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Abstract

:

Mangroves are woody plants located in tropical and subtropical intertidal coastal regions. The mangrove ecosystem is becoming a hot spot for natural product discovery and bioactivity survey. Diverse mangrove actinomycetes as promising and productive sources are worth being explored and uncovered. At the time of writing, we report 73 novel compounds and 49 known compounds isolated from mangrove actinomycetes including alkaloids, benzene derivatives, cyclopentenone derivatives, dilactones, macrolides, 2-pyranones and sesquiterpenes. Attractive structures such as salinosporamides, xiamycins and novel indolocarbazoles are highlighted. Many exciting compounds have been proven as potential new antibiotics, antitumor and antiviral agents, anti-fibrotic agents and antioxidants. Furthermore, some of their biosynthetic pathways have also been revealed. This review is an attempt to consolidate and summarize the past and the latest studies on mangrove actinomycetes natural product discovery and to draw attention to their immense potential as novel and bioactive compounds for marine drugs discovery.
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1. Introduction


In the past few decades, repeated isolation of known natural products and a reduced hit-rate of novel compounds from heavily investigated terrestrial microorganisms have limited the development of new and effective drugs for treating ever increasing human diseases [1]. On the other hand, the arising antibiotic-resistant pathogens present an urgent requirement for new bioactive compounds discovery. Hence, more and more researchers have switched over to new or extreme environments for novel pharmaceutical compounds such as deep oceans [2,3], deserts [4], polar areas [5] and mangroves [6]. The mangrove ecosystem has made its way into the researchers’ view because of its special ecosystem between sea and land, the superiority of easy sampling and the rich biological diversity.



Global mangroves are mainly distributed in Asia (42%), Africa (20%), North and Central America (15%), Oceania (12%) and South America (11%) [7], and cover about 60%–75% of the global tropical and subtropical coastlines [8]. Mangrove is a high moisture, high salinity, and hypoxia tolerant ecosystem [9] which breeds many kinds of novel microorganisms and plants that have been a rich source of bioactive natural products [10,11,12,13]. Mangrove trees have been acknowledged as medicinal plants by the local people. About 70 mangrove plant species of 27 genera have been reported and extracts from these plants showed antimicrobial activities against human, animal and plant pathogens as well as antinociceptive, anti-inflammatory, and extensive antipyretic activity [14,15]. In addition, Wu et al. [10,16] summarized the source, chemistry and bioactivity of natural products from semi-mangrove and true-mangrove and revealed the great research value of mangrove plants. Calcul et al. [12] screened 5486 mangrove endophytic fungi for antimalarial natural products and four new compounds with high bioactivity were found. More than 200 species of mangrove endophytic fungi were isolated and natural products from them showed potential anti-microbial and anti-tumor activity [13]. Meanwhile, over 2000 actinomycetes were isolated from mangroves and their secondary metabolites showed anti-infection, anti-tumor and protein tyrosine phosphatase 1B (PTP1B) inhibitory activity [11].



Actinomycetes are known to be active and numerous components of marine microbial communities as well as diverse in various marine ecosystems including mangroves. This valuable microbial community produces different types of fascinating and structurally complex natural products with biological activity. Numerous researches have indicated that actinomycetes secondary metabolites have potential as new antibiotics, antitumor agents, immunosuppressive agents and enzyme inhibitors [17]. Up till now, about 23,000 bioactive compounds produced by microorganisms have been reported and more than 10,000 among these compounds were isolated from actinomycetes [18]. It is worth mentioning that of 10,000 compounds, about 80% have been obtained from Streptomyces which is the most productive genus in the microbial world [19].



Recently, bioactivity studies of secondary metabolites from mangrove actinomycetes have become a hot spot. The reported screening tests are not only on antimicrobial, antineoplastic and PTP1B inhibitory activity [11] but also on protease, cellulase, amylase, esterase, l-asparaginase production [20,21]. Compounds with unique structure and potential medicinal use have been obtained from mangrove actinomycetes in recent years. The well-known compound salinosporamide A, is the first and most advanced marine actinomycete secondary metabolite to be processed for clinical trials for cancer treatment, and was actually produced by the Salinispora strain isolated from a mangrove sample [22]. Other examples are the xiamycins, which are indolosesquiterpenes compounds, isolated from prokaryotes for the first time [23]. Novel indolocarbazoles identified from a mangrove streptomycete present unprecedented cyclic N-glycosidic linkages between 1,3-carbon atoms of the glycosyl moiety and two indole nitrogen atoms of the indolocarbazole core with anticancer activity [24]. The mangrove environment is a virtually untapped source of novel and diverse natural products and needs much more attention.



The mangrove environment such as geographical location, pH, temperature, salinity, moisture and nutrient differs greatly in different regions so that mangrove actinomycetes are diverse and unique [6]. So far, 24 genera of 11 families and eight suborders under the actinomycetale containing three new genera have been isolated and identified from mangrove. Streptomyces has the biggest advantage in the ability to produce bioactive compounds as well as isolation quantity [25]. However, it is difficult to define an individual species or genus as unique mangrove actinomycetes based on the evidence provided by detailed phylogenetic characterization of the actinomycete genus Salinispora that an individual species can be cosmopolitan in distribution when its growth requirements are met [26]. The limitation of studied bacterial populations and resolution of analytical techniques make it uncertain of detecting bacterial endemism. Even so, new species and genus in mangrove represent to a certain degree the uniqueness of mangrove actinomycetes and indeed produce novel bioactive compounds or chemical scaffolds.



