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    The second volume of Frontiers in Clinical Drug Research – Anti Infectives comprises of seven chapters in various important fields including utilization of analytical techniques for identifying the nosocomial pathogens and antimicrobials, topical antimicrobials, anti-infective drug safety at global level, antimicrobial resistance and others.




    In the first chapter, García-Contreras and colleagues discuss the current advancement in novel bacterial anti-infective drug development. They also discuss the in vitro and in vivo activity of anti-infective agents by analyzing their mechanisms of action and other recent advances in this field.




    In the second chapter, Totapally and Raszynski have discussed the threat of antibiotic resistance at the global level, the causes involved in the development of antibiotic resistance and some solutions to overcome this huge problem.




    Castro-Pastrana et al., in the third chapter discuss certain aspects of chemoinformatics, predictive clinical pharmacology and systems biology. They also discuss the utilization of preclinical models, in silico methods, translational biomarkers, genomics and the strategies of postmarketing surveillance during the development of anti-infective drugs for safety evaluation and risk management.




    In chapter 4, Paulson discusses the topical antimicrobial products and describes their classification, mechanism of action, indications and the information regarding the products available in the market. Horka and colleagues mainly focus on nosocomial infections in chapter 5 and the analytical techniques helpful in the identification and estimation of levels of antibiotics and microorganisms in real samples.




    In chapter 6, Fernández and Camacho present an overview of the use of natural product extracts, compounds and fractions that are known for their antimalarial activity. They also highlighted the strategies and challenges linked with contemporary antimalarial natural drug research, in the light of recent literature. In the last chapter, Teixera et al. discuss the antimicrobial agents that can be used for therapy in vaginal infections, different dosage forms and the risks and benefit associated with them. They also explain the new strategies and approaches applied in the vaginal drug delivery.




    I would like to thank all the authors for their excellent contributions. I am grateful to the outstanding efforts of the team of Bentham Science Publishers, comprising Dr. Faryal Sami and Mr. Shehzad Naqvi led by Mr. Mahmood Alam, Director Bentham Science Publishers.


  




  




  




  

    

      Recent Advances in Novel Antibacterial Development


    


  




  

    

      INTRODUCTION




      Although antibiotics probably saved more lives than any other kind of drugs during the course of human history, bacterial infections remain one of the main mortality causes, and the options for treating such infections are decreasing, due to the dramatic rise of antibiotic-resistant bacteria. In fact, currently several bacterial strains from different species are resistant to virtually all known antibiotics, therefore producing virtually untreatable infections; hence, there is a pressing need to develop new antimicrobial therapies due to the steady rise of antibiotic resistant bacteria coupled with the lack of novel drugs capable of killing these pathogens. Indeed, it has been estimated that, if no new antibiotics are discovered by 2050, 10 million people will die worldwide each year as a direct result of drug-resistant infections. The situation is so alarming that the World Health Organization has warned that we may enter a “post-antibiotic era” within this century, and they propose that urgent actions should be taken, including the development of new antimicrobial classes, effective to treat the already multi and pan resistant strains. In this regard, antibiotics with new suitable targets sometimes obtained from yet unexploited sources are under research. In addition, several new classes of antibacterials are being designed under the premise of not inhibiting growth per se but instead to decrease bacterial tolerance against normal antimicrobials or to target bacterial virulence which could attenuate the damage produced to hosts, allowing the immune system to get rid of the infection. Another novel approach to fight bacterial infections is to selectively boost the immune system so it can clear the infection at a faster rate. In this chapter, the recent developments in all the mentioned fields are summarized, with an emphasis on the discovery of new antibacterials, their mechanisms, their activities in vitro and in vivo, the current progress in their implementation, and their efficacy for treating antibiotic resistant strains. We also review the possible ways bacteria may adapt and develop resistance against these treatments, which are all crucial aspects that should be taken into account before these new drugs can be utilized in the clinic.




      

        Current Antibacterial Therapies




        Essentially, current antibiotics are designed to inhibit a limited set of important physiological processes directly linked to bacterial survival, such as protein, DNA, RNA, and cell wall synthesis; others are also designed to alter bacterial permeability or to disrupt specific essential metabolic processes such as the folic acid biosynthetic pathway (Table 1). The limited amount of suitable targets for the generation of new antibiotics, the lack of investment for the discovery of new antibiotics, as well as other several factors had hampered the discovery and implementation of new antimicrobials in the clinic; in fact, the pharmaceutical industry has not produced a new class of antibiotics for more than decade [1]. However significant advances in the discovery of new antibiotics with novel action targets and mechanisms have been produced by several researchers around the world and some of these compounds exhibit several interesting properties that make them suitable and potential candidates for their clinical implementation.




        

          Table 1 Current antibacterial targets.
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                	Antibacterials
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                	Cell wall



                	



                	

              




              

                	



                	β- lactams



                	penicillins, cephalosporins, carbapenems

              




              

                	



                	glycopeptides



                	vancomycin

              




              

                	Protein synthesis



                	



                	

              




              

                	



                	Aminoglycosides



                	gentamicin, kanamycin, tobramycin

              




              

                	



                	Macrolides



                	azithromycin, erythromycin

              




              

                	



                	Others



                	tetracyclines, chloramphenicol, clindamycin

              




              

                	Cell membrane



                	



                	

              




              

                	



                	Cationic peptides



                	polymyxins

              




              

                	Folate metabolism



                	



                	

              




              

                	



                	Sulphonamides



                	Trimethoprim/sulfamethoxazole

              




              

                	DNA/RNA synthesis



                	



                	

              




              

                	



                	Quinolones



                	ciprofloxacin, ofloxacin

              




              

                	



                	Others



                	rifampicin

              


            

          




        


      


    




    

      EXPLOITING NOVEL TARGETS FOR THE DEVELOPMENT OF NEW ANTIBACTERIALS




      

        Inhibitors of Biofilm Formation




        Bacterial establishment and survival during infections are complex phenomena that involve multiple factors from the bacterial and host physiology; hence, often the in vitro models used for evaluating the potential of new antimicrobials do not take into account several aspects of such a complex relationship. In fact it was recognized not long ago that both in the environment and in clinical settings, bacteria are not often free-floating planktonic organisms but instead tend to organize in multi-cellular communities known as biofilms. Bacteria living within biofilms are physically protected from their surroundings by a matrix composed of sugars, proteins, extracellular DNA, lipids and water [2 - 4]. Biofilms exhibit an increased resistance to a myriad of environmental stresses that would be lethal to their free-swimming counterparts, including antibiotics, UV damage, metal toxicity, anaerobic conditions, acid exposure, salinity, pH gradients, desiccation, bacteriophages, amoebae, etc. [2 - 4]. Indeed, bacteria in biofilms are estimated to be between 10 and 1000-fold more resistant to antibiotic treatment compared to their free-swimming counterparts, thus resulting in treatment failure in the clinic [2 - 4]. In addition, biofilms cause at least 65% of all infections in humans. These biofilm infections are particularly prevalent in devices, on body surfaces, and are a leading cause of chronic infections [2 - 4]. Despite the importance of biofilms to human health, no antibiotics are currently available that effectively eradicate these recalcitrant structures [5]. Hence, a very active research field is the search for suitable anti-biofilm compounds that are designed to kill bacteria in biofilms, to prevent de novo biofilm formation or to promote the detachment of already formed biofilms. To achieve those goals, one of the first steps is to study the genetic and environmental determinants that influence in the different steps of biofilm formation to aid in understanding this complex phenomenon. Basically, biofilm formation is a developmental process consisting of least 4 different steps. Attachment is the first step, mediated by electrostatic interactions such as van der Waals forces, and involves the participation of several bacterial determinants such as surface proteins, as well as appendages such as fimbria and flagella [6, 7], Irreversible attachment: is the second step mediated also by type 1 fimbriae, curli, conjugative pili and specific surface proteins [8, 9], Next is maturation, the three-dimensional growth of the biofilm, including bacteria and matrix components, expression of autotransporter adhesins and the synthesis of multiple matrix components such as diverse exopolysaccharides, amyloid fibers, extracellular DNA (e-DNA) [8, 10, 11]. The last step is biofilm dispersal which consists of the detachment of cells from the biofilm mediated by either external forces like fluid shear or abrasion or by active bacterial processes such as the enzymatic degradation of the biofilm matrix or the biofilm substrate [12].




