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    The 5th volume of Frontiers in Clinical Drug Research – Anti Infectives comprises six chapters that cover a variety of topics including prolonging antibiotic life, biofilms in medical devices and various antiviral drugs.




    In chapter 1, Kurtböke et al. present an overview of new bioactive compound and marine actinomycetes that might be further exploited for their potential as novel and potent drug candidates. In chapter 2, Zárate-Bladés et al. have reviewed the developments in the field of pathogenesis of Clostridium difficile infections and clinical and experimental studies on the therapeutic effects of gut microbial transportation (GMT) against recurrent C. difficile infections (CDI). The methodology of gut microbial transportation (GMT) and applications in the context of the mechanisms of microbiota effects on the immune system are also discussed.




    Chapter 3 by Filazi & Yurdakok-Dikmen presents an insight into antimicrobials, particularly against direct-food microbes, as well as other alternative products such as plant-derived compounds, bacteriophage and phage lysins, and antimicrobial peptides. They also discuss novel approaches applicable in the field. In chapter 4, Ahmad et al. explain the current status of different nanoantibiotic (nAbts) loaded systems, their release mechanisms, key targets, formulations and modes of action. Important features of nanoantibiotics (nAbts) such as size, surface charge, hydrophobicity/philicity, biofilm formation, stimuli-receptive and functionalization against multidrug-resistant (MDR) pathogens are also described.




    In chapter 5, Monroy-Torres & Medina-Jiménez present primary objectives of cranberry and other functional foods in urinary tract infections in women. Chapter 6 by Hameed & Fatima discusses insights into the association of Magnesium (Mg2+) in survival of Myobacterium Tuberculosis (Mtb) and how it can be exploited as an anti-mycobacterial drug target.




    I would like to thanks all the authors for their excellent contributions that will be of great interest. I would also like to thank the editorial staff of Bentham Science Publishers, particularly Mr. Zain Rehman, Mr. Shehzad Naqvi and Mr. Mahmood Alam for their support.
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      Abstract




      Since the discovery of penicillin in 1928, microbial natural products have been exploited as an unexhausted resource for biodiscovery by the pharmaceutical industry. Unlike primary metabolites such as amino acids, carbohydrates and fatty acids that maintain function and utilized for the growth of an organism; secondary metabolites are specific to its producer but not essential for survival. However, the structural complexity of these natural products is closely linked to the ecological role of the producing organism that supports their survival in their niche. Sessile or slow-moving organisms thus rely more heavily on bioactive secondary metabolites, which act as defences, antimicrobials, allelochemicals, signalling molecules, UV protectants or feeding deterrents, thus often form symbiotic associations with microorganisms that produce such metabolites. Technological advancements and the advent of new tools such as nuclear magnetic resonance (NMR) and mass spectrometry (MS) have enhanced our understanding of the bioactivity of these natural products and aided the discovery of numerous biologically active lead structures, drug candidates, and drugs to treat various diseases. This chapter will thus overview the microbiological and chemical techniques currently used to maximize the discovery of new bioactive compounds in particular, the ones from marine actinomycetes that might be further exploited for their potential as novel and potent drug candidates.
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      INTRODUCTION




      Alexander Fleming’s discovery of penicillin (1) from Penicillium notatum in 1928 and its subsequent development into an antibiotic substance in the 1940s was probably the most significant breakthrough in modern medicine, providing the foundation of drug discovery from microorganisms [1]. The commercial production of penicillin allowed for the treatment of bacterial infections, which until then were often fatal. Between 1940 and 2013, 156 natural products were sourced from microorganisms, mainly from the actinobacterial order Actinomycetales (commonly termed actinomycetes), have been approved by the U. S. Food and Drug Administration (FDA) as antimicrobials (i.e. rifamycin, 2), anticancer drugs (i.e. actinomycin, 3) and immunosuppressive agents (i.e. cyclosporin, 4) Fig. (1) [2].




      Of all drugs newly approved between 1981 and 2014, 26% were natural products or natural product derived and 25% were natural product inspired synthetic drugs [3]. Of the natural product derived drugs, 30% were isolated from microorganisms [2] and these findings highlight the importance of natural products in drug discovery, particularly those from microbial sources.
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Fig. (1))


      Examples of potent microbial drugs: penicillin G (1), rifamycin SV (2), actinomycin (3) and cyclosporin (4).



      However, the time it takes from the discovery of a natural product until it becomes a marketed drug is lengthy and the rediscovery of already known natural products has become increasingly recurrent [4]. In the 1990’s, high throughput screening (HTS) of combinatorial compound libraries became favoured by pharmaceutical companies to overcome the rediscovery problem as they are generally easier and cheaper to develop [5]. Yet, the surge did not last long and the number of Food and Drug Administration (FDA) approved drugs decreased once pharmaceutical companies began to focus on purely synthetic drugs [6]. Combinatorial compounds only occupy a very small area of chemical space, while natural products cover a much larger area of chemical space, which aligns well with that of the marketed drugs [7]. Consequently, natural products and their derivatives remain of immense importance for new drug discovery and development. Therefore, innovative approaches increasing chemical diversity are needed to continue with the successful exploitation of natural products for drug development.




      One successful approach to enhance chemical diversity is to target organisms inhabiting extreme environments that have not previously been investigated. Examples include target-directed search for rarely isolated actinomycetes such as acidophilic Catenulispora and Actinospica [8]; or the use of highly selective isolation techniques such as the use of phage battery to remove the common bacterial taxa on isolation plates to recover slow growing rare members of the actinomycetes [9-11]. Moreover, the high rediscovery rate of already known natural products from terrestrial bacteria again has directed a focus to microorganisms from different ecological niches, particularly the marine environment. Marine environments cover 70% of the earth’s surface and thus provide a vast and highly biodiverse resource for biodiscovery [12]. The underlying hypothesis in marine biodiscovery has been that biological diversity correlates with chemical diversity [13, 14]. Accordingly, in recent years increased research has targeted bacterial species from marine environments, that are taxonomically distinct to terrestrial organisms [12]. The physiochemical properties of the marine environment, including pH, temperature, osmolarity, and pressure, as well as the presence of uncommon halogenated functional groups were suggested to result in the biosynthesis of natural products with enhanced bioactivities and quite different properties compared to the terrestrial environments [12, 15, 16]. Several cases have been reported where natural products isolated from marine invertebrates, particularly from sponges and ascidians, closely resembled analogues from terrestrial microorganisms, suggesting that many marine invertebrate metabolites are synthesised by microbial symbionts. Consequently, a new focus in biodiscovery is the targeting of marine invertebrate symbionts. However, culturing of obligate symbionts in the laboratory still poses a major challenge.