In this review, we summarize the vast majority of studies about mangrove actinomycetes natural products and pharmacological activity and attempt to uncover the value of mangrove actinomycetes as an important source of novel and bioactive compounds which could become new and effective marine drugs.




2. Natural Products Produced by Mangrove Actinomycetes


2.1. Alkaloids


2.1.1. Cyclic Dipeptides


A novel nitrogenous cyclic dipeptide (1) was isolated from the broth of Streptomyces sp. 124092 collected from rhizosphere soil of the mangrove plant Heritiera littoralis in Wenchang, Hainan, China and showed moderate cytotoxicity against SMMC-7721 with the IC50 value of 60 μg/mL [27]. The corresponding chemical structure is shown in Figure 1.
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Figure 1. The structure of cyclic dipeptide (1). 






Figure 1. The structure of cyclic dipeptide (1).



[image: Marinedrugs 12 02590 g001]






2.1.2. Indole Alkaloids


Xiamycin (2) and its methyl ester (4) were discovered by Ding et al. [23] and obtained from Streptomyces sp. GT2002/1503, an endophyte from the mangrove plant Bruguiera gymnorrhiza in Xiamen, China. These indolosesquiterpene compounds were isolated from prokaryotes for the first time. Xiamycin showed selective anti-HIV activity which specifically blocked R5 tropic HIV-1 infection and its methyl ester was more active in antimicrobial, cytotoxic and antiviral biological assays. This research group then isolated another three novel indolosesquiterpenes, xiamycin B (3), indosespene (5), sespenine (6) and the known xiamycin A (2) from the culture broth of Streptomyces sp. HKI0595, an endophyte of the widespread mangrove tree Kandelia candel in Xiamen, Fujian Province, China [28]. These three new compounds have been proved to have strong antimicrobial activities against several bacteria, including methicillin-resistant Staphylococcus aureus and vancomycin-resistant Enterococcus faecalis. The same research group continued to unveil the molecular basis for the first indole terpenoid pathway in a bacterium and found two indispensable cyclases including XiaE and XiaF. The xia biosynthesis enzymes were believed to be a novel addition to the family of terpene synthases and modifying enzymes in bacteria [29]. In addition, Li et al. [30] isolated xiamycin A from a marine-derived Streptomyces sp. SCSIO 02999, and identified and characterized its gene cluster which revealed an oxidative cyclization strategy tailoring indolosesquiterpene biosynthesis. What is more, XiaM was identified as an enzyme capable of converting a methyl group to a carboxyl group via triple hydroxylations in xiamycin A biosynthesis [31].



Streptocarbazoles, novel staurosporine analogs with unprecedented cyclic N-glycosidic linkages between 1,3-carbon atoms of the glycosyl moiety and two indole nitrogen atoms of the indolocarbazole core were other promising compounds isolated from mangrove actinomycetes. Streptocarbazoles A (7) and B (8) were obtained from Streptomyces sp. FMA isolated from mangrove soil collected in Sanya, Hainan Province of China [24]. Compound 7 was active against HL60, A549, P338 and HeLa cells with IC50 values of 1.4, 5.0, 18.9 and 34.5 µM, respectively, while compound 8 was cytotoxic against P388 and HeLa cells with IC50 values of 12.8 and 22.5 μM, respectively. Streptocarbazoles A was proved to arrest the cell cycle of HeLa cells in the G2/M phase at a concentration of 10 μM. Recently, the first cloning and characterization of an indolocarbazole gene cluster isolated from Streptomyces sanyensis FMA was reported and indolocarbazole biosynthesis was confirmed by gene inactivation and heterologous expression in Streptomyces coelicolor M1152 [32]. In addition, Li et al. [33] also found a new staurosporine analog (9) which showed significant cytotoxicity against human colon tumor cell HCT-116 (IC50 = 0.37 µM) from the culture broth of Streptomyces sp. 172614 collected from mangrove soil in Jiulongjiangkou, Fujian, China. The corresponding chemical structures are shown in Figure 2.
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Figure 2. The structures of indole alkaloids (2–9). 






Figure 2. The structures of indole alkaloids (2–9).
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2.1.3. Naphthyridines


A novel alkaloid benzo[f][1,7] naphthyridine (10) was isolated from Streptomyces albogriseolus MGR072 originating from mangrove sediments collected in the national mangrove reserve in Fujian Province of China [34]. Further study was done by Tian et al. [35] who accomplished its first total synthesis and determined the absolute configuration and also proved it could inhibit HGC-27 (human stomach carcinoma cell line) moderately at a concentration of 45 μg/mL. The corresponding chemical structure is showed in Figure 3.
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Figure 3. The structure of novel benzonaphthyridine alkaloid (10). 