        Based on these different stages in biofilm formation, several antibiofilm compounds have been discovered [13], among them are those designed to prevent initial cell attachment and biofilm development by several different strategies, including interfering with bacterial appendages such as fimbriae and pili. Among this kind of compounds that target type I pili are mannocides that compete for binding in the mannose binding pocket present in the FimH pilus lectin of type I pili, blocking its binding with their mannose rich receptors in eukaryotic cells. To date, compounds like biphenylmannosides have proved effective in vitro to prevent biofilm formation of the uropathogenic Escherichia coli (UPEC) and also to disrupt preformed biofilms; their oral administration was effective in clearing chronic urinary tract infections in mice and in potentiating the activity of the antibiotic trimethoprim sulfamethoxazole [14]. Similarly, compounds termed pilicides inhibit the assembly of type 1 pili [15], while curlicides inhibit curli biogenesis in UPEC and prevent the polymerization of CsgA, the major curli subunit protein. Interestingly, some of the curlicides also prevent the formation of pili and thus exhibit dual pilicide-curlicide activity [16]. Both pilicides and curlicides also inhibit UPEC biofilm formation and curlicides attenuate bacterial virulence during experimental infections [16, 17].




        In addition to curli and fimbriae, flagella also play a pivotal role in the initial phases of biofilm formation, and hence they may be a suitable target for the development of antibiofilm compounds. To date, a proof of this principle was done by generating monoclonal anti-flagellin single-domain antibodies (VHHs) that were successfully used to inhibit swimming and biofilm formation by Pseudomonas aeruginosa in vitro [18]. Interestingly, although inhibition of flagellar motility is suitable to inhibit biofilm formation, motility is also a suitable way to inhibit this process, likely by interfering with the initial attachment. The fact that the enhancement of swimming motility is able to prevent biofilm formation was first realized in 2005 when, after screening the ability of 13,000 plant compounds to inhibit the formation of P. aeruginosa PAO1 biofilms, Ren and collaborators found that ursolic acid was a suitable candidate, further demonstrating that 10 μg/mL of this compound also inhibited biofilm formation of E. coli and Vibrio campbellii (previously Vibrio harveyi), and that this biofilm inhibition was not related to compound toxicity since at similar concentrations, it was innocuous for the growth of the 3 bacterial species used and to hepatocytes [19]. Although the mechanism by which ursolic acid is able to decrease bacterial biofilms is likely complex and multifactorial, global gene expression analysis in E. coli showed that it increases the expression of several genes that codify proteins involved in swimming motility (including cheA, and motAB), while deleting motAB counteracts the ursolic acid effect [19]. Other effects of urosolic acid in biofilm inhibition analysis are quorum sensing independent and related to sulfur metabolism [19]. Further studies demonstrated that ursolic acid is also effective in inhibiting biofilm formation by the main bacterium involved in dental caries, Gram-positive Streptococcus mutans, grown in composite resins [20], inhibits methicillin-resistant Staphylococcus aureus (MRSA) biofilm formation by interfering with amino acid metabolism and with the expression of adhesins [21], interferes with the growth of other important oral pathogens such as Actinomyces viscosus [22], and inhibits the biofilm formation, virulence and viability of Listeria monocytogenes [23]. Therefore, ursolic acid has a broad spectrum of activity as an antibiofilm and antimicrobial compound.




        Another class of compounds that inhibit biofilm formation by decreasing attachment is diverse exopolysaccharides (EPS). Paradoxically, although EPS are one of the main constituents of the biofilm matrix, it was recently found that often the EPS produced by one bacterial species is able to inhibit the biofilm formation of other species and to promote the destabilization of preformed biofilms. Among the EPS with antibiofilm properties reported are Pel and Psl from P. aeruginosa, that have the ability to disrupt preformed S. aureus and S. epidermidis biofilms [24, 25]. Furthermore, the PAM galactan EPS, isolated from Kingella kingae, has a broad spectrum of biofilm inhibition, including the producer species itself and also K. pneumoniae, S. epidermidis, and C. albicans [26]. Also, the group II capsule EPS from E. coli inhibits the biofilm formation of a wide range of Gram-positive and Gram-negative bacteria including S. aureus, S. epidermidis, P. aeruginosa, Klebsiella pneumoniae, and Enterococcus faecalis [27]. Several other EPS compounds from several bacterial sources also inhibit biofilm formation [28]. One attractive feature of the group II capsule EPS from E. coli is that acquiring resistance against this anti-biofilm agent, at least by inactivation of single genes, is relative rare, since single inactivation of genes in E. coli only provide partial resistance that can increase, but not to very high levels when some of those individual mutations are combined. As expected, the general effects of such mutations were the induction of changes in the physicochemical properties of the bacterial surface that counteract the changes induced by group II capsule EPS [29]. Nevertheless, it would be interesting to design experiments to evaluate the rate of spontaneous resistance development against this and other anti-biofilm compounds not only in E. coli but in other susceptible bacterial species, as well as the frequency of resistance among clinical isolates, before going forward with its implementation in the clinic.


      




      

        Antibiofilm Agents Derived from Host Defense Peptides (HDPs)




        Another complementary way to combat biofilm formation, besides interfering with the biofilm process itself, is to target biofilm-growing cells with novel drugs. This is important since currently there are no antimicrobial agents available that can effectively eradicate bacterial biofilms [5]. Host defense (antimicrobial) peptides (HDPs) are evolutionarily-conserved molecules of the innate immune system that defend virtually all organisms on Earth against microbial infections [30]. These peptides are typically small (12-50 amino acids in length) and amphipathic, as they possess both positively charged and hydrophobic amino acid residues [30]. Their amphipathic nature allows these peptides to interact with membranes and penetrate into negatively-charged bacterial and host cells, which constitutes the basis for their broad biological properties. Among their biological functions, the peptides are able to directly kill microorganisms by means of their antimicrobial activity, and can modulate the immune system to control infections via their immunomodulatory properties [30, 31].




        Recently, the HDP human cathelicidin LL-37 was shown to inhibit P. aeruginosa biofilms [32]. This initial observation encouraged subsequent studies aimed at investigating the antibiofilm properties of HDPs as well as the design and synthesis of optimized synthetic peptide variants derived from natural HDP templates. Since then, antibiofilm agents have been identified with improved, clinically relevant properties such as the ability to: i) disperse biofilms at low concentrations and to induce cell death at higher levels ii) act in combination with different classes of antibiotics to eradicate biofilms, iii) protect against lethal infections in animal models.




        Small molecules derived from peptides naturally-produced by the innate immune system have also recently emerged as potential therapies against biofilms. These anti-biofilm peptides are capable of eradicating both Gram-negative and Gram-positive bacterial biofilms, synergize with different classes of conventional antibiotics, and be effective in animal models. Recent efforts have allowed the synthesis of potent antibiofilm peptides inspired by the amino acid sequence of known HDPs with antibiofilm activity, which include the human cathelicidin peptide LL-37 and the bovine neutrophil peptide indolicidin [32]. These synthetic peptides were subsequently screened for increased antibiofilm activity while preserving their size (smaller peptides cost less to produce) and low cytotoxicity towards mammalian cells.