      Another way to minimise rediscovery has been to implement sophisticated dereplication approaches early in the drug discovery efforts. An example of this has been pre-screening of microbial strains and extracts with either molecular or spectrometric techniques to avoid repeatedly isolating the same microbial natural products [17]. A different approach to maximise the immense potential of microorganisms for natural product drug discovery has also been to diversify the laboratory conditions. For the target-directed isolation of new microbial species with different properties, media based on marine organic matter that more closely mimic the natural environment in the oceans were used. Examples include the use of sponge extract agar by Webster and co-workers [18] to culture previously uncultured marine organisms. Moreover, since microorganisms produce natural products in response to environmental stresses, together with a range of highly selective culturing media, chemical, physical and biological elicitors that can trigger the biosynthesis of new metabolites were also tested [16, 19]. In addition, bioactive compound secretion was also achieved by Okazaki and co-workers [20] who used a medium containing ‘Kobu Cha’, a Japanese seaweed product, to trigger the production of a benzanthraquinone antibiotic by a marine actinomycete [16, 20].


    




    

      MARINE MICROBIAL BIODISCOVERY




      

        Culturing Bioactive Marine Bacteria for Biodiscovery




        The potential for biodiscovery from marine microorganisms is immense. Extensive microbial 16S rRNA sequence libraries are being established based on metagenomics data that provide location and function of marine microorganisms [21]. Currently, the number of prokaryotic species is estimated to be over a million [22], yet less than 0.1% of those have been cultured in the laboratory [23]. Therefore, it is very likely that the cultured microorganisms do not reflect the actual environmental diversity [22]. The establishment of pure microbial cultures poses the major challenge for microbiologists, but to date, it is still the ultimate goal for biodiscovery in order to examine the physiology, ecology, and metabolism of bioactive compound producing microorganisms [22].




        The physiochemical properties of the marine environment are highly unstable, which makes it difficult to recreate appropriate culturing conditions for marine bacteria in the laboratory [24]. The most obvious marine-specific nutrient for obligate marine microorganisms is sodium. Besides the conventional carbon and nitrogen sources, sediment extracts, sponge extracts, and natural seawater were also used to mimic natural environmental conditions [25]. Cultivation temperature may also play a key role, especially during the initial isolation attempts. Not all marine bacteria observed through microscopic counts form cultures on agar. Typically, the observed bacterial count using selective fluorochrome stains, such as DAPI (4,6-diamidino-2-phenylindole), which interacts with nucleic acids to facilitate bacterial counts that can be used with live cells [26], was at least three orders of magnitude higher than the counts achieved through conventional plating techniques [27]. Thus, enrichment techniques are often used, since artificial nutrient-rich agar plates or liquid cultures generally select for fast-growing species that often outcompete slow growing organisms [28]. Enrichment media can be regarded as selective media because it favours the growth of specific bacteria, but its main purpose is to increase the number of bacteria of interest to a detectable level [29]. For instance, recently described novel Salinispora species were isolated using successful enrichment methods based on the antibiotic resistances i.e. against novobiocin, and the ability of these actinomycetes to degrade recalcitrant chitin [30].




        Enrichments mainly yield fast-growing bacteria; however, since rare marine taxa have been reported to produce bioactive compounds, efficient high-throughput culturing (HTC) methods have been established to target novel and slow-growing marine bacteria. HTC approaches use low-nutrient media in microtitre plates and the concept of extinction cultures, which was already adopted by the biotech company Diversa Corporation, USA in the early 1980s [31]. Hereby, the samples are diluted to known minute numbers of bacteria ranging from 1 to 10 cells per well [32]. Bacteria are incubated individually for longer periods without being overgrown by fast-growing bacteria. This approach provides 14- to 1400-fold higher cultivation success than traditional microbiological isolation techniques. Previously uncultured marine Proteobacteria clades could be cultured by HTC, which were previously only known through metagenomic studies [33].




        Another promising approach to isolate marine bacteria is the diffusion chamber method, which allows connection between the cultured organisms and their environment [34, 35]. This approach separates the target microorganism through a semi-permeable membrane from their natural environment. Nutrients diffuse through the membrane, and toxic substances can diffuse away [36]. First attempts using this approach were very laborious, but successful high-throughput methods have been developed that increased the microbial recovery by up to 50% [35]. The isolation chip (iChip) is an effective version of diffusion chambers that can also be deployed in situ [37]. The iChip consists of hundreds of miniature diffusion chambers of approximately 1 mm diameter in a central plate, which is dipped into a microbial suspension in molten agar [37]. Semi-permeable membranes cover the central plate allowing diffusion of nutrients into the chamber but restrict the movement of the cells to the outside environment. Two supporting plates are screwed to the central plate providing sufficient pressure to seal the isolation [37]. This device allows simultaneous isolation of environmental bacteria. Initially, an environmental sample, i.e. sediment, is diluted so that approximately one bacterial cell is delivered to each miniature chamber, the device is then sealed with semi-permeable membranes between central and side plates, and incubated back in the natural environment where the sample was taken from originally. Once a colony of sufficient cells is produced, it is likely that the previously uncultured isolates are able to grow in vitro. This isolation approach has recently led to a major breakthrough in microbial research as the novel bacterium Eleftheria terrae could be isolated from soil samples [38]. This bacterium is the producer of the antibiotic teixobactin, the first new antibiotic class discovered in the last 30 years without detectable resistance [38]. To date, no marine bacteria have been isolated with the iChip, this was probably due to the so far limited incubation time of only two weeks [39]. However, with longer incubation times it might be probable to isolate marine bacteria with optimised iChip conditions in the future.