Figure 3. The structure of novel benzonaphthyridine alkaloid (10).
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2.1.4. Pyrazine Derivatives


A new pyrazine derivative compound 11 was isolated from Jishengella endophytica 161111 [36], an endophytic actinomycetes which is a new genus of the Micromonosporaceae family [37]. This producer strain was isolated from a mangrove plant Acanthus illicifolius root in Hainan, China and compound 11 was proved to have no antivirus effects on H1N1. The corresponding chemical structure is shown in Figure 4.
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Figure 4. The structure of pyrazine derivative (11). 






Figure 4. The structure of pyrazine derivative (11).
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2.1.5. Salinosporamides


The best-studied secondary metabolite from mangrove actinomycetes is salinosporamide A (12) with γ-lactam-β-lactone bicyclic core. Feling et al. [22] reported it first in 2003 as a potent inhibitor of the 20S proteasome with an IC50 value of 1.3 nM from Salinispora tropica CNB-392 collected from a mangrove environment in Chub Cay, Bahamas, they then continued an extensive study of isolating seven other related γ-lactams (13–19) [38]. These compounds showed varying degrees of anticancer activities but no activity against Staphylococcus aureus (methicillin-resistant), Enterococcus faecium (vancomycin-resistant), and Candida albicans (wild-type and amphotericin-resistant) and Herpes simplex virus. In addition, they indicated that the chloroethyl moiety played a major role in the enhanced activity of salinosporamide A with a mean GI50 value of less than 10 nM in the NCI’s 60-cell-line panel. Then Liu et al. [39] reported the biosynthesis of salinosporamides from α,β-unsaturated fatty acids and discovered a new PKS extender unit propylmalonyl-CoA in the salinosporamide E biosynthesis. In addition total synthesis of salinosporamide A was reported by Endo and Danishefsky [40]. In 2010 Potts and Lam [41] carried out a review about the structures and activities of this class of compounds from fermentation and natural product chemistry, precursor-directed biosynthesis, mutasynthesis, semi-synthesis, and total synthesis. Then Potts et al. [42] gave a preclinical profile and a framework for clinical trials for Marizomib (salinosporamide A). The clinical trial of Marizomib in melanoma, pancreatic and lung cancer combined with the HDI (histone deacetylase inhibitor Vorinostat) showed highly synergistic antitumor activities [43]. Phase I trials in patients with advanced hematologic and solid malignancies also showed rapid, broad and effective proteasome inhibition with no significant PN, neutropenia or thrombocytopenia [44]. The corresponding chemical structures are shown in Figure 5.
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Figure 5. The structures of salinosporamides (12–19). 






Figure 5. The structures of salinosporamides (12–19).
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2.1.6. Other Alkaloids


A new cyclizidine analog named JBIR-102 (20) was obtained from Saccharopolyspora sp. RL78 in mangrove soil collected in Nosoko, Ishigaki Island, Okinawa Prefecture, Japan. Compound 20 was proved to exhibit cytotoxic activities against ACC-MESO-1 and HeLa cells with IC50 values of 39 and 29 μM, respectively [45]. Kyeremeh and co-workers reported a novel protonated aromatic tautomer of 5’-methylthioinosine (21) without obvious antibacterial activity from a novel actinomycete strain Micromonospora sp. K310 isolated from Ghanaian mangrove river sediment in Butre, Ghana [46]. The corresponding chemical structures are shown in Figure 6.
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Figure 6. The structures of other alkaloids (20–21). 






Figure 6. The structures of other alkaloids (20–21).
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2.2. Benzene Derivatives


2.2.1. p-Aminoacetophenonic Acids


In 2005, three new p-aminoacetophenonic acids (22–24) were isolated from Streptomyces griseus HKI0412 as an endophyte of the mangrove plant Kandelia candel near Xiamen City of Fujian Province, China. There was no activity research on these three compounds [47]. Then another four novel p-aminoacetophenonic acids (25–28) were reported in another endophyte Streptomyces sp. HK10552 of the mangrove plant Aegiceras corniculatum in the same sampling place, and these four compounds showed no cytotoxicity against the HeLa cell lines and no activity against HCV protease and SecA ATPase as well as VSVG/HIV-luc pseudotyping virus [48]. The corresponding chemical structures are shown in Figure 7.
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Figure 7. The structures of p-aminoacetophenonic acids (22–28). 






Figure 7. The structures of p-aminoacetophenonic acids (22–28).
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2.2.2. Benzamides


One new benzamide (29) was produced by a mangrove actinomycete Streptomyces sp. 061316 isolated from a mangrove soil sample in Wenchang, China [49]. Compound 29 showed no significant Caspase-3 inhibitory activity. The corresponding chemical structure is shown in Figure 8.
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Figure 8. The structure of benzamide (29). 






