular, the yeast cells were present in a major proportion in C. albicans–S. aureus biofilms (Table 3) than in C. albicans–S. epidermidis (Table 4). Interestingly, at 24 h, the presence of BSs on the silicone surface was associated with a significant increase in the yeast species percentage compared to that observed on the controls (p < 0.001). However, this value decreased over time and returned to levels similar to those observed for the controls.


TABLE 3. Percentage (%) composition of C. albicans–S. aureus dual-species biofilms on the surface of silicone discs.
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TABLE 4. Percentage (%) composition of C. albicans–S. epidermidis dual-species biofilms on the surface of silicone discs.
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Finally, to assess the activity of BSs coating on SEDs on the early phases of biofilm formation (adhesion phase), the amount of C. albicans–S. aureus and C. albicans–S. epidermidis adherent cells was evaluated after 4 h incubation by means of the CV method (Figure 6). Similarly, to biofilm formation, microbial cells adhesion to silicone surfaces was also significantly dependent on BSs treatment (p < 0.001). Concerning C. albicans–S. aureus, the highest anti-adhesive activity was observed for rhamnolipid R89BS (71%), followed by sophorolipid SL18 (64%) and lipopeptide AC7BS (51%). As to C. albicans–S. epidermidis, rhamnolipid R89BS coating proved to be the most effective with an inhibition of adhesion of 62% while for sophorolipid SL18 showed a 54% inhibition.
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FIGURE 6. Anti-adhesive activity of the BSs coated silicone discs. The efficacy of the BSs surface treatment was evaluated in terms of C. albicans–S. aureus (A) and C. albicans–S. epidermidis (B) adherent cells after 4 h of incubation.




Cell Surface Hydrophobicity and Membrane Permeability Changes by BSs in Soluble Form

In order to evaluate the possible effect of BSs on the tested opportunistic pathogens in co-incubation conditions, cell surface hydrophobicity (CSH) and membrane permeability were assessed. As shown in Figure 7A, after 1 h incubation with R89BS and AC7BS, CSH and membrane permeability of C. albicans, S. aureus, and S. epidermidis were different from the untreated controls. BSs treatment induced a significant modification of CSH for all the tested strains (p < 0.05). In particular, it resulted in a decrease of CSH both for bacterial and fungal cells. Bacterial CSH decreased from 99% (mean percentage for untreated control samples) to values ranging from 38 to 71% for BSs treated samples. Fungal CSH in comparison was reduced from 44% (mean percentage for control samples) to values ranging from 31 to 37% for BSs treated samples. The changes of CSH induced by BSs were related to the microbial strain: in particular, S. aureus was the most susceptible to cell hydrophobicity changes, followed by S. epidermidis and C. albicans. The treatment with BSs also altered cell membrane permeability for all the tested strains (p < 0.05) (Figure 7B). In particular, BSs induced an increase in crystal violet uptake by bacterial cells from 46% (mean percentage for untreated control samples) to values ranging from 54 to 74% and a slight increase in the case of fungal cells from 53% (mean percentage for untreated control samples) to values ranging from 56 to 59%. Again, the changes of membrane permeability induced by BSs were related to the microbial strain: in particular, S. aureus and S. epidermidis were more susceptible to BSs than C. albicans.
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FIGURE 7. Changes in cell surface hydrophobicity and membrane permeability induced by soluble BSs. Cell surface hydrophobicity (A) and membrane permeability (B) of C. albicans, S. aureus, and S. epidermidis treated with BSs in soluble form (co-incubation conditions), compared to control samples.




Scanning Electron Microscopy of Multi-species Biofilms on SEDs

Scanning electron microscopic images presenting the features of the biofilm formed on untreated (controls) and pre-coated SEDs with rhamnolipid R89BS and sophorolipid SL18 at the longest incubation time are presented in Figure 8. The SEM investigation showed the presence of both fungal hyphae and coccoid bacteria adhering to the surface of all samples. In general, there was a more pronounced spatial correlation between S. aureus and C. albicans (Figures 8A,C,E) than between S. epidermidis and C. albicans (Figures 8B,D,F), irrespective of the surface treatment. More specifically, S. aureus was prevalently found in close contact with fungal hyphae, almost completely covering the Candida mycelium at 72 h in control SEDs (Figure 8A), while S. epidermidis never realized a full coating of the C. albicans structures (Figure 8B) and was more prone to adhere directly to the SEDs surface (Figure 8D).
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FIGURE 8. Scanning electron microscopy images of the dual-species biofilms formed on the silicone discs surface at 72 h. C. albicans–S. aureus on the left column and C. albicans–S. epidermidis on the right column. Different surface pre-coating treatments are presented: untreated controls (top row), rhamnolipid R89BS (middle raw), and sophorolipid SL18 (bottom row) treated discs. Insets present a lower magnification of the corresponding image to appreciate both macrostructural arrangement of the biofilm on the surface and micro-structural architecture of the two species in each biofilm sample. Original magnification: 4000x (1000x for the insets).