      


    




    

      INTEGRATED APPROACHES IN MICROBIAL BIODISCOVERY




      

        Unrevealing the Diversity and Genetic Potential of Microorganisms




        Recent molecular advances including genomic studies highlighted the differences in the genetic potential of different microorganisms that enable them to produce secondary metabolites [40]. Thus, genes coding for these compounds are not uniformly distributed in nature and in fact, most of the bacterial genomes might be lacking gene clusters specific to code secondary metabolite production [8]. However, naturally gifted actinomycetes have been found to possess more than 20 gene clusters coding the synthesis of secondary metabolites; examples include Streptomyces coelicolor [8, 41] and Streptomyces avermitilis [8, 42, 43]. Moreover, actinomycetes other than streptomycetes were also found to possess multiple gene clusters for secondary metabolism [44]. Genomic data now align with reoccurring trends of diverse metabolite secretions by rare actinomycetes. Furthermore, phylogenetically distant strains were claimed more likely to possess different genes than the phylogenetically related ones [8], as a result phylogenetically unrelated strains are more likely to be targeted for screening of new antibiotics as possession of different genes would enable them to produce of different metabolites [8]. Additionally, recent advances in DNA sequencing technologies made entire genome sequencing possible in rapid and inexpensive ways [45]. During these investigations, actinomycetes were found to contain genes encoding enzymes that synthesize an immense diversity of potential secondary metabolites. Investigations into the homologous and heterologous expression of these often “silent” cryptic secondary metabolite-biosynthetic genes under ordinary laboratory fermentation conditions, led to the discovery of novel secondary metabolites [46].


      




      

        Metagenomics and Genome Mining in Natural Product Discovery




        Diverse marine environments ranging from tropical to polar waters with their adapted marine microflora offer untapped sources for marine biodiscovery. Metagenomics allows for high-throughput analysis of the microbial diversity and distributions in the environment without the need of culturing [47]. Novel molecular advances in the field of metagenomics have been revealing an unprecedented microbial diversity established through sequence-based approaches and function-based approaches that enabled the detection of novel gene clusters from these ocean metagenomes [48, 49]. In the sequence-based approach, the DNA is extracted from environmental samples, such as marine sediment, seawater, or from marine macroorganisms such as sponges and other marine invertebrates to explore their symbionts. Then, generally a short region of the 16S gene is amplified to generate sequences that can be searched in databases and new bioinformatics tools such as the Quantitative Insights Into Microbial Ecology (QIIME) toolbox facilitate assessment of the microbial communities [50]. Metagenomic analyses have so far displayed the sheer number of ‘unculturable’ microorganisms in the environment including uncovering of a new group of low GC and ultra-small marine Actinobacteria [51].




        Functional metagenomics approaches aim to identify gene clusters that encode for bioactive metabolites have also facilitated biodiscoveries [49]. The increased knowledge of biosynthetic pathways, specifically of polyketide synthesis and non-ribosomal peptide synthesis, has opened the door for new development of molecular approaches to natural product drug discovery. Examples of these approaches have been recently been covered by Lane and Moore [40], Pimentel-Elardo et al. . [52], Sun et al. [53], Trindade-Silva et al. [54] and Zotchev et al. [49].


      




      

        One Strain Many Compounds (OSMAC) Approach




        Whole genome sequencing has revealed the true genetic potential of microorganisms; however, only a fraction of the biosynthetic genes are transcribed under laboratory conditions and many biosynthetic genes remain silent [55, 56]. Considering the functions of natural products in microorganisms, it is assumed that every natural product is a result of interactions of the organism with its environment [57, 58]. Manipulation of culture conditions with chemical or physical elicitors can exert stresses on the microbial culture and as a result, lead to enhanced production of secondary metabolites. In 2002, Bode and co-workers [59] reported that through slight changes such as media composition, aeration, culture vessel or the addition of enzyme inhibitors, large effects on the secondary metabolite production could be observed. Twenty different metabolites could be isolated from just one strain and the Zeek group gave this approach the term “one stain – many compounds (OSMAC)” [59, 60]. Although this approach was first adapted by Hans Zähner in 1977 and had been in use by the antibiotic industry from the mid-1960s [61]. Nowadays, this approach is a widespread practice and has resulted in the isolation of natural products with enhanced chemical diversity [62-65].


      




      

        Elicitation of the Microbial Metabolome: Community Cultures




        In natural environments, microorganisms usually exist in diverse microbial communities. Inter- and intra-specific interactions of microorganisms may stimulate and enhance natural product synthesis [57]. The specific mechanisms of these interactions have not been fully understood yet, although four different mechanisms have been proposed by Abdelmohsen and co-workers [66]. Metabolite synthesis may be triggered through (a) physical cell-to-cell interactions, (b) small molecule mediated interactions, (c) enzymes produced by one species that activate the metabolite precursor of another species. Alternatively, metabolite production could be made possible through gene transfer between two different species [66]. Community cultures (co-cultures) of two or more different microorganisms intend to mimic such interactions in the laboratory [56]. Even though, this approach is perceived as a recent concept; Martin and co-workers [67] already reported on the application of a 5-chambered diffusion apparatus ‘EcoLogen’ in 1974 and the device has been used by the group for co-cultivation of two organisms that were separated through a diffusive membrane [68]. Several studies have since exploited co-cultivations on solid agar or mixed liquid fermentations with or without diffusion cells to induce biosynthesis of bioactive natural products that are not expressed in standard pure cultures [69-73]. Cueto and co-workers [72] demonstrated that mixed fermentations stimulated the production of a new compound, pestalone (5, Fig. (2)), in a marine Pestalotia species when co-cultured with an unidentified antibiotic-resistant marine bacterium. Pestalone, which is active against Staphylococcus aureus and Enterococcus faecium, was not detected in monocultures of the Pestalotia strain [72].




        While these techniques allow interactions between different members of the cultured communities that could trigger the production of promising lead structures for biomedical research, co-cultures are highly dynamic and therefore difficult to reproduce. Furthermore, this technique still does not provide other variables of the source environment that in nature stimulate the production of secondary metabolites [56].
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Fig. (2))


        Pestalone (5), a new natural product triggered through co-cultivation.

      


    




    

      OVERCOMING THE SUPPLY ISSUES ENCOUNTERED IN MARINE BIODISCOVERY




      The re-supply of bioactive compounds derived from natural sources poses a major challenge, as natural populations of marine invertebrates are too small and often only minute amounts of the natural products are produced by these organisms [74]. Nonetheless, marine natural product drug discovery is now an interdisciplinary field, which combines traditional natural products chemistry, synthetic chemistry, microbial- and molecular biology, metabolomics and toxicology to maximize the rates of biodiscovery. The union of these disciplines has resulted in several success stories and delivered new drugs and examples are provided below.