        One of the first agents identified was 1037, a very small peptide (9-amino acids long) that lacked relevant antimicrobial activity [minimum inhibitory concentration (MIC) of 304 µg/ml vs P. aeruginosa] but inhibited biofilms formed by Gram-negative bacteria and the Gram-positive organism Listeria monocytogenes [33]. This study and others [34, 35] revealed that it was possible to optimize naturally-occurring peptide templates to obtain improved antibiofilm peptides while reducing the synthesis cost as many of these peptides were of smaller size than their predecessors.




        The HDP bactenecin from cow neutrophils has also been exploited for the production of peptides with enhanced antibiofilm activity. One example is peptide 1018, which exhibited potent broad-spectrum anti-biofilm activity against some of the most relevant pathogens in our society, including P. aeruginosa, E. coli, Acinetobacter baumannii, Klebsiella pneumoniae and methicillin-resistant S. aureus at concentrations well below their MIC [36]. The activity of this peptide was shown to be concentration-dependent in experiments using P. aeruginosa biofilms grown in a flow cell device, as very low peptide concentrations (0.8 μg/ml) dispersed cells from biofilms, whereas higher concentrations (10 μg/ml) led to biofilm cell death [36] (Fig. 1). This peptide may constitute a useful tool to modulate biofilm formation in the model organism P. aeruginosa and potentially in other bacterial species as well.
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          Figure 1)




          Concentration-dependent modulation of biofilm development by antibiofilm peptide 1018. P. aeruginosa PA14 cells dispersed from biofilms (grown in flow cells) upon treatment with the peptide were collected and quantified by performing CFU counts. The panel below shows confocal microscopy images of bacteria that remain attached to the flow cell chambers after peptide treatment. At 0.8 μg/ml, the peptide triggers biofilm dispersal, whereas at 10 μg/ml it stimulates biofilm cell death and therefore no detectable levels of viable dispersed bacteria. This image is published under the Creative Commons Attribution (CC BY) license.


        




        Another clinically relevant characteristic of some antibiofilm peptides described in the literature is their ability to enhance antibiotic action to eradicate biofilms [37, 38]. For example, peptide 1018 was highly synergistic with different classes of antibiotics, including ceftazidime, ciprofloxacin, and imipenem, in eradicating pre-formed bacterial biofilms formed by P. aeruginosa, E. coli, A. baumannii, K. pneumoniae, Salmonella enterica and methicillin-resistant S. aureus [38].




        One of the main limitations of HDPs and their derivatives is that they are susceptible to enzymatic degradation by proteases that can be produced by bacteria [39] or by the host [40]. Recent studies [41] have overcome this by designing peptides composed entirely of D-enantiomeric amino acid residues, which are not recognized by proteases and are therefore resistant to their effect. These D-enantiomeric peptides were very effective at eradicating biofilms formed by both wild-type and multidrug resistant bacterial pathogens, enhanced antibiotic action against biofilms, and protected the invertebrates Caenorhabditis elegans and Galleria mellonella from otherwise lethal P. aeruginosa infections [41].




        Mechanistic insights have been obtained for some of these peptides. In particular, peptide 1018 binds in vitro to the second messenger nucleotide guanosine tetraphosphate (ppGpp) subsequently leading to its disappearance in experiments using bacterial cultures [36]. D-enantiomeric peptides were also capable of preventing ppGpp accumulation [41]. This is important as ppGpp is produced by bacteria in response to different stresses, binds to RNA polymerase and acts as a transcriptional modulator in order to allow cell survival [42]. In addition, ppGpp has been shown to be important in biofilm development and is a key regulator for the formation of persister cells [43], a subpopulation of cells that inhabits the inner layers of biofilms [44].


      




      

        Metals with Anti-Biofilm Properties




        The following section will summarize another important category of anti-biofilm compounds, bioactive metals. Among them are metal containing nanoparticles, which are generally smaller than 100 nm with potent biocidal effects due the combination of their small size and high surface-to-volume ratio, which allow close interactions with the microbial membranes [13]. So far, silver containing nanoparticles are the most studied ones, since silver has been used as an antimicrobial for decades. The antibacterial effects of silver are at least partially due its reactivity towards thiol-groups which enable the inactivation of several thiol containing enzymes involved in DNA replication, the electron transport chain and protein synthesis [45, 46], therefore providing a wide antibacterial effect against planktonic and biofilm cells. Silver-containing nanoparticles are able to inhibit in vitro biofilm formation of P. aeruginosa and Staphylococcus epidermidis [47]. Moreover, they are also effective against in vitro biofilms produced by multidrug resistant (MDR) P. aeruginosa strains [48], and in vivo against S. aureus biofilms developed in coated titanium implants in rabbits [49].




        In addition to silver nanoparticles, other metals such as Zn are remarkably potent biofilm and virulence inhibitors in P. aeruginosa laboratory and clinical strains, including MDR [50, 51]. Another metal with remarkable antibacterial properties is gallium; importantly gallium nitrate was used in the clinic to treat hypercalcemia of malignancy and it is currently used in cancer diagnosis [1]. Gallium is a non-redox iron analogue that is internalized to the bacterial cells and interferes with several iron-dependent processes by displacing iron, such as in iron transport by siderophores and in iron-containing enzymes including some complexes of the respiratory chain, ribonucleotide reductase, and some antioxidant enzymes such as catalase [1]. The broad effects of gallium are understandable since iron is an essential metal cofactor for most living organisms including most pathogenic bacteria, and is often required for growth, virulence and biofilm formation. In fact, the importance of iron acquisition by pathogens is so pivotal that the human host has evolved a set of primary mechanisms that maintain very low free iron concentrations in the bodily fluids and tissues. These mechanisms include the utilization of high affinity iron chelating proteins such as transferrin and lactoferrin. Concomitantly, pathogenic bacteria have also evolved several interesting mechanisms to obtain iron from their hosts, including the utilization of siderophores that capture iron with high affinity and then deliver it back to bacteria, hemophores that bind and transport heme groups from host proteins and proteases that degrade the iron carrier proteins of the hosts [52]. Accordingly, several gallium compounds have potent bactericidal and bacteriostatic activities against a wide range of pathogenic bacteria including P. aeruginosa, A. baumannii, Mycobacterium tuberculosis, laboratory and clinical strains, including MDR [53]. Gallium is also effective in alleviating several infections in animal models and has synergy with some conventional antibiotics and anti-virulence compounds that inhibit the biofilm formation of P. aeruginosa [54 - 58]. Active research toward the implementation of gallium as an antibacterial includes clinical trials in humans, the development of bacterial resistance, and remarkably, the role of gallium in the production of virulence factors at sub lethal concentrations [59 - 61].


      




      

        Anti-Infectives that Target Bacterial Virulence




        Beyond targeting bacterial growth, there is a trend to find new suitable targets to fight bacterial infections, among them, interfering with bacterial virulence is one of the best studied ones. Several Gram negative and positive pathogenic bacteria, including P. aeruginosa, A. baumannii, Vibrio cholerae and S. aureus coordinate the expression of multiple virulence factors like toxins, redox active compounds, siderophores, exoproteases, lipases and biofilm formation by a mechanism known as quorum sensing, that allows the simultaneous expression of such factors once a certain threshold cell density is reached. This coordination of the bacterial attack maximizes the chances of establishing an infection and allows bacterial dissemination [62, 63]. Hence, interfering with this process is useful for decreasing virulence factor production and consequently the damage to the host, presumably without affecting bacterial growth per se, thus decreasing the emerging of bacterial resistance [64]. There are several sources of quorum sensing inhibitors (or quorum quenchers), but by far the more diverse and abundant are those derived from natural sources such as algae and plants.