In agreement with the results obtained from quantitative tests of biofilm biomass performed on corresponding samples, untreated controls showed a well-structured dual-species biofilm at each time-points, having a more three-dimensional arrangement and a thicker appearance at longer incubation times (Figures 8A,B). A similar increasing trend in the number of cells at the surface was also observed for rhamnolipid R89BS and sophorolipid SL18 pre-coated SEDs. However, the number of microbial cells at the treated surface was drastically reduced in respect of controls and the large majority of the sample surface was free of cells or presented small clusters with few three-dimensional microbial aggregates at 24 and 48 h (Supplementary Figures S1, S2). This was also the case for S. aureus and C. albicans dual-species biofilm at 72 h (Figures 8C,E), but not for S. epidermidis and C. albicans dual-species biofilm where only a minor portion of the treated surface was free of cells (Figure 8D) or mainly fully covered (Figure 8F). At 72 h, some differences in C. albicans–S. epidermidis biofilms were also noted between rhamnolipid R89BS and sophorolipid SL18 pre-coated discs, with the latter presenting areas showing a mature biofilm (Figure 8F), although less structured and thick than the controls (Figure 8B). Rhamnolipid R89BS pre-coated SEDs showed only minor portions of the disc surface still free of microorganisms (Figure 8D).



Cytotoxicity of BSs-Coated Silicone Discs

No cytotoxic effect was detected on spontaneously immortalized human skin keratinocyte when exposed for 24 h to the BSs-coated SEDs eluates obtained from static release conditions. In fact, at this time-point, the viability of HaCat cells was comparable to positive controls (p > 0.05), independently to the type of BS involved in the coating procedure (Supplementary Figure S3A). After 72 h of cells exposure to the eluates, cell viability slightly decreased to values ranging from 92% for SL18 to 78% for R89BS (Supplementary Figure S3B) but was always above the limit (70%) according to the ISO 10993-5 standard (Xian, 2009; Rodríguez-López et al., 2020).




DISCUSSION

Microbial colonization and biofilm formation on medical devices represent one of the major challenges in infection control (Percival et al., 2015; Wang et al., 2017; Khatoon et al., 2018). Biofilms protect microbial cells from antimicrobials and the immune system of hosts and, in most cases, this may lead to the dysfunction of the devices and eventual removal (Percival et al., 2015; Khatoon et al., 2018; Sharma et al., 2019).

Nowadays, C. albicans is considered as the prevailing fungal pathogen responsible for severe hospital-acquired infections and has also been reported to form polymicrobial biofilms in coexistence with bacterial species such as S. aureus, S. epidermidis, P. aeruginosa, and Streptococcus spp. (Liu et al., 2019). These microbial pathogens are well known for their ability to form persistent biofilms on biotic and abiotic surfaces such as tissues, organs, and medical-devices, including dentures, voice prostheses, implants, endotracheal tubes, feeding tubes, and most frequently, catheters (Carolus et al., 2019; Liu et al., 2019).

The existence of these multi-species communities makes the challenge against biofilms even more complex because it does not only require effective antimicrobials against all pathogenic microorganisms present in the microbial community, but limits the effectiveness of to date-developed species-specific biofilm targeting strategies (Koo et al., 2017). Based on these considerations, numerous researchers have aimed their studies at identifying new and effective approaches to counteract polymicrobial biofilms, both in terms of inhibition of microbial adhesion and disruption of mature biofilms (Villa and Cappitelli, 2013). Among these, the use of new antimicrobial peptides has been suggested as a promising treatment against fungal/bacterial polymicrobial biofilms (Qu et al., 2016; de Alteriis et al., 2018; Gupta et al., 2019). Through a different mechanism of action, these molecules can cause microbial death, inhibit bacterial growth, and compromise biofilm formation and architecture. Weiland-Bräuer et al. (2019) identified, in the metagenome-derived bacterial quorum quenching (QQ), proteins QQ-5 and QQ-7 as an effective strategy to prevent C. albicans and S. epidermidis biofilm formation, by inhibiting C. albicans yeast-to-hyphae transition and inducing the expression of the icaR gene, thus repressing the synthesis of polysaccharide intercellular adhesion (PIA).

A further strategy currently proposed to treat C. albicans–S. aureus infections is based on combined therapies of existing antimicrobials or treatments with natural molecules, such as plant extracts or essential oils, alone or in combination with antibiotics or antifungals (Budzynska et al., 2017; Scaffaro et al., 2018; Tan et al., 2019).

In this scenario, BSs effectively appear to be promising new candidates for biofilm inhibition in the biomedical field due to their interesting antimicrobial, anti-adhesive properties (Banat et al., 2010; Rodrigues and Teixeira, 2010; Fracchia et al., 2019; Naughton et al., 2019). These molecules, in fact, are able to counteract effectively biofilms by decreasing microbial cells viability and by reducing microbial adhesion (Satpute et al., 2016; Fracchia et al., 2019; Paraszkiewicz et al., 2019; Naughton et al., 2019). When BSs bind to cell wall surface, they may form a film that changes the wettability and the surface energy of the cell leading to severe changes in its hydrophobicity and increasing its permeability by the release of LPS and the formation of transmembrane pores. When applied as coating agents, BSs interfere with microbial adhesion and limit biofilm formation altering the chemical and physical properties of the surfaces (e.g., reduction of roughness and hydrophobicity or increase of wettability) on which biofilms develop (Rodrigues et al., 2006; Quinn et al., 2013; Satpute et al., 2019).