      One of the most significant true marine drugs is the ascidian-derived anti-tumour agent trabectedin (6), marketed as Yondelis®. This compound was the first drug to be directly sourced from the marine environment. However, the producer Ecteinascidia turbinata only yielded 0.0001% of this compound [75]. Five grams of the natural product were needed for clinical trials, and to produce this amount of compound, an unsustainably large quantity of tunicate biomass (5 tonnes) was required [76]. Such extensive harvesting of the marine invertebrates can be restricted due to the general shortage of the marine organisms and can have adverse effects on the environment [74]. In the most extreme case, extinction of the target species could result [24]. Therefore, aquaculture and mariculture were implemented to retrieve more biomass of that ascidian Ecteinascidia turbinata [75]. However, yields of in-sea culturing are affected by environmental factors and often low; furthermore, diseases can spread easily in the farm environment; consequently, the pharmaceutical company PharmaMar needed to develop a new approach for full-scale production of the compound [77]. The structure of trabectedin was inherently similar to the base structures of safracins (7) and saframycines (8) both derived from terrestrial bacteria, indicating that trabectedin was of microbial origin Fig. (3) [78, 79]. PharmaMar established a semisynthetic process starting with the bacterial metabolite safracin B [75]. Total synthesis was also described, but the semisynthetic approach provided higher yields as well as additional related compounds [75, 80]. In 2007, Yondelis® was approved as a treatment for soft tissue sarcoma [81] - 38 years after the anti-cancer activity was first detected in the Ecteinascidia turbinata extract [82] and 21 years after the structure of the active compound was formally characterised [83,84]. Using metagenomics sequencing of the microbial DNA associated with the ascidian host later identified the biosynthetic gene cluster encoding for trabectedin, which could be linked to the yet uncultured gamma-proteobacterium termed ‘Candidatus Endoecteinascidia frumentensis’ based on complete genome sequencing [85].
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Fig. (3))


      Trabectedin (6) and related safracin A (7) and saframycine A (8).



      As it becomes more evident that symbiotic microorganisms are synthesising many natural products, cultivation of those microorganisms or heterologous gene expression techniques, where genes are expressed in a host organism, hold valuable alternatives to chemical synthesis or extraction from marine invertebrate sources [24, 55, 86-88]. For example, the cytotoxic patellamides A (9) and C (10) Fig. (4), originally produced by the cyanobacterium Prochloron didemni, could be produced through heterologous gene expression in E. coli [89]. Although this approach seems promising, at present it still has its constraints as not all genes will be expressed in all hosts, and it is likely that the target genes need specific chemical or environmental cues in order to be expressed [55, 90]. The supply problem is thus still the biggest hurdle to drug discovery from marine natural products [74], but examples like that of Yondelis® or the total synthesis of Halaven® bring great hope to the natural product research community [91, 92]. Natural products possess many valuable and unique features and there is a continuous interest in the discovery of new organisms, especially from unusual ecological niches [93]. New analytics and biotechnologies will further impel the field [94].
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Fig. (4))


      Patellamides A (9) and C (10) from ascidian-associated cyanobacteria.

    




    

      OVERCOMING THE ISSUE OF REDISCOVERY




      

        Dereplication Efforts




        Natural products are undoubtedly an important source of new drugs [3]; however, biological screening, large-scale fermentation, isolation and structure elucidation are very resource- and time-intensive stages of the chain of biodiscovery [95]. The frequent rediscovery of already known natural products in the past decades has resulted in a decline in the use of natural products as sources for pharmaceuticals; therefore, new analytical tools were required. To minimise rediscovery, efficient dereplication protocols have to be implemented early in natural product isolation efforts [95, 96]. Dereplication is the identification and elimination of known metabolites within samples that are targeted for new natural product discovery [96]. This is particularly important for microbial natural products, where microbial strains cannot easily be distinguished through morphological features and it is not guaranteed that strains that visually appear different also produce different secondary metabolites [17]. Conversely, strains that display similar morphological features might produce totally distinct metabolomes. Dereplication can either be performed at the microorganismal level or at the chemical extraction stage.


      




      

        Taxonomic Dereplication




        Molecular techniques currently allow dereplication at the genetic level such as the utilization of cluster analysis to identify and dereplicate bacterial species. 16S rRNA sequencing is a widely accepted technique to identify environmental bacteria by using a common gene that possesses the universal primer of all bacteria that is distinct to the small subunit rRNA of eukaryotic organisms [97]. Different microbial species have varying regions within the 16S rRNA sequence that, when matched up against 16S gene databases, can be utilized for identification. Even microorganisms that cannot be identified to the species level will at least be placed in a group of related organisms [97]. The American National Centre for Biotechnology Information (NCBI) offers an extensive open source database of nucleotide sequences and offers a basic local alignment search tool (BLAST) available at https://blast.ncbi.nlm.nih.gov/ that matches input sequences against all deposited sequences [98]. However, the ability to biosynthesise certain metabolites can vary even between different strains of the same taxonomic species [99, 100]. Conversely, facilitated through horizontal gene transfer, taxonomically distinct species may produce the same metabolites [101]. Therefore, culture-dependent methods that pre-screen microbial crude extracts are more commonly utilised by natural product chemists to evaluate the true potential of each bioactive strain.


      




      

        Chemical Dereplication




        Traditionally, sample selection was based on biological pre-screening of the crude extract and subsequent bioassay-guided fractionation was used to identify the bioactive metabolites in the sample [102]. This method is challenged by the repeated isolation of known natural products as it does not provide any chemical information about the active compounds in the extract. Recently, analytical spectroscopic and spectrometric data screening of the entire metabolome of an organism has become more popular to dereplicate samples, and more dereplication databases have emerged [17, 95]. Amongst others, these include the Dictionary of Natural Products, AntiBase, MarinLit, GNPS and DEREP-NP [95, 103-106].




        The two most common chemical profiling tools are LC-MS/MS and NMR profiling [107]. The advantages of mass spectrometry are the high resolution and sensitivity, as well as the possibility to use MS/MS fragmentation. However, the technique is highly dependent on ionisation of compounds, is difficult to quantify and replicate between different instruments and thus not universally applicable [107]. NMR techniques, on the other hand, have much lower resolution and sensitivity compared to MS, but NMR is non-selective, non-destructive, and reasonably quantitative, it requires minimal sample handling and undeniably its greatest advantage is that it provides structural information about the constituents of the extracts [107].