      




      

        Quorum Quenching Compounds from Plants and Other Natural Products




        Natural products represent the major source of approved drugs and still play an important role in supplying chemical diversity as well as new structures for designing more efficient antimicrobials [65]. They are also the basis for the discovery of new and novel mechanisms of antibacterial action [66]. However, research in antibiotics and natural products has declined significantly during the last decades as a consequence of diverse factors, such as a loss of interest from industrial corporations and the preference for the synthesis and modification of chemical structures derived from well-known natural sources [67, 68]. Nevertheless, natural products remain the most promising source of new antibacterial compounds and in recent years an increase in the study of antibacterial natural product derivatives is occurring [69, 70]. In this regard, a large number of substances, mainly extracts from various natural sources, have been obtained in order to identify their quorum quenching (QQ) activity [71].




        To date, plants constitute the main natural source of novel QQ molecules reported in the current literature (Fig. 2). To overcome their lack of immune systems, plants have evolved an immense arsenal of chemical defenses towards grazers and pathogens that has been exploited by humankind since the dawn of its existence. The pharmacoactive repertoire of plant secondary metabolites is huge and covers a very broad range of scaffolds, molecular targets and modes of action. It is not surprising then that in recent years, great interest in finding QS disruptors from plant sources has occurred. The search has been successful, as evidenced by the abundant literature on this topic. Similarly, sessile organisms such as algae have faced the evolutionary need to combat epibiosis in seawater, a very harsh environment prone to biofouling, thus constituting novel sources of QQ molecules. In response, microbes developed their own chemical warfare. From the study of bacterial-bacterial and bacterial-fungal interactions, knowledge on bacterial and fungal metabolites specifically targeting bacterial QS-regulated behaviors and other downstream physiological processes have begun to emerge. Thus, the most recent advances in the characterization of QQ molecules from natural sources are discussed in the following sections.




        

          Quorum Quenchers Derived from Plants




          As introduced above, plants lack immune cells able to be mobilized to the sites of infection, or the sophisticated adaptive immune systems of vertebrates [72]. Instead, they rely on i) their pre-formed defenses, of a physical nature, such as the plant cell wall and cuticule, and ii) their innate immune system, which is organized in two branches, the first recognizing and responding to molecular patterns specific to microbes, pathogenic or not (e.g., flagellin), and the second, reacting specifically towards virulence factors or their effects on the plant host [73, 74]. The role of QS signals as modulating agents of plant-microbe interactions has been recently reviewed by Hartmann and co-workers [75]. Remarkably, QS signals do not only trigger immune responses in plants, but conversely, plants also produce compounds that mimic or interfere with bacterial QS.
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            Figure 2)




            Plant natural products reported with QQ activity.


          




          Flavonoids are widespread plant secondary metabolites with an extraordinary chemical diversity. More than 10,000 flavonoids have been identified thus far [76]. Several glycosylated flavonoids from Cecropia pachystachya are inhibitors of acyl homoserine lactone (AHL) mediated QS, with rutin (1, numbers in parenthesis in this and the following section correspond to chemical structures in Figs. 2 and 3), the only O-diglycosylated flavonoid isolated, the most active compound [77]. Recently, Martín-Rodríguez and co-workers reported a series of flavonoids from Piper delineatum, two of which (2-3) were able to modulate bioluminescence and biofilm formation in Vibrio campbellii in a non-toxic fashion, most efficiently at high micromolar concentrations (250-500 µM) [78]. Phenotypic analyses with V. campbellii QS knockout mutants suggested a molecular target downstream LuxO for these compounds; however, subsequent testing of these flavonoids in a V. campbellii strain displaying luminescence independent of QS suggested that there could be targets outside the QS signaling circuit contributing to the phenotypic output, and further research is required to elucidate their precise mode of action (Martín-Rodríguez et al., unpublished data). Flavonoid-rich fractions of Psidium guajava leaves also exhibited QQ activity in C. violaceum and P. aeruginosa [79]. The activity was attributed to quercetin (4) and quercetin-3-O-arabinoside (5), the major constituents of the active extracts [79]. Recently Gopuet and colleagues, using a molecular docking and molecular dynamics simulation analysis, suggested that the mechanism of action of quercetin is related to competition for binding with LasR receptor protein, so the QQ activity occurs through the conformational changes between the receptor and quercetin complexes [80]. Similarly, flavonoid-rich extracts from Centella asiatica inhibit QS-regulated phenotypes in C. violaceum and P. aeruginosa [81]; the main activity was attributed to kaempferol (6).




          Other plant phenolics have been widely reported as QS disruptors. In a detailed study, 6-gingerol (7), the active constituent of ginger (Zingiber officinale), was found to repress biofilm formation and virulence gene expression in P. aeruginosa [82]. Interestingly, treatment with 6-gingerol significantly reduced animal mortality in a mouse model at low micromolar concentrations (10-100 µM). The authors postulated that 6-gingerol elicits its activity by antagonism with P. aeruginosa QS receptors LasR and possibly RhlR; these inferences are supported by in silico simulations [82]. The structural simplicity of 6-gingerol encourages the preparation of improved synthetic derivatives, as assessed by Kumar and co-workers [83]. In this regard, knowledge on the potential biological targets of the compound is an asset. Other phenolic QQ compounds include those of Salvadora persica; organic extracts from this strain show QQ activity in the C. violaceum system. By GC-MS analysis, three phenolic compounds were identified (benzyl (6Z,9Z,12Z)-6,9,12-octadecatrienoate(8),3-benzyloxy-1-nitro-butan-2-ol (9) and 1,3-cyclohexane dicarbohydrazide(10)). Molecular docking suggested that the activity of these compounds could be derived from efficient binding to the QS DNA-binding response regulators of Streptococcus mutans and S. aureus [84].




          Another careful evaluation provided by Li and colleagues [85] showed that sub-MIC concentrations of punicalagin (11), a polyphenolic compound abundant in pomegranates, acts at the transcriptional level in Salmonella thypimurium by repressing genes involved in bacterial motility and virulence. Although S. thyphimurium adhesion to HT29 cells was not affected by punicalagin, bacterial virulence was notably reduced. Curcumin (12), the well-known pigment of Curcuma longa, attenuates several QS-dependent phenotypes such as biofilm formation, alginate production, swimming and swarming motility in an array of uropathogens [86]. Similarly, coumarin (13), a characteristic plant benzopyrone, inhibits AHL-mediated QS in several bacterial models [86]; however, the effective doses were high (>1 mM).




          Eugenyl acetate (14) from clove buds (Syzygium aromaticum) represses virulence factor production in P. aeruginosa and S. aureus, as well as violacein production in C. violaceum [87]. Such a broad-spectrum activity, including both Gram-negatives and Gram-positives, clearly deserves further investigation. From the evaluation of cinnamon bark oil, eugenol (15) and cinnamaldehyde (16) were identified as inhibitors of biofilm formation and pyocyanin production in P. aeruginosa at non-toxic concentrations [88]. In addition, cinnamon bark oil significantly inhibited the expression of the csgAB operon involved in curli biogenesis. In a different study, cinnamaldehyde was the most potent hit in a screening program searching for AHL-synthase inhibitors together with other plant natural products tested at millimolar concentrations [89]. Remarkably, in spite of its non-lactonic nature, cinnamic acid was successfully docked to the SAM binding pocket of LasI, but not to that of EsaI. Experimental evidence supports the hypothesis that cinnamaldehyde targets short-chain AHL synthases specifically. In that study, salicylic acid (17) was also identified as a hit in the screening project. Subsequently, the activity of both cinnamic and salicylic acid was thoroughly evaluated in Pectobacterium spp., expanding the knowledge on their activity as QQ compounds [90]. Similarly, the methanolic extract of Cuminum cyminum strongly interferes with violacein production, bioluminescence, biofilm formation, flagellar motility and exopolysaccharide production [91]. Using molecular docking analysis, methyl eugenol (18) was suggested as the main active metabolite, which interacts antagonistically with the LasR protein [91].