In this study, we demonstrated the ability of different BSs to inhibit the formation of fungal and bacterial dual-species biofilms for up to three days in both co-incubation and pre-coating assays. One lipopeptide (AC7BS) and two glycolipids (R89BS and SL18) were tested. As observed by the positive ESI–MS analysis, AC7BS is composed of surfactin (98%) and fengycin (2%) homologs (Ceresa et al., 2016). Surfactin family members are represented by C13, C14, and C15 homologs whereas fengycin family members are represented by two main fengycin isoforms corresponding to C17 fengycin A and C17 fengycin B. The negative electrospray ionization (ESI) MS analysis of R89BS extract showed the presence of mono- (75%) and di- (25%) rhamnolipid homologs. Mono-rhamnolipid family members are represented by C10–C10, C8–C10, and C10–C12 homologs whereas di-rhamnolipid family members by C10–C8, C10–C10, and C10–C12 homologs (Ceresa et al., 2019b). Sophorolipid SL18 is a mixture of lactonic congeners (Ceresa et al., 2020). The fungal strain C. albicans and the bacterial strains S. aureus and S. epidermidis were selected as they represent a major cause of medical device associated infections due to their ability to adhere to biomaterials and form antimicrobial-resistant multispecies biofilms (Arciola et al., 2005; von Eiff et al., 2006; Sardi et al., 2013; Carolus et al., 2019).

The experiments reported in this study were carried out using culture media and growth conditions that support the reproducible development of well-structured dual-species biofilms, as demonstrated by the high values of biofilm biomass and cell metabolic activity detected for the controls and by SEM images of control biofilms. BSs were tested in solution or coated on silicone surfaces by physical absorption. Dual-species cultures were evaluated by the quantification of different parameters: biomass, metabolic activity, and number of viable cells. The microstructure of dual-species biofilms on treated and untreated silicone was also characterized by SEM analysis.

The lipopeptide AC7BS and the rhamnolipid R89B, tested in soluble form in co-incubation conditions, showed a significant inhibitory activity against the formation of dual-species biofilms of C. albicans and Staphylococcus spp. determining high levels of reduction, both in terms of total biomass and metabolic activity with inhibitions ranging from 84 to 96% at 72 h. These findings suggest a potential applicability of these BSs as components of pharmaceutical formulations, such as injectable scaffolds or hydrogels enriched with antimicrobial or anti-biofilm agents useful in wound healing. Similar conclusions were also reached by for better wound healing when microbial glycolipid BS-containing ointment was used as a transdermal substitute treatment process (Gupta et al., 2017).

Coating of silicone surfaces with lipopeptide AC7BS, rhamnolipid R89BS, and sophorolipid SL18 was as much beneficial, further confirming the inhibitory activity of these natural molecules against the formation of both dual-species biofilms, with percentages of inhibition at 72 h ranging from 77 to 93%. R89BS in particular was found to be the most effective BS in inhibiting both dual-species biofilms on both surfaces.

Both rhamnolipids and sophorolipids have also shown to be active against other multi-species cultures (Diaz De Rienzo et al., 2016). They observed using the BioFlux flow through conditions, that a combination of caprylic acid (0.01% v/v) and rhamnolipids (0.04% v/v) caused the disruption of single and mixed biofilms for P. aeruginosa and S. aureus. Biofilms were also efficiently dislodged by the combination of rhamnolipids (0.04% v/v) with sophorolipids (0.01% v/v). Interestingly, these authors observed that biofilm disruption of S. aureus and mixed cultures was caused by the anti-biofilm properties of BSs without affecting cell viability whereas for the P. aeruginosa biofilms, a high rate of killed cells was observed.

According to the studies conducted so far, in co-incubation conditions, the anti-biofilm activity of the tested BSs seemed to be related to a reduction of CSH and thus to a change in cells ability to adhere to the silicone surface (Elshikh et al., 2016). For rhamnolipid R89BS, the effect was also partly associated to its antibacterial activity on staphylococcal cells, as demonstrated in a previous work (Ceresa et al., 2019b) and confirmed in this study by the observed decrease of the planktonic cells metabolic activity and the increase in membrane permeability. On the contrary, an antifungal effect on C. albicans was not observed at the tested concentrations, indicating that the antimicrobial activity of the rhamnolipid is also microorganism dependent as observed by Diaz De Rienzo et al. (2016). Lipopeptide AC7BS was in general less effective in counteracting S. epidermidis biofilm formation as suggested by the fact that the inhibition level threshold of 80% was not reached when tested in co-incubation conditions against single species biofilm. In addition, CSH assays indicated that S. epidermidis was less susceptible to cell hydrophobicity changes induced by AC7BS compared to S. aureus. Moreover, S. epidermidis cell permeability was less affected in the presence of AC7BS in comparison to rhamnolipid R89BS. It may be hypothesized that the ability of this strain to produce a high amount of slime (Arciola et al., 2001; Williams and Bloebaum, 2010) might have interfered with the activity of AC7BS in the co-incubation conditions. Furthermore, AC7BS did not show any antimicrobial activity against S. epidermidis [Ceresa et al. Biosurfactant-based coatings inhibit fungal and bacterial biofilm on medical-grade silicone. TERMIS 2017. Davos, Switzerland, eCM Meeting Abstracts 2017, Collection 2; TERMIS EU (P821)] whereas, as far as R89BS is concerned, a MIC99 was detected at 120 μg/mL (Ceresa et al., 2019a) indicating a higher efficacy of the rhamnolipid against this strain compared to the lipopeptide.