Figure 8. The structure of benzamide (29).
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2.2.3. Benzopyran derivatives


An anti-fibrotic benzopyran compound (30) was produced by Streptomyces xiamenensis 318 isolated from a mangrove sediment sample collected in the national mangrove reserve in Fujian Province of China. This compound had multiple inhibitory biological effects on lung excessive fibrotic characteristics by cell adhesion and proliferation assay at a concentration of 30 µg/mL [50]. The corresponding chemical structure is shown in Figure 9.
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Figure 9. The structure of novel benzopyran derivative (30). 






Figure 9. The structure of novel benzopyran derivative (30).



[image: Marinedrugs 12 02590 g009]






2.2.4. Phenols


2-Allyloxyphenol (31), as an important synthetic drug and chemical intermediate was obtained firstly from a new species Streptomyces sp. MS1/7. It was found to be an inhibitor to 21 bacteria and three fungi (Aspergillus niger MTCC 282, Candida albicans MTCC 227 and Saccharomyces cerevisiae MTCC 170) in the minimum range 0.2–1.75 mg/mL, and possessed strong antioxidant activity (IC50 = 22 μg/mL) [51]. The strain MS1/7 was isolated from sediments of the Sundarbans mangrove forest, India and the name Streptomyces sundarbansensis was proposed [52]. JBIR-94 (32) was isolated from Streptomyces sp. RL23 and RL66 collected from mangrove soil in Japan with antioxidative activity and it showed 1,1-diphenyl-2-picrylhydrazyl radical scavenging activity with the IC50 value of 11.4 μM [53,54]. The corresponding chemical structures are shown in Figure 10.
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Figure 10. The structures of phenols (31–32). 






Figure 10. The structures of phenols (31–32).
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2.2.5. Other Benzene Derivative


A novel nitrogenous compound named as p-tolyl-3-aminopropanoate (33) was produced by Streptomyces sp. 124092, the same strain as above and was proved to be moderately cytotoxic against SMMC-7721 with the IC50 value of 22 μg/mL [27]. The corresponding chemical structure is shown in Figure 11.
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Figure 11. The structure of novel benzene derivative (33). 






Figure 11. The structure of novel benzene derivative (33).
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2.3. Cyclopentenone Derivatives


Lin et al. [55] isolated four new cyclopentenone derivatives (34–37) from the endophytic Streptomyces sp. GT-20026114 collected from the leaves of the mangrove plant Aegiceras comiculatum in Xiamen, Fujian, China. However, these compounds showed no antimicrobial and antiviral activities. It is worth noting that the rare derivatives of compound 35 were isolated from a fungi previously but this is the first time the same type of novel compounds have been obtained from an actinomycete. The corresponding chemical structures are shown in Figure 12.
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Figure 12. The structures of cyclopentenone derivatives (34–37). 






Figure 12. The structures of cyclopentenone derivatives (34–37).
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2.4. Dilactones


2.4.1. Antimycins


A series of nine-membered dilactone antimycins isolated from mangrove actinomycetes also were reported. Antimycin A18 (38) with a higher activity against plant pathogenic fungi than blasticidin S (a commercialized fungicide) was isolated from an endophytic Streptomyces albidoflavus I07A-01824 which was isolated from the leaf of B. gymnorrhiza collected in Shankou, Guangxi Province, China [56]. Compound 38 was regarded as the first natural antimycin which has an 8-O-acetyl side chain. In further study, they found that antimycin A18 also could inhibit the growth of human HepG2 and KB cancer cells (IC50 = 0.12 and 0.92 μg/mL), and the strain I07A-01824 was the same as a known species, Streptomyces albidoflavus in morphological, cultural and physiological characteristics [57]. Han et al. [58] then reported another two new antimycin A analogues (39–40) with the first naturally occurring open nine-membered dilactone core in antimycin A. The producer Streptomyces lusitanus XM52 was isolated from the rhizosphere of the mangrove plant Avicennia mariana from Fujian Province, China. Antimycin B1 (39) was inactive against the bacteria Bacillus subtilis, Staphyloccocus aureus and Loktanella hongkongensis, but antimycin B2 (40) showed antibacterial activities against S. aureus and L. hongkongensis with MIC values of 32.0 and 8.0 μg/mL respectively. Two new compounds antimycin A19 (41) and A20 (42) were isolated from Streptomyces antibioticus H74-18 in the bottom soil of the mangrove zone in the south China sea and these compounds showed antifungal activities against Candida albicans with MIC of about 5–10 μg/mL [59]. In 2011 total synthesis of the (+)-antimycin A family was reported and the nine-membered dilactone ring was obtained successfully by lactonization of a 2-pyridinethiol ester bearing a TIPS group on the 8-OH [60]. The corresponding chemical structures are shown in Figure 13.
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Figure 13. The structures of antimycins (38–42). 






Figure 13. The structures of antimycins (38–42).



[image: Marinedrugs 12 02590 g013]






2.4.2. Other Dilactone


A novel dilactone (43) was obtained from an actinomycete strain (N2010-37) in the bottom mud of the Zhanjiang mangrove. This compound was proved to be cytotoxic against human chronic granulocytic leukemia cell line K562 in vitro with an IC50 value of 1.36 μM [61]. The corresponding chemical structure is shown in Figure 14.
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Figure 14. The structure of novel dilactone (43). 