        Metabolomics was originally aimed at studying the total metabolomic processes within organisms and mostly applied in the human health sector, but also plant research has advanced the field of metabolomics [108]. More recently its application has become appreciated in natural products drug discovery, particularly for dereplication and mode of action studies [108]. Chemometric-metabolomics profiling approaches provide an overview of the expressed metabolites in extracts, reduce redundancy and can be used for large datasets without comprehensive fractionation. In chemometric-metabolomics approaches, the chemical profiles are subsequently analysed using multivariate statistics, such as Principal Component Analysis (PCA) or Partial Least Squares Discriminant Analysis (PLS-DA) [109, 110]. PCA is an unsupervised method that reduces multivariate data to a few principal components, while PLS-DA is a supervised technique that determines the variation within a dataset based on classification labels [111]. These techniques produce a scores plot that allows visualisation of the spectral variations of the samples [111]. Samples containing the same or similar chemical profiles will cluster together while differing profiles will cluster away from each other [109-111].




        Hou and co-workers [112] analysed a microbial collection of 47 samples using LC-MS and utilised PCA to prioritise chemically unique microbial strains for natural product discovery. They noted that one of the limiting factor to this analysis is that it is not readily applicable for large datasets and rather proposed a successive analysis of a smaller number of microbial isolates (20– 50 at a time) [112]. Even in their analysis of 47 isolate samples, over 25000 bucket variables derived from these samples and 74 principal components were needed to explain 98% of the variation in the dataset, indicating that the first two principal components most likely only accounted for a very small percentage of the variation in the data. Nonetheless, the group successfully selected a microbial strain that produced new natural products [113]. MS-based metabolomics approaches are now more commonly used to aid natural product discovery [64, 110, 114-117]. LC-MS data is easily matched against databases; however, if a compound is a ‘hit’ that does not match the database, LC-MS data does not provide any information about the compound except for its molecular mass. More recently, molecular networking based on MS/MS fragmentation patterns that allow assignment of structural classes to unknown compounds has gained a lot of popularity [118, 119].




        In recent years, NMR advancement led to faster acquisition through stronger magnets and made this technique more powerful and applicable for metabolomics studies [93, 120]. Yet, only a few natural products studies have used NMR-based metabolomics as a dereplication tool. Chen and co-workers [117] used 1H-NMR as well as LC-MS data for metabolomic profiling of sponge-associated actinomycetes. Thereby, 1H-NMR data of 64 microbial isolates was binned into 0.01 ppm integral regions and the resulting peaks were analysed via PCA. Comparison to LC-MS PCA revealed some overlap between the two analytical methods, which both identified a Streptomyces sp. to contain unique chemistry [117]. Schroeder and his co-workers [121] used differential analysis of double quantum filtered correlation spectroscopy (DOF-COSY) spectra, which they graphically analysed based on stacking of spectral bitmaps to identify of unique peaks. This was followed by detailed analysis of the unique signals and their corresponding spin-systems, which for a number of compounds was sufficient for their elucidation [121]. For more complex structures, additional HSQC, HMBC, and NOESY spectra were acquired, which identified two new natural products [121].


      


    




    

      BIODISCOVERY FROM MARINE ACTINOMYCETES




      Actinobacteria are Gram-positive and morphologically diverse bacteria [122]. Currently, intraclass relatedness of the class actinobacteria reveals the presence of nine orders (http://www.bacterio.net/-classifphyla.html, accessed 14-08-2017). Accordingly, in this review “Actinobacteria” will only refer to the “actinomycetes” covering the members of the order Actinomycetales. Actinomycetes are often filamentous and present diverse colony morphologies, which according to their function can be divided into areal hyphae, substrate mycelium, and in agar cultures often produce diffusible pigments [123, 124]. They inhabit a wide range of habitats from arid deserts to deep ocean sediments and are responsible for the production of many antibiotics, anticancer agents and immunosuppressive compounds [125, 126]. They are known to have symbiotic associations with plants, insects, and marine invertebrates [12, 127-129]. Actinomycetes, among other natural product producing bacteria, are the most prolific suppliers of bioactive compounds to the pharmaceutical industry [130].




      Studies of marine actinomycetes date back to the 1940s, when the pioneers of marine microbiology, ZoBell and Rosenfeld, recognised the antimicrobial potential of marine microorganisms [16]. However, only in the last two decades, extensive research in marine microbiology and chemistry has led to the isolation of many marine actinomycete species and the appreciation of their biosynthetic potential for drug discovery. Development of new cultivation techniques allowed isolation of marine actinomycetes, which have produced novel and structurally diverse chemistry [39, 131]. Of the total of over 1000 natural products isolated from marine actinomycetes, 700 were isolated in the last ten years (Fig. 5).




      The marine species described in these studies belong to the genera Dietzia, Streptomyces, Salinibacterium, Aeromicrobium, Williamsia, Verrucosispora Kocurea, and Polaribacter, as well as Salinispora, Demequina, Salinibacterium, Sciscionella, Serinococcus, and Micromonospora. So far, only a small fraction of actinomycetes can be cultivated from the marine environment. Truly marine-adapted actinomycetes are generally difficult to culture in the laboratory, due to their specific growth requirements [25, 132].
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Fig. (5))


      Number of natural products isolated from marine actinomycetes over the past decades.



      However, metagenomic data has revealed 10400 rRNA gene sequences of actinomycetes that are widely distributed throughout the marine environment; 16S rRNA genes have been isolated from the upper water column, different geological sediments, as well as marine sponges, ascidians, and seaweeds [133]. Considering that the marine environment makes up two thirds of the earth’s surface, isolations of marine actinomycetes have only been focused on a small range of geographic locations (Fig. 6). Before the year 2000, natural products had only been reported from twenty different of geographical locations. Once the natural products chemistry community acknowledged the value of marine actinomycetes for biodiscovery, a new focus was placed on new geographical regions, including the Sea of Japan, the China Sea and the Philippines Sea in the 2000s (Fig. 6). Since then the major focus of marine actinomycete biodiscovery has been the coastlines of the Northern hemisphere. Consulting the mapped distribution of collection locations Fig. (6), it becomes evident that there is still immense potential for new biodiscovery from less accessed regions. Particularly, the deep-sea environments remain largely unexplored, most likely due to difficult logistics of accessing these parts of the oceans. However, both cultivation methods and molecular techniques are shedding light into the existence and distribution of marine bacteria providing a broader picture on their biogeography. Such mapping has vital importance for design and development of natural product search and discovery strategies [134].
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Fig. (6))


      Collection locations of new compounds isolated from marine actinomycetes per decade (maps generated from data obtained from in MarinLit [103].