When applied on silicone surfaces as coating agents, BSs effects were mostly related to their anti-adhesive properties. Surface physicochemical characterization of BSs-coated discs showed an increased level of wettability, i.e., a reduction of hydrophobicity (static contact angle for AC7BS-coated SEDs: 94.4° ± 10.0°; dynamic contact angle for R89BS-coated SEDs: 84.4° ± 2.2° (advancing) and 72.2° ± 2.5° (receding)), in comparison to control discs (112° ± 5°) (Ceresa et al., 2016, 2019b). In addition, concerning R89BS, the anti-biofilm effect in the pre-coating conditions was not due to an antimicrobial activity, as indicated by the fact that planktonic cells metabolic activity was similar to that observed in the presence of the other BSs, thus suggesting that the amount of R89 deposited on the silicone surface was largely below the biocidal concentration for staphylococci.

The impact of the BSs pre-coating in the formation of dual-species biofilm on the surface of medical grade silicon was also observed by SEM inspection. R89BS and SL18 almost completely prevented the attachment of the dual-species biofilms up to 48 h, and a clear reduction in the amount of biofilm with respect to controls was still evident at 72 h of incubation.

Differences in the cell arrangements and, more specifically, in the relative spatial distribution of cocci and yeasts were noted between C albicans–S aureus and C. albicans–S. epidermidis, whereas no influence on the inter-species spatial association was observed by comparing BS-coated and untreated silicone surfaces. A stronger association between the fungal and bacterial cells was observed in the C albicans–S aureus biofilm. As previously reported by Harriott and Noverr (2009), S. aureus mainly formed microcolonies on the surface of the biofilm, with C. albicans serving as the underlying scaffolding. Compared to S. epidermidis, S. aureus was not as effective in forming biofilms on abiotic surfaces, requiring precoating and supplementation of nutrients (Cassat et al., 2007). C. albicans was shown to play an essential role in producing extracellular matrix that facilitates S. aureus adhesion and sessile microcolonies formation (Harriott and Noverr, 2009). The C. albicans–S. epidermidis biofilm was characterized by a more open hyphal network and the association of S. epidermidis cells with the fungal structures was less marked. S. epidermidis cells were found beneath and above the yeast cells and hyphal layers and the Staphylococci cells were clearly adherent to both morphological forms of the fungus as previously reported by other authors (Adam et al., 2002). Anyway, the adhesion and microcolonies formations of S. epidermidis on the surface of the silicone samples were frequently noted also in absence of fungal cells, possibly due to their higher ability to produce extracellular matrix.

Apparent discrepancies between results from the biofilm biomass evaluation (Table 2) and the corresponding SEM images (e.g., Figures 8C,D differ significantly despite similar reduction rates) are due to differences in the corresponding controls. Despite SEM present a similar surface coverage of the controls, absorbance data indicate different biofilm biomass of the controls (Figure 2), most probably due to different biofilm thickness, not properly appreciable at SEM. Confocal laser scanning microscopy analysis carried out in a previous work demonstrated that the silicone coating with AC7BS expressed a detectable capacity in controlling Candida biofilm thickness after 48 h incubation (Ceresa et al., 2018).

No clear effect on the production of extracellular matrix by Candida was noted following the silicone precoating with R89BS or SL18. Indeed, the comparative analysis of Candida biofilm on the pre-coated discs with the controls did not show major differences in the amount of extracellular matrix. However, it has to be considered that SEM imaging in high vacuum brought to significant collapse of the matrix volume, limiting the sensitivity of this technique in revealing small changes in the matrix.

The strong association of S. aureus and C. albicans was indeed found in both untreated controls and pre-coated surfaces demonstrating the ability of Candida to provide an anchoring support for S. aureus. The anti-biofilm effect of the tested BSs could be therefore mainly related to the anti-adhesive properties rather than to a change in the microbial phenotypes including a reduction of the extracellular matrix production as reported by Gupta et al. (2019) using cholic acid-peptide conjugates.

Furthermore, the use of R89BS and SL18 as coating agents did not result in a clear modification of the C. albicans hyphal morphology. However, it would be interesting to evaluate in future whether these BSs, both in their soluble and coated form, are able to cause a delay on Candida yeast-to hyphal transition at the initial phases of biofilm formation, thus as reported for sophorolipids from Starmerella bombicola MTCC1910 (Haque et al., 2016) and a Lactobacillus rhamnosus (Tan et al., 2017).

Another important aspect is the biocompatibility of the AC7BS-, R89BS-, and SL18-coated silicone discs. It has been previously demonstrated that at concentrations lower than or equal to 0.2 mg/ml for R89BS and 0.5 mg/ml for AC7BS were not cytotoxic for MRC5 cells monolayers (Ceresa et al., 2018, 2019b). In this work, additional evaluations revealed no or negligible cytotoxicity on HaCaT cells when exposed to the BSs-coated discs eluates for up to 72 h, paving the way for further investigation toward future in vivo applications.



CONCLUSION

In the present work, the activities of different BSs against yeast and bacterial biofilms were demonstrated through using a polymicrobial biofilm model able to support the growth of bacterial–fungal biofilms. The tests were conducted both under co-incubation and pre-coating conditions to evaluate, on the one hand, the inhibitory effect of BSs in solution against the polymicrobial biofilms and, on the other hand, the effectiveness of BSs as coating agents of medical devices to limit microbial infection. BSs successfully limited the formation of polymicrobial biofilms up to 3 days under both experimental conditions.