Figure 14. The structure of novel dilactone (43).
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2.5. Macrolides


2.5.1. Ansa-macrolides


Ding et al. [62] reported divergolides A-D (44–47) with complex and diverse structures isolated from an endophyte Streptomyces sp. HKI0576 of the mangrove tree Bruguiera gymnorrhiza in China. Concerning their biological activities, divergolide A (44) showed the strongest activity against Mycobacterium vaccae, whereas divergolide D (47) was more active against Bacillus subtilis and Staphylococcus aureus and displayed prominent activity to lung cancer (LXFA 629L), pancreatic cancer (PANC-1), renal cancer (RXF 486L), and sarcoma (Saos-2) with IC50 values ranging from 1.0–2.0 µM. This was the first report on the discovery of ansamycins from a tree endophyte, and the degree of “in-built diversification” of these four compounds is unprecedented for complex polyketides. Zhao et al. [63] reported a total synthesis of divergolide A by a ring-closing metathesis (RCM) approach in 2012. Then in 2013 Rasapalli et al. [64] synthesized the western segment of divergolides C (46) and D and established the robustness of C4-C5 as a suitable approach to further total synthesis of divergolides C and D; this chemistry was also used for divergolides A and B (45). A new compound butremycin (48) was isolated from Micromonospora sp. K310, the same strain as above and showed weak inhibitory activity against S. aureus ATCC 25923, E. coli ATCC 25922 and methicillin-resistant S. aureus (MRSA) [46]. The corresponding chemical structures are shown in Figure 15.




2.5.2. Macrocyclic Dilactones


A new macrocyclic dilactone (49) named as JBIR-101 with potential anti-MPM (malignant pleural mesothelioma) activity was obtained from Promicromonospora sp. RL26 from mangrove soil in Japan [65]. The corresponding chemical structure is shown in Figure 16.
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Figure 15. The structures of ansa-marolides (44–48). 






Figure 15. The structures of ansa-marolides (44–48).
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Figure 16. The structure of JBIR-101 (49). 






Figure 16. The structure of JBIR-101 (49).
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2.5.3. Macrocyclic Lactones


A new conjugate pentaene macrolide named fungichromin B (50) was isolated from Streptomyces albogriseolus HA10002 collected from mangrove sediment in Hainan, China. Fungichromin B showed nematicidal activity against 2-stage juveniles of M. incognita and M. javanica with LD50 values of 7.64 and 7.83 μg/mL, and also showed a wide antifungal spectrum [66]. The first reported compound from mangrove actinomycetes was the novel chalcomycin B (51) isolated from the culture broth of a marine Streptomyces sp. B7064 which was collected from mangrove sediment near Pohoiki, Hawaii. These two macrolides showed potent activity against Staphylococcus aureus (MIC = 0.39 μg/mL), Bacillus subtilis (MIC = 6.25 μg/mL) and antimicrobial activity to Chlorella vulgaris, Chlorella sorokiniana and Scenedesmus subspicatus at the MIC of 50 μg/mL [67]. Two new macrocyclic lactones were identified as azalomycin F4a 2-ethylpentyl ester (52) and azalomycin F5a 2-ethylpentyl ester (53) by Yuan et al. [68]. They were isolated from the broth of mangrove Streptomyces sp. 211726 which was isolated from mangrove rhizosphere soil of Heritiera globosa collected in Wenchang, China. Compounds 52 and 53 showed activity against Candida albicans ATCC 10231 at the MIC of 2.34 and 12.5 μg/mL and moderate cytotoxicity against HCT-116 cell line with IC50 values of 5.64 and 2.58 μg/mL. Recently, another seven new azalomycin F analogs (54–60) were identified from this strain with the same fermentation condition and showed broad-spectrum antimicrobial activity and moderate cytotoxicity against HCT-116 in vitro with IC50 values of 1.81–5.00 μg/mL [69]. Moreover, these seven compounds also exhibited broad-spectrum antimicrobial activity against Candida albicans ATCC 10231, Staphylococcus aureus S014, Bacillus subtilis S028 and Escherichia coli S002. The corresponding chemical structures are shown in Figure 17.
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Figure 17. The structures of macrocyclic lactones (54–60). 






Figure 17. The structures of macrocyclic lactones (54–60).
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2.6. 2-Pyranones Derivatives


In 2010, three new 2-pyranone derivatives, namely norcardiatones A (61), B (62) and C (63) were isolated from the agar cultures of the strain Nocardiopsis sp. A00203 which was isolated from the leaves of Aegiceras corniculatum in Jimei, Fujian, China [70]. However, they had no inhibitory effect on Escherichia coli, Bacillus subtilis, Staphylococcus aureus and yeasts at a concentration of 50 µg/disc and only norcardiatone A showed weak cytotoxicity against HeLa cells (10 µg/mL, 2.73% and 20 µg/mL, 7.39%). The corresponding chemical structures are shown in Figure 18.
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Figure 18. The structures of 2-pyranone derivatives (61–63). 