      

        Marine Actinomycete Derived Natural Product Diversity




        Marine actinomycetes, like their terrestrial counterparts, have an extraordinary large genome, which points towards an exciting potential to biosynthesize secondary metabolites with biological activity [135]. The first full genome sequenced from an obligate marine actinomycete species was that of Salinispora tropica strain CNB-440, one of the producers of salinosporamide A [136]. The genome is composed of an average G + C content of 69.5% and 17 secondary metabolic biosynthesis gene clusters, thus devoting approximately 10% of the genome to the production of natural products [136]. Genome sequencing of the marine actinomycete Salinispora arenicola revealed 39 biosynthetic loci that produce secondary metabolites [137], including saliniketals (11, [138]) and arenamides (12, Fig. (7)) [139]. However, it has become apparent that most biosynthetic genes are silent under normal laboratory conditions or only low concentrations of natural products are produced [140]. Genome sequences of Streptomyces coelicolor and Streptomyces avermitilis, two extensively studied species, also revealed interesting biosynthetic gene clusters with the potential to produce new natural products that are not yet expressed under the laboratory conditions [41, 43]. Thus, it seems necessary for marine actinomycete derived drug discovery that new culturing techniques and genome-based natural product mining develop in parallel. The culture-dependent approach is still very important to study the expressed bacterial metabolome, and if successful allows rapid assessment of structure, novelty and bioactivity [141]. In contrast, however, the culture-independent approach will reveal the full biosynthetic potential of marine actinomycetes.




        Actinomycetes have yielded several structurally unique and diverse natural products many of which were biologically active. Examples of bioactive marine actinomycete metabolites are: salinipyrones (anti-tumour, 13), proximicines (anti-tumour, antibiotic, 14), daryamides (anti-tumour, 15) or violaceins (anti-protozoal, 16) Fig. (7) [142-145]. The most promising discovery was salinosporamide A (17) produced by two rare Salinispora species. The compound is biosynthesized by an unusual hybrid PKS/NRPS pathway and features a bicyclic ring structure with a chloroethyl group and is functionalised with a cyclohexene [146]. Extracts showed IC50 values of less than 2 ng/mL against human colon carcinoma HCT-116 cells and were found to be a highly selective tumour cell growth inhibitor [147, 148]. Salinosporamide A, under the name Marizomib®, is currently sponsored by the biopharmaceutical company Celgene. The U.S. National Institute of Health reports the completion of two Phase I clinical trials for advanced malignancies and one Phase II clinical trial in patients with relapsed/refractory multiple myeloma [149]. Currently, two Phase I clinical trials are recruiting for combination therapy trials for glioblastoma and a Phase III trial of Marizomib® is set to recruit patients with newly diagnosed glioblastoma [149].




        We have investigated the chemical diversity of all marine actinomycete natural products that were reported in the literature until the year 2017. Thereof, we generated Self-Organising Maps (SOMs) based on the structural features of the compounds. ‘SOMs are a very useful tool to visualise highly multidimensional data in a non-linear fashion against a low-dimensional grid’ [150]. Here, we imported the structures of all marine actinomycete compounds into DataWarrior
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Fig. (7))


        Examples of bioactive marine actinomycete metabolites: saliniketal (11) and arenamide A (12) salinipyrone (13), proximycin A (14), daryamide A (15), violacein (16), salinosporamide A (17).



        (http://www.openmolecules.org/datawarrior/), using the ‘Create Self-Organising Map’ option, SOMs were generated based on certain molecular features such as FragFP and compounds were colour coded according to their genus source (Fig. 8). From this, it becomes clear that marine actinomycetes produce molecules of great diversity; particularly the genus Streptomyces produces the most diverse metabolites (Fig. 8). This is not surprising, Streptomyces from the terrestrial environment are known to be the most prolific natural product producing genus amongst the actinomycetes, and the same appears true for the marine environment where a total of 696 compounds have been isolated from these marine-sourced Streptomyces. Interestingly, it appears that all other genera are chemically distinct




        

          	Diversity of all actinomycete genera




          	Diversity of the genus Streptomyces





          	Diversity of actinomycete genera except Streptomyces



        




        with little to no overlap in terms of chemical diversity Fig. (8).




        Between2015 and 2017, 363 new natural products were derived from marine actinomycetes; this represents about one-third of the isolated compounds (based on data obtained from ESI files associated with the Natural Products Reports reviews on marine natural products [151-153]).Of these compounds 211 exhibited activities against a tested biological target,the majority of
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Fig. (8))


        SOMs illustrating chemical diversity of all isolated marine actinomycete compounds.



        actinomycete compounds were cytotoxic and antibacterial (Fig. 9). Only a few accounts of antimalarial (15), antifungal (10) and antitrypanosomal (5) have been reported to date (Fig. 9). However, the majority of compounds had not been tested against these targets and it is believed that further screening of these compounds will result in the description of additional bioactivities.
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Fig. (9))


        Tested bioactivities of all of the 363 new marine actinomycete natural products discovered and published in the literature between 2016 and 2018.

      




      

        Bioactivity Target: The Malaria Parasite




        Malaria is a vector-borne infectious disease, caused by a protozoan parasite from the genus Plasmodium, with Plasmodium falciparum causing the most severe form of human malaria [154]. In 2015, the malaria parasite was responsible for almost half a million human deaths mostly in developing countries of Africa, Latin America and South-East Asia [155]. Humans contract malaria when a female Anopheles mosquito feeds on human blood. As the mosquito takes a blood meal, Plasmodium sporozoites in its saliva are simultaneously injected into the human body, which then travel to the liver [154]. Here, they bind to negatively charged sugars and asexually reproduce to give rise to thousands of merozoites that invade red blood cells, where the intra-erythrocytic cycle begins [156]. Within the red blood cells, merozoites develop into the early trophozoites, also known as the ring form. The mature trophozoites asexually multiply, ultimately forming 16 - 32 daughter merozoites. The production of daughter merozoites causes the red blood cell to rupture, releasing merozoites into the bloodstream. At this stage, the disease manifests and the human host experiences symptoms of strong fevers and chills [157]. Some merozoites then re-invade new red blood cells, repeating the cycle. Inside the red blood cells, a small portion of merozoites will form schizonts, producing male and female gametocytes. The gametocytes are transmitted back to a mosquito as it takes a blood meal and there they fuse to form oocysts, which divide into sporozoites. These are then transferred to the mosquito’s saliva glands and the life cycle of the parasite begins again once the mosquito feeds on a new human host’s blood [157].