The obtained results, together with the non-toxic nature of BSs at the tested concentrations and the biocompatibility of BSs-coated discs, further support the idea of a possible applicability of these natural molecules in the biomedical field. In particular, BSs coating might be a promising strategy, supporting preventative infection measures and antimicrobial therapy, to reduce implant colonization and mitigate infections, thus prolonging the lifetime of implantable medical devices.
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The 20 genetic systems encoding functional efflux pumps in Escherichia coli have been
selected according to Nishino and Yamaguchi (2001). The comparative analysis
between the genome of E. coli K-12 and AIEC LF82 strain was carried out using NCBI
BLAST (ttp://blast.nobi.nim.nih. gov/Blast.cg). The nucleotide sequences of each efflux
pump encoding gene were obtained from EcoCyc (https://ecocyc.org).

+ Efflux pump encoding genes present in the LF82 genome.

~ Not present in the LF82 genome.

*Sequence and amino acid homology expressed as a percentage.
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Drug name Residual reporter activity (%)2 Residual AQ production (%)

20 uM 200 uM 20 pM 200 oM
Conivaptan 103.7 (103.1) 100.5 (95.6) n.d. n.d.
Ergotamine 89.9 (99.8) 72.1(98.9) 95.3 93.8
Eltrombopag 99.4 (109.7) 69.6 (61.5) n.d. n.d.
Pimozide 87.7 (109.9) 53.7 (99.4) 84.9 50.5
Dutasteride 105.9 (102.4) 111.2(98.7) n.d. n.d.

aThe first value refers to the residual reporter activity of the PAO1/AQ-Rep reporter system treated with 20 uM or 200 uM of the indicated drug relative to the untreated
sample (in this case the same amount of DMSO was used as control). The second value, in brackets, refers to the residual reporter activity of the PAO1/C-Rep control
coculture in the same conditions. Activity of the reporter systems in untreated samples are considered as 100%. The average of three independent experiments is reported.
bResidual production of AQ molecules in P. aeruginosa PAOT cultures treated with 20 uM or 200 uM of the indicated drug relative to the untreated sample (also in this
case DMSO was used as control). AQ levels measured in untreated samples are considered as 100%. The average of three independent experiments is reported.

n.d., not determined.





OPS/images/fmicb-11-01425/fmicb-11-01425-t002.jpg
Salinity

Infection status

Host species

Salinity x infection status

Salinity x host species

Infection status x host species

Salinity x infection status x host species

df

2
1
1
2
2
1
2

F

1.076
27.792
49.660

0.787

3.838
22.297

0.333

p-Value

0.343
<0.001
<0.001

0.456

0.023
<0.001

0.717

Model accuracy was measured by root-mean-square error (RMSE). R2

ad. = 0.80; RMES = 79.13.
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MIC MBC
oX LvX RI VA OX LvX RI VA
MH S. aureus 1 64 16 0.008 1 512 1,024 0.063 16
S. aureus 2 0.063 0.125 0.008 0.5 1 2 0.031 8
S. aureus 3 0.125 0.125 0.008 1 1 1 0.063 16
S. aureus 4 0.125 0.125 0.008 1 4 2 0.125 16
S. lugdunensis 0.063 0.125 0.008 2 0.25 0.25 0.063 16
BSF S. aureus 1 256 256 0.25 16 <1,024 <1,024 1 16
S. aureus 2 1 1 0.25 4 16 16 1 32
S. aureus 3 1 4 0.125 16 32 8 0.5 64
S. aureus 4 1 2 0.25 32 64 8 0.5 64
S. lugdunensis 1 0.5 0.063 32 4 4 0.125 64
BSF (pre-formed aggregates) S. aureus 1 < 1,024 <1,024 2 256 < 1,024 <1,024 16 1,024
S. aureus 2 16 8 1 16 256 256 4 256
S. aureus 3 8 16 2 64 256 256 8 512
S. aureus 4 128 128 2 64 1,024 1,024 16 1,024
S. lugdunensis 1 0.5 0.125 32 32 32 2 256

Data are expressed in mg/L.
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MiC MBC
VA AM Mz IP VA AM Mz IP
Thy 4 0.125 0.5 0.063 16 0.125 0.5 0.032
BSF 4 0.125 0.5 0.032 32 0.25 0.5 0.032

Data are expressed in mg/L.
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P. aeruginosa Characteristics References

strains

PAO1 Nottingham collection wild type strain.

PAO1 pMRP9-1 PAO1 wild type strain carrying a D’Angelo et al.,
PMRP9 derivative for constitutive 2018

ApgsR

ApgsR pMRP9-1

PAO1 PpgsA::lux

ApgsA
PpgsA::lux

ApgsA
mini-CTX::lux

ApgsR
(pFD-pgsABCD)

ApgsAHR
PpgsA::lux
(pPgsR-6H)

expression of GFP; ApR/CbF.

PAO1 mutant strain with in frame clear
deletion of the pgsR gene.

PAO1 mutant strain with in frame clear
deletion of the pgsR gene carrying a
pPMRP9 derivative for constitutive
expression of GFP; ApR/CbR.

PAO1 wild type strain carrying
chromosomal insertion of the
PpgsA::lux transcriptional fusion; TR,
PAO1 mutant strain deleted in pgsA
gene carrying chromosomal insertion
of the PpgsA::lux transcriptional
fusion; TcR (named AQ-Rep).

PAO1 mutant strain deleted in pgsA
gene carrying chromosomal insertion
of the mini-CTX::lux empty vector; TcR
(named C-Rep).