          Resveratrol (19) is abundant in grapes and other foods. To overcome its poor solubility in aqueous media, Duarte and co-workers prepared resveratrol-hydroxypropyl-γ-cyclodextrin inclusion complexes that inhibited the biofilm formation in Campylobacter spp. and Arcobacter butzleri, as well as violacein production in C. violaceum [92]. The activity of the complex was attributed to resveratrol, although the precise mode of action of this compound remains to be elucidated. In a screening of 1,920 natural products using molecular docking analysis against LasR and RhIR receptor proteins, two derivatives of caffeic acid (rosmarinic acids (20) and chlorogenic acid (21)) and two flavonoids (naringin (22) and morin (23)) were identified as suitable QS receptor antagonists. These metabolites significantly inhibited the production of several virulence factors of P. aeruginosa, such as protease activity, elastase and hemolysin; in addition, they also disrupted the biofilm architecture [93].




          Terpenoids are the largest class of natural products, include one or several units of isoprene, and are present in all living organisms [94]. Low-molecular weight terpenoids are volatile, and regulate numerous interactions with the plant and its environment [95]. In a study with plant volatiles, thujone (24) and α-terpineol (25) exhibited the most potent activities in the P. aeruginosa PQS and C. violaceum QS systems, respectively [96]. Menthol (26), a major constituent of Mentha piperina, exhibited a broad-spectrum QQ activity in several Gram-negative models, and increased the survival of Caenoharbditis elegans infected with P. aeruginosa PAO1 [97]. The activity of menthol was attributed to its interaction with the LasR receptor [97]. Phytol (27), an acyclic diterpenoid, was also reported to interfere with P. aeruginosa QS-regulated processes [98]. The monoterpenoid carvacrol (28) inhibited cviI expression in C. violaceum, along with several QS-regulated processes such as biofilm formation, violacein biosynthesis and chitinase activity, at concentrations below 500 µM. Remarkably, it also reduced biofilm formation in C. violaceum, S. thypimurium and S. aureus [99]. Andrographolide (29), an important constituent of Andrographis paniculata, significantly reduced cell damage in chicken type II pneumocytes exposed to E. coli APEC-O78 by interfering with the AI-2 signal transduction pathway, repressing the expression of virulence genes [100]. A previous study showed that 14-alpha-lipoyl andrographolide (30) can also inhibit LasR-homoserine lactone interactions and repress the transcription of the QS-regulated genes lasR, lasI, rhlR, and rhlI in a dose-dependent manner [101].




          The mode of action of iberin (31), an organosulfur compound from Armoracia rusticana, was unraveled by a powerful ‘omic’ approach that combined RNA sequencing and proteomic analyses [102]. Iberin was shown to inhibit the expression of three small regulatory RNAs (srRNAs) RsmY, RsmZ and PhrS. Beautifully, iberin acts at the post-transcriptional level on LadS, a sensor kinase that phosphorylates GacS, which is responsible for activating GacA and the subsequent expression of rsmY and rsmZ [102]. As expected, P. aeruginosa biofilm formation was dramatically reduced in the presence of 500 µM of iberin, highlighting srRNAs as targets for antimicrobial drug development. In a different study, other isothiocyanates such as benzyl isothiocyanate (32) interfered with the QS system of C. violaceum [103]. (Z)-ajoene (33) from garlic (Allium sativum) thwarts P. aeruginosa QS, although a more detailed evaluation is required [104]. Supporting the screening of natural-product-like small molecules for the discovery of novel QQ, Kasper and colleagues synthesized and evaluated a collection of analogues of naturally-occurring compounds produced by Petiveria alliacea, among which compound 25 (34) exhibited the best profile as a biofilm inhibitor against oral bacteria and, potentially, as an AI-2 QS disruptor [105]. Further studies are required to determine whether the observed activities are indeed due to interference with QS signaling. Furaneol (35), a furanone abundant in strawberries, has potent activity on QS-regulated phenotypes in P. aeruginosa at very low concentrations (0.1-1 µM), that were attributed to interference with AHL-mediated QS, consistent with the mode of action described for other furanones [106, 107]. Anther halogenated compound, the 7-(1-bromoethyl)-3-3-dimethyl-bicyclo [4.1.0] heptan-2-one (36), which was identified in extracts of Melia dubia by GC/MS analysis, suppresses hemolysis, swarming and biofilm formation in E. coli. Docking studies indicate that this molecule interferes with SdiA, which is homologous to LuxR [108].




          Emodin (37) an anthraquinone isolated from Rheum palmatum and widely distributed in other plant species inhibits the biofilm formation of P. aeruginosa and Stenotrophomonas maltophilia. By employing an assay of TraR degradation in E. coli, it was determined that the mechanism involves the induction of proteolysis of the quorum-sensing signal [109].




          Numerous studies have addressed the search for novel QQ from plant extracts and essential oils. Table 2 summarizes the main findings reported over the last four years, and reinforces the potential of plant secondary metabolites as a source of naturally or naturally-inspired chemical probes targeting bacterial QS.




          

            Table 2 Extracts from plants and other natural sources reported to inhibit bacterial QS.




            

              

                

                  	Source



                  	Major Constituents



                  	Concentration



                  	Target



                  	Refs.

                


              



              

                

                  	Plants



                  	



                  	



                  	



                  	

                




                

                  	Achyranthes aspera



                  	3,12-oleandione, betulin



                  	125 µg/mL



                  	Streptococcus mutans



                  	[201]

                




                

                  	Adenanthera pavonina



                  	Not provided



                  	0.25-1.0 mg/ml



                  	
C. violaceum, P. aeruginosa




                  	[202]

                




                

                  	Allium cepa



                  	pantolactone and myristic acid



                  	50, 100 μM



                  	P. aeruginosa



                  	[203]

                




                

                  	Amphipterygium adstringens



                  	Anacardic acid mixture



                  	166-500 µg/mL



                  	
C. violaceum


                  P. aeruginosa




                  	[204]

                




                

                  	Andrographis paniculata



                  	flavonoids, phenolics, saponins, and tannins



                  	No available



                  	
C. violaceum


                  P. aeruginosa




                  	[205]

                




                

                  	Arctium lappa



                  	Arctiin, o-hydrobenzoic acid, luteolin, quercetin, chlorogenic acid, caffeic acid, cynarin, benzoic acid



                  	2.5 mg/ml



                  	
S. aureus


                  L. monocytogenes




                  	[206]

                




                

                  	
bitter orange (ccitrus)



                  	
o-glycosylated flavanones



                  	200 μg/mL



                  	
C. violaceum


                  Y. enterocolitica




                  	[207]

                




                

                  	Centratherum punctatum



                  	Sesquiterpene lactones of the goyazensolide and isogoyazensolide-type



                  	200 μg/ml



                  	P. aeruginosa



                  	[208]

                




                

                  	
Citrus spp.