        Most drugs to treat malaria are natural products derived from plants. Quinine (18), chloroquine (19), artemisinin (20) and its derivatives, and antifolates are the most commonly used anti-plasmodial drugs, but resistance is emerging (Fig. 10). All currently available antimalarial drugs have similar modes of actions: antifolate drugs target the folate biosynthesis pathway, quinoline-type compounds interfere with the enzymatic conversion of toxic ferric haem into to a nontoxic form resulting in cell lysis of the parasite, and artemisinin blocks the production of phosphoinositol [158]. Resistance to chloroquine, the cheapest and safest antimalarial drug, was first reported in Asia in 1957 and by 1970 chloroquine-resistance was spread throughout Asia, Africa, and South America. Therefore, antifolate combination drugs were developed; however, the Plasmodium parasite developed resistance soon after their development. Artemisinin brought new hope to treat the disease and artemisinin mono and combination therapy proved effective against the parasite. In 2005, the World Health Organisation reported resistance to artemisinin at the Thailand-Cambodia border and advised withdrawal
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Fig. (10))


        Anti-plasmodial natural products: quinine (18), chloroquine (19), artemisinin (20), salinipostin A (21), a marine Streptomyces derived polyether (22) and naseseazine C (23).



        from monotherapy. The spread of artemisinin resistance presents a major threat to millions of people infected with malaria every year. The economic cost of further spread of treatment resistance is estimated at 146 million US$ and 130 million US$ for policy change in the affected areas [159]. A further 385 million US$ associated with productivity loss due to malaria caused morbidity and death have been estimated [159]. Therefore, new drugs with novel targets are urgently needed.




        Marine natural products have been again a new area of focus towards finding novel anti-plasmodial agents and marine bacteria have yielded anti-plasmodial natural products [158]. Salinosporamide A (17), from the marine actinomycete Salinispora tropica demonstrated potent activity against chloroquine-sensitive and resistant P. faliciparum clones. In a mouse model, growth inhibition of the parasite was observed at very low doses of 130 μg/kg [160]. The long-chain bicyclic phosphotriester compounds salinipostins A (21) - K isolated from the marine-sediment derived Salinispora species exhibited anti-plasmodial activity, with salinipostin A having the lowest EC50 (50 nM) and high selectivity against mammalian cells [161]. In a study by Na and co-workers [162], a marine Streptomyces sp. strain was identified that produced an anti-plasmodial polyether (22) (0.145 to 0.29 μM). The diketopiperazine dimer naseseazine C (23) was derived from a marine sediment Streptomyces species and displayed moderate anti-plasmodial activity of 3.52 µM [163]. Lipinski’s ‘rule of five’, which was based on physiochemical properties of orally available drugs [164], is often the guiding principal for lead-like and drug-like natural product libraries [165,166].Assessment of 126140 unique natural products indicated that 60% had no violation of Lipinski’s rule and 80% had less than two violations [166]. Abdelmohsen and co-workers [158] reviewed marine natural products and their drug potential that have biological activity against drug-resistant pathogens. It was found that also most of the marine natural products, including several marine microbial compounds and invertebrate compounds that are likely to be synthesised by a microbial symbiont, exhibit drug-like properties as they adhered to the Lipinski’s rule. Fewer anti-plasmodial compounds showed good oral bioavailability; particularly the salinipostins were unfavourable due to their high number of rotatable bonds, thus these characteristics should be assessed thoroughly before pursuing development [158]. However, Lipinski already stated that some orally active natural products do not adhere to the proposed ‘rule of five’ but can bind to specific transporters [164]. Intravenous administration could also be considered for non-orally active compounds. Thus, new discoveries of natural products from marine environments, specifically from symbiotic actinomycetes of marine macro-organisms might bring new prospects for the treatment of drug-resistant malarial infections.


      




      

        Untapped Ecological Niche: Ascidian - Actinomycete Associations




        Ascidians are sessile, filter-feeding marine invertebrates known to produce highly potent bioactive natural products [167]. These invertebrates are associated with a breadth of associated microorganisms and it has become evident that many of these bioactive metabolites are produced by an associated symbiont [168]. Didemnin B and ecteinascidin 743, two potent anti-tumour agents originally isolated from ascidians, have been proven to be of bacterial origin and similar evidence was found for about another 80 metabolites [169]. The associations between microorganisms and ascidians have been described as species-specific and can be of obligate or facultative nature [89, 170].




        Actinomycetes are commonly detected by molecular sequencing techniques in many ascidians [148, 171-173]. Most studies have been unable to conclusively confirm any functional role of ascidian-associated actinomycetes. In an ascidian from the Microcosmus genus, actinomycetes were associated with the digestive tract most likely through ingestion from the water column through feeding [174]. Actinomycetes in general play a key role in the digestion of recalcitrant organic matter in terrestrial invertebrates [175]. Consequently, through such characteristics, they might have a digestive functional role to play in ascidians that also feed on plankton containing excessive amounts of silica. Furthermore, numerous bioactive compounds isolated from ascidians have remarkable similarities to actinomycete-derived metabolites (Fig. 11). For instance, the ascidian antitumor compound, namenamicin (24), has striking structural similarity to calicheamicins (25) and esperamicins (26) both synthesised by actinomycetes [176-178]. Several staurosporine derivatives (e.g. 27), a structure class known to be synthesised by terrestrial and marine actinomycetes, have repeatedly been isolated from Eudistoma ascidians [179], pointing towards a functional role of staurosporine production by an associated actinomycetes strain [180-182]. Cultures of ascidian-associated actinomycetes have produced unique and novel chemistry under laboratory conditions; however, most studies were again inconclusive in revealing their functional roles in the ascidian actinomycete association. In the hunt for the true producers of namenamicin, He and co-workers [181] isolated a halophilic Micromonspora species, which produced lomaiviticins A (28) and B, two novel dimeric diazobenzofluorene glycosides that exhibit potent antitumor properties. A Streptomyces sp. strain isolated from Aplidium lenticulum at Heron Island, Australia, resulted in the discovery of the aromatic spiroketal polyketide griseorhodin A (29) [183] and Streptomyces sp. YM14-060 from an unidentified ascidian from Palau produced the new cytotoxic antibiotics, piericidins C7 and C8 (30) [184]. Another ascidian derived Micromonospora sp. yielded a new antimicrobial alkaloid, diazepinomicin (31, [185]); and peptidolipins B – F (32) with antibacterial properties were isolated from an ascidian-derived Nocardia species [186]. Recently, Zhang and co-workers [113] isolated the two new compounds micromonohalimanes A and B (33) from a Micromonospora sp. associated with the ascidian, Symplegma brakenhielmi; this is the first account of such halimane-type diterpenoids from Micromonospora.
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Fig. (11))