PAO1 mutant strain with in frame clear
deletion of the pgsR gene, carrying the
pFD-pgsABCD plasmid for
PgsR-independent production of AQs;
Km",

PAO1 triple mutant strain deleted in
PgsA, pgsH and pgsR genes carrying
chromosomal insertion of the
PpgsA::lux transcriptional fusion and
the pPgsR-6H plasmid for
IPTG-inducible expression of PgsR;
TeR.

Rampioni et al.,
2010
D’Angelo et al.,
2018

Fletcher et al.,
2007

Diggle et al.,
2007

D’Angelo et al.,
2018

D’Angelo et al.,
2018

llangovan et al.,
2013
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= stem, T = soil compartment.





OPS/images/fmicb-11-00862/fmicb-11-00862-t006.jpg
Compartment

Soil
Stem
Leaf
Flowers

Inhibitory score

63.41
47.62
44.21
32.27

Sensitivity score

20.25
47.99
56.26
46.39





OPS/images/fmicb-11-00862/fmicb-11-00862-t007.jpg
Compartment

Flower (F)

Leaf (L)

Stem (S)

Soil (T)

Strain code

OVF 10
OVF 22
OVF11
OVF 6
OVF 1
OVF 24
OVL9
OVL 1
OVL 12
OVL 18
Ovs e
ovs 8
0ovS26
ovs 2
OVS10
OVS 23
Ovs 9
OovS 18
OVS 21
OvT 9
OVT 1
ovT 2
OVT 10

Taxonomy

Paenibacillus
Bacillus
Pantoea
Rhizobium
Pantoea
Micrococcus
Bacillus
Arthrobacter
Bacillus
Xanthomonas
Bacillus
Arthrobacter
Bacillus
Curtobacterium
Bacillus
Arthrobacter
Pseudomonas
Arthrobacter
Bacillus
Chryseobacterium
Agrobacterium
Agromyces
Bacillus





OPS/images/fmicb-11-00909/cross.jpg
3,

i





OPS/images/fmicb-12-672517/crossmark.jpg
©

2

i

|





OPS/images/fmicb-11-545654/fmicb-11-545654-t002.jpg
Strains Assessment

C-Sa Biofilm biomass

Biofilm metabolic activity

C-Se Biofilm biomass

Biofilm metabolic activity

Time (h)

24
48
72
24
48
72
24
48
72
24
48
72

Treatment

AC7BS R89BS SL18
(%) (%) (%)
95.1 96.9 95.6
90.2 96.7 91.8
87.3 94.6 93.1
95.6 97.2 95.8
90.0 96.3 92.6
82.8 92.0 90.3
- 96.1 94.4
- 97.7 86.1
- 91.0 78.8
— 96.5 94.5
— 941 86.7
— 89.8 74.4

C-Sa, C. albicans-S. aureus;
C-Se, C. albicans-S. epidermidis;
—, not evaluated.
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Strains Assessment Time (h) Treatment
ACT7BS (%) R89BS (%)
C-Sa Biofilm biomass 24 96.4 95.6
48 85.8 96.2
72 84.3 94.3
Biofilm metabolic activity 24 95.0 96.4
48 89.2 96.1
72 83.0 93.5
C-Se Biofilm biomass 24 - 965
48 — 96.5
72 — 95.7
Biofilm metabolic activity 24 - 95.1
48 — 94.6
72 — 95.3

C-Sa, C. albicans-S. aureus;
C-Se, C. albicans-S. epidermidis;
—, not evaluated.
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Name

AP576
AP579
AP580
AP581
AP582
APB65
APB66
APBB7
APG88
APB89
APB90
AP733
AP734

Reverse
Forward
Reverse
Forward
Reverse
Reverse
Forward
Reverse
Reverse
Forward
Forward
Forward
Reverse

Sequence (5'-3')?

attgtggatccTTAAGGCTGAGTTTGTTTG
taatgtcgacgAAAATCGAAGAAGGTAAACTG
aaggatctagaTTACTTGGTGATACGAGTCTGC
gagacgagctcgGTAACCGGAGACACTGATCAG
gagaggaattc TTAATTACCCTTCTTCTGTGC
gagaggaattcTTAGCGCTTGCCTTTGTCG
aaggatctagagGTAACCGGAGACACTGATCAG
attgtggatccTTAATTACCCTTCTTCTGTGC
attgtggatccTTAGCGCTTGCCTTTGTCG
gaagatctgcagggATGAGTAAAGCCAGACGTTG
gaagatctgcaggATGAGTAAAGCCAGACGTTG
ATCGTCACCCTGGGCACCATC
GACATTACCGGTAAAGGTAACC

Used to make

IptC cloning in pSTM25 and pUTM18C; BamHI
malE cloning in pUTM18C; Sall

malE cloning in pUTM18C; Xbal

IptA and IptAp, cloning in pUTM18C; Sacl
[ptA cloning in pUTM18C; EcoRl

IptAm cloning in pUTM18C; EcoRl

|ptA cloning in pSTM25; Xbal

[ptA cloning in pSTM25; BamHI

IptAm cloning in pSTM25; BamHI

IptC cloning in pSTM25; Pstl

IptC cloning in pUTM18C; Pstl

QB62L mutagenesis in [ptA

Q62L mutagenesis in [ptA

aE. coli genomic sequence in uppercase, restriction sites in underlined lowercase; codon mutated by site-directed mutagenesis in bold.
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MIC (j.g/mL)

Strains Thanatin Thanatin scramble Vancomycin
MG1655 18358 >64 >64
AS19 0.1-0.2 64 4.0-8.0
NR698 0.1-0.4 32-64 0.5-1.0
BTH101 3.5 >64 >64