                  	Not provided



                  	97.50-243.75 µg/ml



                  	V. campbellii C. jejuni



                  	[209]

                




                

                  	Emblica officinalis



                  	Not provided



                  	39-78 µg/ml



                  	Streptococcus mutans



                  	[210]

                




                

                  	Hydrastis canadensis



                  	Not provided



                  	40-80 µg/ml



                  	S. aureus



                  	[211]

                




                

                  	
Ferula asafetida, Dorema aucheri




                  	Not provided



                  	25 μg/ml



                  	
C. violaceum, P. aeruginosa




                  	[212]

                




                

                  	Hyptis suaveolens



                  	Undecanoic acid, phenanthrenemethanol



                  	50-400 μg/ml



                  	
C. violaceum, E. coli


                  Proteus spp.


                  S. marcescens




                  	[213]

                




                

                  	Kigelia africana



                  	Not provided



                  	0.31–8.2 mg/mL


                  2 mg/mL



                  	
C. violaceum


                  A. tumefaciens




                  	[214]

                




                

                  	Lavandula angustifolia



                  	linalyl anthranilate, linalool,β-caryophyllene, isoborneol, cis-β-farnesene, trans-β-ocimene, 3-octanone, hexyl butyrate, caryophylleneoxide



                  	0.01-0.05%


                  (v/v)



                  	E. coli



                  	[215]

                




                

                  	
Leptospermum spp. Manuka,propiolis



                  	Isoprenyl caffeate



                  	450 μg/ml



                  	C. violaceum



                  	[216]

                




                

                  	Lippia alba



                  	limonene, neral, carvone, geraniol,bicyclosesquitelandrene,geranial, piperitenone, β



                  	-bourbonene, trans-β-caryophyllene



                  	



                  	0.6-67 μg/ml

                




                

                  	(IC50)



                  	C. violaceum



                  	[217]



                  	Lippia graveolens



                  	Not provided

                




                

                  	0.015-0.12 5mg/ml



                  	C. violaceum



                  	[218]



                  	Essential oils of Lippia alba and Ocotea sp.



                  	Citral

                




                

                  	



                  	P. putida



                  	E. coli



                  	



                  	[219]

                




                

                  	
Melaleuca alternifolia and Rosmarinus officinalis




                  	Not provided



                  	0.5 μL/mL



                  	C. violaceum



                  	[220]

                




                

                  	



                  	Melicope lunuankenda



                  	



                  	Not provided



                  	

                




                

                  	4 mg/mL



                  	20 µL



                  	3 mg/mL



                  	



                  	C. violaceum

                




                

                  	E. coli



                  	P. aeruginosa



                  	[221]



                  	Minthostachys mollis



                  	Pulegone, D-menthene, caryophyllene, limonene, isomenthone

                




                

                  	0.02% (v/v)



                  	C. violaceum



                  	[222]



                  	Murraya koenigii



                  	Caryophyllene, caryophyllene oxide,cinnamaldehyde, α and β-phellandrene, eugenol

                




                

                  	0.02% (v/v)



                  	
C. violaceum, P. aeruginosa




                  	[223]



                  	Nymphaea tetragona



                  	Methyl gallate, pyrogallol

                




                

                  	600 µg/disc



                  	C. violaceum



                  	[224]



                  	Piper nigrum, Piper betle and Gnetum gnemon



                  	Not provided

                




                

                  	



                  	cyclononasiloxane,octadecamethyl,cyclodecasiloxane eicosamethyl and1,1,1,5,7,7,7-heptamethyl3,3-bis (trimethylsiloxy) tetrasiloxane.



                  	



                  	



                  	

                




                

                  	Rosa rugosa



                  	Several polyphenols and flavonoids



                  	80-1200 μg/ml



                  	
C. violaceum


                  E. coli


                  P. aeruginosa




                  	[228]

                




                

                  	Sclerocarya birrea



                  	Quercetin



                  	25-200 µg/ml



                  	P. aeruginosa



                  	[229]

                




                

                  	Scutellaria baicalensis



                  	Not provided



                  	Not provided



                  	
C. violaceum


                  P.Carotovorum




                  	[230]

                




                

                  	Syzygium aromaticum



                  	Not provided



                  	3 mg/mL



                  	
C. violaceum


                  E. coli


                  P. aeruginosa




                  	[231]

                




                

                  	Terminalia chebula



                  	3-O-methyl-4-O-(β-D-xylo pyranosyl) ellagic acid,S-flavogallonic acid,methyl S-flavogallonic acid,3,4,8,9,10pentahydroxyldibenzo(β,δ) pyran-6-one AND Ellagic acid



                  	0.5-1.0 mg/ml



                  	
P. aeruginosa


                  P. aeruginosa


                  C. violaceum A. tumefaciens




                  	[232, 233]

                




                

                  	Trigonella foenum-graecum



                  	Caffeine, methyl 14methylpentadecanoate, palmitic acid, pyrogallol,linoleic acid methyl ester, capric acid



                  	125-1000 μg/ml



                  	
A. hydrophila, P. aeruginosa




                  	[234]

                




                

                  	
Triticum sp.



                  	Not provided



                  	0.016-0.5% (v/v)



                  	S. aureus



                  	[235]

                




                

                  	Zingiber officinale



                  	Not provided



                  	1, 5 and 10%



                  	P. aeruginosa



                  	[236]

                




                

                  	Several Meliaceae, Melastomataceae, Lepidobotryaceae, Sapindaceae, and Simaroubaceae species



                  	Not provided



                  	45-266 μg/ml


                  (IC50)



                  	
C. violaceum, P. aeruginosa




                  	[237]

                




                

                  	Bacteria



                  	



                  	



                  	



                  	

                




                

                  	Endophytic bacteria from Pterocarpus santalinus: Bacillus firmusPT18 and Enterobacter asburiae PT39



                  	Not provided



                  	Not provided



                  	
C. violaceum, P. aeruginosa




                  	[238]

                




                

                  	Bacteria from fish farms:Pseudomonas sp. FF16 and Raoultella planticola R5B1



                  	Not provided



                  	400 μg/disc



                  	A. tumefacienes C. violaceum



                  	[239]

                




                

                  	Endophytic bacteria from Phaseolus vulgaris, mainly


                  Microbacterium testaceum strains



                  	Not provided



                  	Not provided



                  	
C. violaceumE. coli


                  V. campbellii




                  	[240]

                




                

                  	Marine bacteria, particularly Pseudoalteromonas sp. K1 and B2



                  	Not provided



                  	Not provided



                  	C. violaceum, S. marcescens, V. campbellii



                  	[241]

                




                

                  	
Paenibacillus sp.139SI fromagricultural soil



                  	Not provided



                  	1.0-4.5 mg/ml



                  	P. aeruginosa



                  	[242]

                




                

                  	Alcaligenes faecalis



                  	Not provided



                  	Not provided



                  	Vibrio



                  	[243]

                




                

                  	



                  	



                  	



                  	alginolyticus



                  	

                




                

                  	
Nocardiopsis dassonvillei subsp. dassonvillei




                  	nocapyrones



                  	100 mg/mL



                  	
C. violaceum


                  P. aeruginosa




                  	[244]

                




                

                  	
Stenotrophomonas maltophilia BJ01



                  	
Cis-9-octadecenoic acid



                  	3.6 mg/mL



                  	
C. violaceum


                  P. aeruginosa




                  	[245]

                




                

                  	Fungi



                  	



                  	



                  	



                  	

                




                

                  	Agaricus blazei



                  	Not provided



                  	0.025-0.10


                  mg/ml



                  	P. aeruginosa



                  	[246]

                




                

                  	Marine endophytic strains: Sarocladium strictum LAEE06, Fusarium sp. LAEE13, Khuskia sp. LAEE21, Epiccocum nigrum LAEE14



                  	Sespendole, fusaric acid, emericellamide A, variecolorin N and other secondary metabolites



                  	50-500 μg/ml



                  	C. violaceum



                  	[247]

                




                

                  	
Agaricus spp.