        Diverse secondary metabolites derived or potentially derived from ascidian-associated actinomycetes.

      




      

        Integrated Approaches to Maximize the Discovery Rate of Marine Actinomycetes as a Source of New Anti-Plasmodial Compounds: An Australian Example




        In the search for new chemical diversity and anti-plasmodial compounds, actinomycetes were isolated from three different marine ascidians from Hastings Point in Northern New South Wales, Australia. This marine environment is still largely unexplored and the ascidians belonged to the species Aplidium solidum, Polyclinum vasculosum and Symplegma rubra, which had not previously been studied for marine actinomycete biodiscovery [187] (Fig. 12). Metagenomic 16S rRNA profiling was initially utilised to identify the presence of actinomycete DNA in these ascidian samples. Subsequently, conventional techniques were employed to isolate a total of 120 diverse actinomycetes, belonging to 78 distinct OTUs [187]. These techniques were specifically efficient for the isolation of Streptomyces and Micromonospora species. After culturing the actinomycete collection in liquid ASW-A media for 2 weeks at 28°C, the cultures were separated from the media through centrifugation and extracted in methanol. The extracts were screened for anti-plasmodial activity and chemical diversity using LC-MS/MS-based molecular networking.




        Out of the 120 tested isolates, 63 exhibited inhibition against the Plasmodium falciparum (3D7) when tested at a concentration of 0.2 mg/mL Fig. (13a). At a lower dose (0.2 µg/mL) 18 isolates still showed inhibitory activity against the malaria parasite. The MS-based chemometric screening approach revealed the immense chemical diversity of the ascidian-associated isolates, and many genus- specific clusters were observed in the GNPS network [187].
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Fig. (12))


        Images of the three ascidians collected from Hastings Point, NSW, Australia (a) Symplegma rubra (b) Aplidium solidum (c) Polyclinum vasculosum (adapted from [187]).



        This further confirmed the notion that the chemical diversity is genus-specific as observed in the SOMs (Fig. 8). Five known natural product MS ions could be identified against the GNPS database [106]. However, most detected ions remained undescribed, indicating that these are potentially new metabolites. Because mass spectrometry does not give any indication about the concentrations nor about the types of molecules present in the extract, we also employed HSQC-TOCSY NMR fingerprinting of the extracts that demonstrated anti-plasmodial activity [188].




        The 2D NMR spectrum of the ascidian-associated Streptomyces species (USC-16018, (Fig. 13b)) indicated the presence of a broad diversity of polyketide-associated cross-peaks. Subsequent large-scale fermentation and preparative HPLC resulted in the purification of a new ansamycin polyketide, as well as the known natural products, elaiophylin, cyclo-L-Pro-L-Leu, cyclo-L-Pro-L-Phe, cyclo-L-Pro-L-Val and cyclo-L-Pro-L-Tyr [189]. It was previously reported that elaiophylin exhibited anti-plasmodial activity (IC50 0.22 µg/mL) [190]. Ansamycin polyketides have been identified from terrestrial and marine actinomycetes, with the 17-allylamino-geldanamycin derivative (17AAG) proceeding to advanced clinical trials as an anti-tumour drug [191]. Many ansamycin compounds act as Hsp90 inhibitors. When the Plasmodium parasite changes host, heat shock proteins including Hsp90 are highly expressed in the parasite and Hsp90 inhibitors have thus been proposed as a good drug target for anti-malarial drugs [156]. Therefore, the new compound was tested against a chloroquine-sensitive and chloroquine-resistant P. falciparum strain and caused inhibition (> 75%) of both parasite strains at a tested concentration of 40 µM [189].
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Fig. (13))


        a) Anti-plasmodial activity tested for 120 ascidian-associated actinomycetes at 0.2 mg/mL crude concentration; b) selected Streptomyces sp. USC-16018 (on oatmeal agar) isolated from S. rubra.



        This study exemplified how integrated approaches can be employed to tackle the issue of rediscovery [189]. Implementation of molecular, microbiological, mass spectrometry and NMR techniques highlighted the abundance and diversity of bioactive compound producing actinomycetes associated with marine ascidians and their immense chemical potential as scaffolds for new drug structures. Furthermore, chemometric profiling allowed informed selection of the most bioactive actinomycete isolate and resulted in the discovery of a new natural product.


      


    




    

      CONCLUSIONS AND PROSPECTS




      Natural products present the most successful ecologically adapted metabolites that have evolved to interact with specific biological targets and therefore make effective leads for drug discovery. Microbial natural products, specifically from marine actinomycetes, offer an unmatched structural diversity and can provide a sustainable source of supply. In the past numerous actinomycete metabolites have made their way as drugs to the pharmaceutical market. However, the isolation and elucidation of natural products is time consuming and rediscovery of already known compounds is a major challenge. Consequently, interdisciplinary approaches that connect molecular and microbiology, bioinformatics, metabolomics and analytical chemistry are needed for successful natural product drug discovery as well as in-depth understanding in marine ecology and functional metagenomics of marine bacteria [192]. As stated by Baltz [193] the achievements stemming from genomic sciences, coupled with advancements in genetic engineering of actinomycete secondary metabolite synthesis will result in the second Renaissance of new and potent antibiotic discovery.
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