Compounds were tested against wild-type (MG1655) and permeable (AS19 and
NR698) Escherichia coli strains. The BTH101 strain used in the BACTH assay was
also tested. The data are representative of three biological replicates.
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Strain or plasmid

Strains

MG1655
AMGB04
AS19
NR698
XL1-Blue

BTH101

M15/pREP4
BL21(DE3)

Plasmids

pSTM25
pUTM18C
pUTM18C-MalE

PSTM25-LptA,,
pPUTM18C-LptAn
PUTM18C-LptA, 2L
PSTM25-LptA
PSTM25-LptAQB2L
PUTM18C-LptA
PUTM18C-LptAQ62
pST25-LptC
pUT18C-LptC
pQEsH-/ptC

PET-LptAA 160185 —H

Relevant genotype or description

K-12, F~ A~ ivG™ rfb-50 rph-1

MC4100 ara ™

E. coli strain B, hyperpermeable strain

imp4213

recA1 endA1 gyrA96 (Nalf) thi-1 hsdR17 supFE44 relA1 lac
[F’ proAB lacliZAM15 Tn10 (Tet)]

F~ cya-99 araD139 galE15 galK16 rpsL1 (Strf) hsdR2
mcrA1 mcrB1

F~ lac thi mtl/pREP4

F~ ompT gal decm lon hsdSg(rs~ mp~) (WDE3 [lacl
lacUV5-T7 gene 1 ind1 Sam7 nin5])

aadA Pjgc::t25-TM

bla Pigc::t18-TM

malE sequence (residues 27-396) cloned downstream
T18-TM

IptA sequence (residues 28-159) cloned downstream
T25-TM

IptA sequence (residues 28-159) cloned downstream
T18-T™M

IptA sequence (residues 28-159) bearing a Q-to-L mutation
at position 62 cloned downstream T18-TM

IptA sequence (residues 28-185) cloned downstream
T25-TM

IptA sequence (residues 28-185) bearing a Q-to-L mutation
at position 62 cloned downstream T25-TM

IptA sequence (residues 28-185) cloned downstream
T18-T™M

IptA sequence (residues 28-185) bearing a Q-to-L mutation
at position 62 cloned downstream T18-TM

IptC full-length sequence cloned downstream T25
IptC full-length sequence cloned downstream T18

pQE30 (QIAGEN) derivative, expresses Hisg-LptCo4—191;
bla

DT7-/DD4A 160—185 -Hisg; bla

ori

p15A
ColE1
ColE1

p156A

ColE1

ColE1

p15A

p15A

ColE1

ColE1

p15A
ColE1

Source or references

Blattner et al., 1997

Wau et al., 2006
Sekiguchi and lida, 1967
Ruiz et al., 2005

NEB

Karimova et al., 1998; Quellette et al., 2017

QIAGEN
Studier and Moffatt, 1986

Ouellette et al., 2014
Ouellette et al., 2014
This study

This study

This study

This study

This study

This study

This study

This study

This study
This study
Sperandeo et al., 2011

Laguri et al., 2017
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Molecule  Chemical structure MIC (ng/ml) Inhibition of Be FtsZ*

B. cenocepacia J2315  E. coli 25922  S. aureus 25923  P. aeruginosa PAO1 At 100 M ICso (M)

SN
{
Ao,
c109 7 coone 8 8 4 128 Yes 8
ml
sen
s
10026149 =N %2 16 2 16 Yes 20

10126130 >128 512 32 >128 Yes 10
10226047 >512 >512 >512 >128 No -
Mo,
s,
o
10626056 ox >64 >512 8 >128 Yes 52
10726015 >64 >512 512 >128 No -
NO,
Ne SN2
s
A=y
g
X
11026176 No, >512 >512 4 >128 Yes 17
o,
RO AN,
s
Ay
11026177 Svex >512 >512 4 64 Yes 19
"o,
He PN,
NN
11126009 SSex >128 >512 8 >128 Yes 4
1o
He =
LYY
"
11126010 Ssen >128 >512 4 >128 Yes 15
s/\ NO,
K/" 2N
s ’S
11126015 =N >128 >512 32 >128 Yes 36
o 10,
w A,
11426142 = 32 8 4 32 Yes 21
] o,
Ho)l\/s )‘\s
11426177 =N >128 >512 256 ND No -

5\@/ =N,
s
11626109 =V 512 >512 >512 ND No -

11726041 = >256 >512 >256 ND No =
o ™
n,c/\o)l\/‘ =
11726042 = >256 >512 >256 ND No -

11726256 128 128 8 256 No -
11726257 16 8 8 128 Yes 3
11726258 256 256 256 256 Yes 15
11826100 256 128 16 256 Yes EY
11826110 16 32 32 256 No -
11826363 16 16 64 256 Yes EY
11926141 5256 256 32 256 Yes 100
o w0,
mc’\o)k/s N
11926142 e SO 256 256 % >256 Yes 100

ND, Values Not Detected because of the resistance detected in the other bacteria. * Burkholderia cenocepacia purified FtsZ protein.
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Strain c109 MIC ©109 MIC in the presence of 10026149 MIC 11426142 MIC RND-9 overexpression
(wg/mi) MC-207.110 (g/ml) (ng/mi) (ng/mi) £8D.