Figure 18. The structures of 2-pyranone derivatives (61–63).
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2.7. Sesquiterpenes


2.7.1. Eudesmene-Type Sesquiterpenes


A new degraded sesquiterpene (64) with a eudesmane-type skeleton was obtained from Streptomyces sp. 0616208 which was isolated from mangrove sediment in the South China Sea [71]. Its structure was elucidated as (1α, 4aα, 5α, 7β, 8aβ)-5, 8a-dimethyldecahydrona-phthalene-1, 4a, 7-triol and compound 64 showed moderate cytotoxicity against human hepatoma SMMC-7721 cell line. Kandenols A–E (65–69) were reported by Ding et al. in 2012 [72]. These novel compounds were isolated from Streptomyces sp. HKI0595 which was the same producer of xiamycins and exhibited no cytotoxicity against 12 human cell lines, and weak antimicrobial activities against Bacillus subtilis ATCC 6633 and Mycobacterium vaccae IMET 10670. Compound 69 was believed to be the first bacterial agarofuran, while compounds 67 and 68 with hydroperoxide groups were also unusual. Notably, the family of eudesmanes are secondary metabolites mainly from plants. The corresponding chemical structure is shown in Figure 19.
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Figure 19. The structure of eudesmene-type sesquiterpene (64–69). 






Figure 19. The structure of eudesmene-type sesquiterpene (64–69).
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2.7.2. Germacrane-Type Sesquiterpenes


Guan et al. [73] isolated two novel germacrane-type sesquiterpene alcohols (70–71) without bioactivity research reports from a subspecies of Streptomyces griseus collected from an endophyte of the mangrove plant Kandelia candel in Xiamen city of Fujian Province, China. The corresponding chemical structures are shown in Figure 20.
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Figure 20. The structures of germacrane-type sesquiterpenes (70–71). 






Figure 20. The structures of germacrane-type sesquiterpenes (70–71).
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2.8. Miscellaneous


2.8.1. 2-Acylglycerol Derivatives


A new compound named 15-methyl hexadecanoic acid 2-acylglycerol (72) was discovered in Streptomyces sp. 211726, the same strain as above [74]. Compound 72 showed no obvious cytotoxicity against HCT-116 cell line (IC50 > 20 µg/mL). The corresponding chemical structure is shown in Figure 21.
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Figure 21. The structure of 2-acylglycerol derivative (72). 






Figure 21. The structure of 2-acylglycerol derivative (72).
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2.8.2. Flavones


A new di-O-prenylated flavone (73) was obtained from Streptomyces sp. MA-12 isolated from the root of the semi-mangrove plant Myoporum bontioides A collected in Leizhou Peninsula, Guangdong Province, China. It showed moderate inhibitory activity against three plant pathogenic fungi including Colletotrichum musae, Gibberella zeae and Penicillium citrinum at a concentration of 0.25 mM [75]. The corresponding chemical structure is shown in Figure 22.



Inevitably, known compounds have also been isolated from mangrove actinomycetes. Table 1 represents these various known compounds and their bioactivity. Meanwhile, chemical structures and respective sources are also listed.
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Figure 22. The structure of novel flavone (73). 






Figure 22. The structure of novel flavone (73).
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Table 1. Known secondary metabolites isolated from mangrove actinomycetes.
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Compound

	
Isolate

	
Source

	
Bioactivity

	
Reference






	
 [image: Marinedrugs 12 02590 i001]

	
Streptomyces sp. 060524

	
Mangrove seaweed (Haikou, China)

	
Antitumor

	
[76]




	
 [image: Marinedrugs 12 02590 i002]

	
Micromonospora sp. M2DG17

	
Composite mangrove sediment (Haikou, China)

	
Antitumor

	
[77,78]




	
 [image: Marinedrugs 12 02590 i003]

	
Jishengella endophytica 161111

	
Mangrove rhizosphere soil and root (Hainan, China)

	
Anti-H1N1 virus

	
[36,37]




	
 [image: Marinedrugs 12 02590 i004]

	
Streptomyces sp. 172614

	
Mangrove soil (Fujian, China)

	
Antitumor

	
[33]




	
 [image: Marinedrugs 12 02590 i005]

	
Streptomyces sp. 061316

	
Mangrove soil (Wenchang, China)

	
Caspase-3 inhibitory activity

	
[49]




	
 [image: Marinedrugs 12 02590 i006]

	
Marine actinomycete strain H83-3

	
Mangrove bottom mud (South China Sea)

	
Antifungal

	
[79]




	
 [image: Marinedrugs 12 02590 i007]

	
Streptomycete sp. B7064

	
Mangrove sediment (Pohoiki, Hawaii)

	
Antimicrobial

	
[67]




	
 [image: Marinedrugs 12 02590 i008]

	
Streptomyces antibioticus H74-18

	
Mangrove bottom soil (South China Sea)

	
Antifungal

	
[59]




	
 [image: Marinedrugs 12 02590 i009]

	
Micromonospora rifamycinica AM105

	
Mangrove sediment (South China Sea)

	
Antibacterial

	
[80]




	
 [image: Marinedrugs 12 02590 i010]

	
Streptomyces sp. 211726

	
Mangrove rhizosphere soil (Wenchang, China)

	
Antimicrobial Antitumor

	
[68]




	
 [image: Marinedrugs 12 02590 i011]

	
Streptomyces griseus subsp.