                  	Mainly γ-tocopherol



                  	



                  	P. aeruginosa



                  	[248]

                




                

                  	Algae



                  	



                  	



                  	



                  	

                




                

                  	Asparagopsis taxiformis



                  	Not provided



                  	5 μLextract



                  	
C. violaceum


                  S. liquefaciens




                  	[249]

                




                

                  	Several macroalgal species



                  	Not provided



                  	0.1-10X tissue


                  level



                  	
C. violaceum, P. aeruginosa




                  	[250]

                




                

                  	Lichens



                  	



                  	



                  	



                  	

                




                

                  	
Unsea longissima


                  (extract-Aucolloidal nano-formulation)



                  	Orcinol, arabitol,apigenin, usnic acid



                  	5-15%



                  	
C. violaceum, S. mutans




                  	[245, 251]

                




                

                  	Animals



                  	



                  	



                  	



                  	

                




                

                  	Eunicea knighti



                  	cembranoid diterpenes



                  	50, 100 μM



                  	
C. violaceum


                  P. aeruginosa


                  V. campbellii




                  	[252]

                


              

            




          


        




        

          Quorum Quenchers from Bacteria, Fungi, and other Natural Sources




          Even though literature shows a clear dominance of plant-derived natural products, there is an increasing number of QS inhibitors from alternative sources being reported (Fig. 3). Thus, 2,4-bis(1,1-dimethylethyl) phenol (38) produced by the marine bacterium Vibrio alginolyticus G16, an epiphytic strain of the red alga Gracilaria gracilis, disrupted QS in Serratia marcescens at 250-500 μg/ml [110]. Over the last few years, indole (39) has gained increased attention as a signaling molecule in bacteria [111 - 114]. Indole was characterized as a QQ in C. violaceum, P. chloroaphis and S. marcescens at 0.5-1.0 mM, and contributed to C. elegans survival in infection tests [115]. Anthraquinones (40) from the exudates of Penicillium restrictum displayed very potent activities towards the agr QS system of S. aureus, the most potent of which had an IC50 of 8.1 μM in vitro [116]. Furanone F202 (41) originated from the red alga Delisea pulchra and a tiophenone analogue named TF101 (42) elicited potent activities at 10 μM against E. coli and V. campbellii QS-regulated phenotypes [117]. Both compounds interfered with AI-2 QS, and modulated E. coli O103:H2 biofilm formation and virulence. The synthetic compound exhibited better activity than the natural one, reinforcing previous findings [118, 119] and providing support to the development of novel thiophenones with improved performance. In that regard, further toxicity tests are certainly needed. Finally, horse colostrum hexapolysaccharide (43) was characterized as a QQ in S. aureus [120]. An interesting finding of that study was the ability of the hexapolysaccharide to interfere with Gram-negative QS as well, by degrading both short- and long-chain AHLs, therefore quenching QS. Protoanemonin (44) is a metabolite that has been reported to be present in plants of the Ranunculaceae family, but has recently been identified in Pseudomonas (B13 and reinekei MT1) with QQ activity. As elucidated by transcriptomics and proteomics studies, it significantly reduces gene expression and secretion of proteins controlled by QS in P. aeruginosa [121].




          
[image: ]





          

            Figure 3)




            Compounds from non-plant sources reported with QQ activity.


          


        




        

          Quorum Quenching Enzymes




          To date, there are several quorum quenching enzymes which can degrade or modify AHL autoinducers; the catalytic reactions have been summarized in Fig. (4).
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            Figure 4)




            Mechanisms of acyl homoserine lactone quorum quenching enzymes.


          


        




        

          Lactonases




          These enzymes cleave the lactone ring of AHL autoinducers; thereby, QS systems can be disturbed through the degradation of AHL molecules. A variety of lactonase enzymes have been found in many bacteria, for example, the halotolerant and thermally-stable lactonases [122, 123]. The enzymes are metalloenzymes having two zinc ions for catalysis and stability [124, 125]. In addition, paraoxonases, which hydrolyze paraoxon, are QQ enzymes which can inactivate AHLs [126]. The enzymes were originally found in mammalian cells [127]; hence, mammalian tissues potentially have QQ activity.


        




        

          Acylases




          These enzymes hydrolyze AHL autoinducers into carboxylate and amino acids. The resulting products do not work anymore as autoinducers. Acylase of P. aeruginosa is a member of the N-terminal nucleophile hydrolase superfamily [128]. In addition, acylase derived from Acinetobacter sp. Ooi24 is a member of the amidase family [129], and is a zinc metalloenzyme [130].


        




        

          Oxidoreductases




          These enzymes catalyze the reduction of AHL autoinducers to produce hydroxyl-AHLs. As a result, a QS system can be disturbed by the modification of AHLs. For example, several AHL oxidoreducatases convert 3-oxo-C(8-14)-AHLs into 3-hydroxy-AHLs [131] and 3-oxo-C12-AHL into 3-hydroxy-C12-AHL [132]. Basically, the enzymes have been characterized as a member of the short-chain dehydro-genase/reductase (SDR) family which probably uses NADPH as a co-substrate. Monooxygenases also catalyze the hydroxylation of AHLs at the ω-1, ω-2, and ω-3 carbons of the acyl chain. The oxidized AHLs showed smaller effect than the original AHLs as an autoinducer signal [133].


        


      


    




    

      Probiotics and compounds isolated from bacteria




      From prehistorical times, antimicrobials of natural origin have been used for food preservation and human health purposes. However, the extensive use of antibiotics in the recent decades has induced resistance to antimicrobial compounds in many bacteria. Antibiotics usually prescribed for humans are also administered to animals and plants involved in the food chain, and therefore reduce their effectiveness in patients even before being submitted to treatment [134]. The search and implementation of alternatives to antibiotics, has become a crucial task for public health institutions and the food industry, who aim to avoid opportunistic infections in living resources (livestock, poultry, fish and others) [135]. In the recent years, the abundant research in probiotic microorganisms, prebiotics and substances produced by bacteria, such as bacteriocins and organic acids, is leading to potential solutions for these problems.




      

        Probiotics




        Growing individually or in co-culture, a large number of bacteria produce compounds with antimicrobial action, such as hydrogen peroxide, benzoic acid, diacetyl, reuterin, volatile fatty acids (VFA) and bacteriocins. Probiotic microorganisms are bacteria, fungi (yeast and molds), and Archaea [136] whose regular consumption benefits the health of the host (human or animal) by stimulating the growth and function of indigenous intestinal flora, inhibiting colonization by enteropathogens, and improving food utilization. In order to accomplish their functions, probiotics should withstand the acidity of the stomach, resist the action of hydrolytic enzymes, and, at least partially, avoid absorption in gastrointestinal tract [137].




        In 1907, the Russian zoologist I. Mechinikov first reported health benefits upon long-term consumption of yoghurt containing Lactobacillus bulgaricus, although for centuries the diet of people of the Near East had included lacto-fermented beverages. The positive effects of probiotic lactic acid bacteria (LAB) include:





        

          	Improvements in digestion by the production of short- and medium chain VFA and vitamins.




          	Generation of low pH and a low redox potential, what allows normal flora to outcompete gut pathogens such as pathogenic E. coli, Salmonella spp. (enterica, arizonae) and Yersenia spp. for attachment sites on entherocytes [134].




          	Inhibition of the growth of competing species by the production of antimicrobial peptides (bacteriocins).




          	Enhancement of intestinal flora composition.




          	Regulation of cholesterol levels.




          	Mitigation of lactose intolerance.




          	Modulation of immune response, including prevention of neoplastic disorders [138].