FCF19 128 8 64 32 12+12
FCF22 266 16 256 32 204+ 35
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Antibiotic

Chloramphenicol
Ciprofloxacin
Kanamycin
Rifampicin
Streptomycin
Tetracycline

Class

Phenicols
Fluoroquinolones
Aminoglycosides
Ansamycins
Aminoglycosides
Tetracyclines

Target

Ribosome
Topoisomerases
Ribosome
RNA polymerase
Ribosome
Ribosome
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Pathogens

S. aureus

S. haemolyticus

S. epidermidis

P, aeruginosa

K. pneumoniae

B. cepacia

B. cenocepacia
B. multivorans
B. ambifaria

B.
B
B
B
B
B

cenocepacia

. cenocepacia
. cepacia

. multivorans
. ambifaria

. cenocepacia

Strain code

ATCC 25923

2668
2749
3709
3710
4070
4168
4302
4691
4708
5284
5285
5383
5396
5318
5321
5323
5377
5403
5419

ATCC 27853

ATCC 700603

4177

4189

5234

5245

5246

5255
5139
5009

5236

4409

4412

4417

4420

4422

FCF3
FCF23

LMG13010

L
L
L

L
L
L

MG_16656
MG_21462
MG_24506

LMG_1222

MG_17588
MG_19182
MG_19230

Origin

HS

HD

HS
HS

HD
HS

HD

CF

Antibiotic resistance
profiling

P, NA

AMP, P, DA, TE, E, K, NA

VA, TEC, DAP

DA, TE, E, K, NA

DA, TE, E, K, NA

P, DA, TE, E, CIR, LEV, DAP
AMP, P, DA, SXT, TE, NA

P, FOX, SXT, DAP

P, FOX, E, CN, CIP, LEV, DAP
P, FOX, CN, VA, DAP

P, TE, E, CN, FD

E, CN, CIP, LEV, FD

P, FOX, TE, E, CN

P, FOX, SXT, CN, FD

P, E, CN, FD

P, E, CN, AK, FD

P, TE, TIG, E, CN

P, TE, E, TEC

P E, TIG, TE

FOX, DA, CIP, LEV, SXT, TIG
FOX, K

AK, TOB, CIP, LEV, CAZ, FEP,
MEM, IPM, ATM, PRL, TZP
AK, TOB, CIP, LEV, CAZ, FEP,
MEM, IPM, PRL, TZP

AK, CAZ, ATM, TZP, PRL, FEP,
CN, IPM, MEM, LEV, CIF, TOB
CAZ, ATM, PRL, FEP, CN, LEV,
CIP, IPM, MEM, TOB

CAZ, ATM, TZP, PRL, FEP, CN,
IPM, MEM, LEV, CIP, TOB

AK, ATM, CN, FEP, TOB

CIP, CN, FEP, LEV, TOB

ATM, CAZ, CIP, CN, FEP, IPM,
LEV, MEM, PRL, TOB, TZP
AK, ATM, CAZ, CIP, FEP, IPM,
LEV, MEM, TOB

CAZ, AMP, ATM, PRL, TE

AK, AMX, FEP, CTX, CAZ, CIR,
ETP, IPM, MEM, TZP, SXT, FFL,
CL, TiG

AMX, FEP, CTX, CAZ, CIP, ETPR,
IPM, MEM, TZP, SXT, FFL, TIG
AK, AMX, FEP, CTX, CAZ, CIR,
ETP, IPM, MEM, TZP, SXT, FFL,
CL, TIG

AK, AMX, FEP, CTX, CAZ, C
IPM, MEM, TZP, SXT, FFL, CL,
CN
AK, AMX, FEP, CTX, CAZ, CIR,
ETP, IPM, MEM, TZP, SXT, FFL

0

F = food, HD = hospital devices, HS = healthy subjects, P = patients, CF = Cystic
Fibrosis, E = environment. Amikacin (AK), Amoxicillin (AMX), Ampicillin (AMP),
Aztreonam (ATM), Cefepime (FEP), Cefotaxime (CTX), Cefoxitin (FOX), Ceftazidime
(CAZ), Ciprofloxacin (CIP), Clindamycin (DA), Colistin (CL), Daptomycin (DAP),
Ertapenem (ETP), Erythromycin (E), Florfenicol (FFL), Fusidic Acid (FD), Gentamicin
(CN), Imipenem (IPM), Kanamycin (K), Levofloxacin (LEV), Meropenem (MEM),
Nalidixic Acid (NA), Penicillin G (P), Piperacillin (PRL), Piperacillin/Tazobactam
(TZP), Sulfamethoxazole/Trimethoprim (SXT), Teicoplanin (TEC), Tetracycline (TE),
Tigecycline (TIG), Tobramycin (TOB), Vancomycin (VA).
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Primer  Sequence (5' > 3) Amplicon  References

PO GAGAGTTTGATCCTGGCTCAG ~ 16SrDNA  Di Cello and Fani,
1996

P6 CTACGGCTACCTTGTTACGA
1253 GTTTCCGCCC RAPDs Mori et al., 1999
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Name Description? References

PAO1 Wild-type strain liyama et al., 2007

PAO1sodB PAO1 sodB mutant; liyama et al., 2007
sodB:QTc, Te *

PAO1sodM PAO1 sodM mutant; liyama et al., 2007
sodM:Qaac, Gm "

pUC30T-gfomut3 Plasmid encoding GFP, Barbier and Damron, 2016
Gm"

aTc’!, tetracycline resistance; Gm', gentamicin resistance; GFF, green fluores-
cence protein.
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