	
Mangrove plant stems (Xiamen, China)

	
Unknown

	
[73]












3. Concluding Remarks and Future Perspectives


Mangrove actinomycetes as productive microbial communities are becoming a hot spot for natural products studies. Until the time of writing, 122 various secondary metabolites including 73 new and 49 known compounds isolated from mangrove actinomycetes had been collected including alkaloids, benzene and cyclopentenone derivatives, dilactones, macrolides, 2-pyranones, sesquiterpenes and some attractive structures such as salinosporamides, xiamycins and novel indolocarbazoles which have been highlighted. Although some known compounds have been isolated repeatedly, they have been proven to show potential novel bioactivity together with the adoption of more and more new bioactivity screenings and tests. Macrolides, alkaloids and sesquiterpenes form the majority of these significant compounds with alkaloids being the most. It has been observed that the genus Streptomyces among mangrove actinomycetes as natural product producers is the richest source followed by the genus Micromonospora. Indol alkaloids including indolosesquiterpenes and indolocarbazoles, macrolides and benzene derivatives are the main natural products of the genus Streptomyces. Alkaloids and sesquiterpenes are the main secondary metabolites of the genus Micromonospora. Alkaloids are the main natural products of two novel genus Jishengella and Salinispora and therein salinosporamides with specific structures have received significant attention. Obviously, the study on mangrove actinomycetes and their secondary metabolites is just beginning and mangrove actinomycetes require urgent exploitation as a valuable source of natural products. The use of novel strategies such as screening model building, sequence-based screening, genome mining or selective isolation from new species may improve the efficiency of discovering oruginal natural products from mangrove actinomycetes.



Although the isolation of natural products from mangrove actinomycetes has given some inspiring and gratifying results, challenges still exist for the following reasons: (1) frequent rediscovery of known natural products; (2) technical challenges associated with their purification and structural identification; (3) the continued decline of the mangroves and complete disappearance of the mangroves over the next 100 years according to the present rate of loss [7]; (4) the not applicable traditional screening strategies at breaking through the existing bottleneck and the not yet mature novel screening strategies which retain some limitations; (5) vast uncultivable environmental microbes as an unexploited source of natural products; (6) the financial cost of new natural product discovery. There still remains a lot of work to unearth the potential of mangrove actinomycetes as natural product producers. If the current limitations of technologies or strategies could be gradually conquered, there will be a bright future for natural products from mangrove actinomycetes as novel marine drugs for the benefit of human health.







Acknowledgments


This work was partially supported by the China “973” program (2012CB721001), “863” Program (2012AA092201), the National Natural Science Foundation of China (No.31170467) and the EU FP7 project PharmaSea (312184).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Debbab, A.; Aly, A.H.; Lin, W.H.; Proksch, P. Bioactive compounds from marine bacteria and fungi. Microb. Biotechnol. 2010, 3, 544–563. [Google Scholar] [CrossRef]

	



Thornburg, C.C.; Zabriskie, T.M.; McPhail, K.L. Deep-sea hydrothermal vents: Potential hot spots for natural products discovery? J. Nat. Prod. 2010, 73, 489–499. [Google Scholar] [CrossRef]

	



Abdel-Mageed, W.M.; Milne, B.F.; Wagner, M.; Schumacher, M.; Sandor, P.; Pathom-aree, W.; Goodfellow, M.; Bull, A.T.; Horikoshi, K.; Ebel, R.; et al. Dermacozines, a new phenazine family from deep-sea dermacocci isolated from a Mariana Trench sediment. Org. Biomol. Chem. 2010, 8, 2352–2362. [Google Scholar] [CrossRef]

	



Bull, A.T.; Asenjo, J.A. Microbiology of hyper-arid environments: Recent insights from the Atacama Desert, Chile. Antonie Van Leeuwenhoek 2013, 103, 1173–1179. [Google Scholar] [CrossRef]

	



Liu, J.T.; Lu, X.L.; Liu, X.Y.; Gao, Y.; Hu, B.; Jiao, B.H.; Zheng, H. Bioactive natural products from the antarctic and arctic organisms. Mini Rev. Med. Chem. 2013, 13, 617–626. [Google Scholar] [CrossRef]

	



Amrita, K.; Nitin, J.; Devi, C.S. Novel bioactive compounds from mangrove derived actinomycetes. Int. Res. J. Pharm. 2012, 3, 25–29. [Google Scholar]

	



Giri, C.; Ochieng, E.; Tieszen, L.L.; Zhu, Z.; Singh, A.; Loveland, T.; Masek, J.; Duke, N. Status and distribution of mangrove forests of the world using earth observation satellite data. Glob. Ecol. Biogeogr. 2011, 20, 154–159. [Google Scholar] [CrossRef]

	



Holguin, G.; Vazquez, P.; Bashan, Y. The role of sediment microorganisms in the productivity, conservation, and rehabilitation of mangrove ecosystems: An overview. Biol. Fertil. Soils 2001, 33, 265–278. [Google Scholar] [CrossRef]