        




        Recent definitions of probiotics include not only live microorganisms, but also products of their metabolism, like those of milk fermentation [139]. L. bulgaricus, for instance, is unable to survive in the gut, but it produces the enzyme lactase which causes alleviation of lactose intolerance [140].




        

          Probiotic Preparations




          Probiotic preparations can consist of single strains or mixtures of microbes. LAB (lactobacilli, bifidobacteria and enterococci) are used alone or together with non-pathogenic enteric microorganisms such as the fungi Saccharomyces ssp., Aspergillusoryzae and/or the anaerobic genera: Bacteroides, Clostridium and Veillonella. Three variants of mixtures of probiotic strains are prepared [141]:





          

            	Defined: strains are mixed after individual cultivation and the numbers of cells are controlled.




            	Semi-defined: Strains of the same genus are co-cultured and no cell number control is possible.




            	Undefined: The inoculum is taken directly from the biological source (e.g., caecal content, mucosal scraping) and then cultivated in conditions that do not equally favor all strains.


          




          Horizontal gene transfer between bacterial strains with optimal functioning in distinct environments and differences in resistance to reactants and phages open many possibilities. Although, when a probiotic strain is isolated from a different source than the environment in which it is utilized, then inter-strain antagonistic interactions can appear [142]. Paradoxical results of clinical tests show that the application of genetically-modified probiotics is still a challenge, and calls for a ban of their human use have been issued worldwide [143]. Concern arose over the outcome of the 2008 trial of the Dutch Acute Pancreatitis Group with a mixture of Lactobacillus acidophilus, L. casei, L. salivarius, Lactococcus lactis, Bifidobacterium bifidum and B. lactis. Individually, the strains inhibited pathogen growth, but after 28 days, administration of the 'probiotic drink' to a group of patients caused opportunistic infections and mortality to increase significantly compared to those of the placebo group [144].


        




        

          Prebiotics and Eubiotics




          Prebiotics are nonliving, non-digestible edible resources with health promoting effects on intestinal flora [145]. The most abundant prebiotics are fibers and oligosaccharides formed by 2 to 20 hexose residues. The list of prebiotics for human consumption includesfructo-, galacto-, soy-, isomalto- and xylooligosaccharides, inulin, pyrodextrins and lactulose. Prebiotic compounds should meet the following criteria:





          

            	Resistance to the low pH level in the stomach.




            	Ability to withstand enzymatic hydrolysis.




            	Should not be totally absorbed along the gastrointestinal tract of the host.




            	Capable of undergoing fermentation by endogenous gut flora.


          




          The research into prebiotics has been aimed mainly at human use because ruminants and other animals degrade oligosaccharides. A fraction of the consumed prebiotics passes to the large intestine providing nutrients to the intestinal mucosa and giving competitive advantage to Bifidobacteria, Butyrivibrio and other beneficial strains. Long term administration of inulin and oligofructans to people has been proven to modulate immune system's activity and to reduce the incidence of inflammatory bowel disease, colitis and atopic dermatitis [137, 146].




          The term “eubiotics” stands for a more general concept that includes food supplements and feed additives such as probiotics, prebiotics, essential oils, organic acids (VFA), and compounds of Zn and Cu [147].


        




        

          Mechanism of Action of Probiotics




          After birth, microbes from the mother and the environment colonize the gut protecting the child from pathogens and contribute to the digestion of fermented dietary substrates, VFA define and B-vitamins [141]. When the intestinal flora matures, all its ecological niches are occupied so that no nutrients are left for invading microbes. Nevertheless, such a homeostatic system is affected by stress to the host, diet changes and physical conditions. Probiotic LAB act upon gut flora by a mechanism composed of multiple functional elements:





          

            	Competitive exclusion (CE) is the interference of probiotics with pathogenic strains for colonization sites and nutrients [139]. This occurs according to the principle stated by the Russian biologist G. Gauss in 1932: “two species that compete for the same resources cannot stably coexist in a constant environment”.




            	Production of antimicrobial VFA, which reduce the competitive fitness of enteropathogens (VFA are also synthesized by gut-indigenous bacteria).




            	Production of antimicrobial peptides (bacteriocins, defensins, colicins and others), that inhibit or eliminate pathogenic competitors within the same niche in the ecosystem,




            	Modulation of the immune system activity of the host [141].


          




          The structural and functional elements of multimicrobial environments, such as the intestinal tract and skin, can be harnessed in order to improve the health of the host [148]. Symbiotic, the combined use of probiotics and prebiotics, is aimed at achieving a synergistic reduction of pathogens and other benefits. The effects are obtained by varying the competitive pressures on the species by coupling CE and the other functions of probiotics with prebiotic-induced changes in the gut environment [149]. The yeast Saccaromyces, for instance, consume oxygen in the gut, which improves conditions for anaerobic bacteria [150]. In several countries, symbiotic approaches have been used in the strategy to eliminate from cattle antibiotic resistant E. coli O175:H7 and Salmonella [151], because this method has low economic and labor costs and is considered eco-friendly [139].


        


      




      

        Bacteriocins




        Peptides with antimicrobial properties (AMP) are synthesized by many organisms as part of their normal metabolism. Unicellular archaea, bacteria and fungi produce archaeocins, bacteriocins and defensins, respectively; multicellular arachnids synthesise defensine-like toxins; plants, insects and mammals produce defensins, while in the human body, antimicrobial lysozymes are produced [134, 152]. This section, however, is focused on bacteriocins synthesized by probiotic LAB.




        Bacteriocins are heat-stable, arginine/lysine-rich cationic AMP with massed less that 10 kDa. These molecules fold into amphiphilic structures, which allows them to cross the phospholipid bilayer forming pores on it [152]. This ability of bacteriocins to kill bacteria is restricted to strains that are closely related to the producing species, which reduces the risk of damage to native gut flora [153]. Bacteriocins are synthesized by ribosomes, undergo post-translational modification, and are easily degraded by digestive proteases, so that they are safe for human consumption.




        Bacteriocins are usually sorted into three major classes [154]. The peptide members of each class share sequence homology, particularly on the N-terminal leader region. The proteins associated with the secretion and processing of bacteriocins of the same class, also share conservative structural features.




        

          Class I. Lantibiotics




          Lantibiotics are peptides containing 18-39 amino acids that undergo extensive post-translational modification. In a first stage, serine and threonine residues are enzymatically transformed into dehydroalanine, dehydrobutyrine and 2-aminoisobutyric acid. Then these dehydrated amino acids form intramolecular covalent bridges with neighboring cysteines leading to the synthesis of the polycyclic thioether amino acids typical for this class: lanthionine and methyllanthionine. There are two types of lantibiotics:





          

            	Type A. Amphiphilic, cationic, screw-shaped, flexible peptide molecules of mass 2-4 kDa, such as nisin and lacticin 3147. These lantibiotics depolarize the membrane of the target species before forming pores on it.




            	Type B. Globular peptide molecules of mass 2 to 3 kDa with either neutral or negative charge that interfere with cellular enzymatic reactions of the target microbial species.


          


        




        

          Class II. Non-Lantibiotics




          Non lantibiotics is a class of diverse, relatively heat-stable, membrane-active peptides of mass less than10 kDa.





          

            	Subclass IIa. Pediocin-like antimicrobial peptides with N-terminal consensus sequence Tyr-Gly-Asn-Gly-Val-Xaa-Cys. They can reach a 40-60% degree of sequence homology if during their synthesis the leader peptide is removed by proteolytic processing after a double glycine residue, like in the case of pediocin PA-1 and sakacin A. This subclass also includes Listeria-active bacteriocins, such as salivaricin.
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