	



Wu, S.L.; Jiang, L.M. Recent advances in mangrove actinomycetes. Curr. Biotechnol. 2012, 2, 335–340. [Google Scholar]

	



Li, M.Y.; Xiao, Q.; Pan, J.Y.; Wu, J. Natural products from semi-mangrove flora: Source, chemistry and bioactivities. Nat. Prod. Rep. 2009, 26, 281–298. [Google Scholar] [CrossRef]

	



Hong, K.; Gao, A.H.; Xie, Q.Y.; Gao, H.; Zhuang, L.; Lin, H.P.; Yu, H.P.; Li, J.; Yao, X.S.; Goodfellow, M.; et al. Actinomycetes for marine drug discovery isolated from mangrove soils and plants in China. Mar. Drugs 2009, 7, 24–44. [Google Scholar] [CrossRef]

	



Calcul, L.; Waterman, C.; Ma, W.S.; Lebar, M.D.; Harter, C.; Mutka, T.; Morton, L.; Maignan, P.; van Olphen, A.; Kyle, D.E.; et al. Screening mangrove endophytic fungi for antimalarial natural products. Mar. Drugs 2013, 11, 5036–5050. [Google Scholar] [CrossRef]

	



Liu, A.R.; Wu, X.P.; Xu, T. Research advances in endophytic fungi of mangrove. J. Appl. Ecol. 2007, 18, 912–918. [Google Scholar]

	



Shilpi, J.A.; Islam, M.E.; Billah, M.; Islam, K.M.; Sabrin, F.; Uddin, S.J.; Nahar, L.; Sarker, S.D. Antinociceptive, anti-inflammatory, and antipyretic activity of mangrove plants: A mini review. Adv. Pharmacol. Sci. 2012, 2012, 576086:1–576086:7. [Google Scholar]

	



Patra, J.K.; Mohanta, Y.K. Antimicrobial compounds from mangrove plants: A pharmaceutical prospective. Chin. J. Integr. Med. 2014, 20, 311–320. [Google Scholar] [CrossRef]

	



Wu, J.; Xiao, Q.; Xu, J.; Li, M.Y.; Pan, J.Y.; Yang, M.H. Natural products from true mangrove flora: Source, chemistry and bioactivities. Nat. Prod. Rep. 2008, 25, 955–981. [Google Scholar] [CrossRef]

	



Dharmaraj, S. Marine Streptomyces as a novel source of bioactive substances. World J. Microbiol. Biotechnol. 2010, 26, 2123–2139. [Google Scholar] [CrossRef]

	



Berdy, J. Bioactive microbial metabolites. J. Antibiot. 2005, 58, 1–26. [Google Scholar] [CrossRef]

	



Watve, M.G.; Tickoo, R.; Jog, M.M.; Bhole, B.D. How many antibiotics are produced by the genus Streptomyces? Arch. Microbiol. 2001, 176, 386–390. [Google Scholar] [CrossRef]

	



He, J.; Zhang, D.; Xu, Y.; Zhang, X.; Tang, S.; Xu, L.; Li, W. Diversity and bioactivities of culturable marine actinobacteria isolated from mangrove sediment in Indian Ocean. Acta Microbiol. Sin. 2012, 52, 1195–1202. [Google Scholar]

	



Usha, R.; Mala, K.K.; Venil, C.K.; Palaniswamy, M. Screening of actinomycetes from mangrove ecosystem for l-asparaginase activity and optimization by response surface methodology. Pol. Soc. Microbiol. 2011, 60, 213–221. [Google Scholar]

	



Feling, R.H.; Buchanan, G.O.; Mincer, T.J.; Kauffman, C.A.; Jensen, P.R.; Fenical, W. Salinosporamide A: A highly cytotoxic proteasome inhibitor from a novel microbial source, a marine bacterium of the new genus Salinospora. Angew. Chem. Int. Ed. Engl. 2003, 42, 355–357. [Google Scholar] [CrossRef]

	



Ding, L.; Munch, J.; Goerls, H.; Maier, A.; Fiebig, H.H.; Lin, W.H.; Hertweck, C. Xiamycin, a pentacyclic indolosesquiterpene with selective anti-HIV activity from a bacterial mangrove endophyte. Bioorg. Med. Chem. Lett. 2010, 20, 6685–6687. [Google Scholar] [CrossRef]

	



Fu, P.; Yang, C.; Wang, Y.; Liu, P.; Ma, Y.; Xu, L.; Su, M.; Hong, K.; Zhu, W. Streptocarbazoles A and B, two novel indolocarbazoles from the marine-derived actinomycete strain Streptomyces sp. FMA. Org. Lett. 2012, 14, 2422–2425. [Google Scholar] [CrossRef]

	



Hong, K. Actinomycetes from mangrove and their secondary metabolites—A review. Acta Microbiol. Sin. 2013, 53, 1131–1141. [Google Scholar]

	



Jensen, P.R.; Mafnas, C. Biogeography of the marine actinomycete Salinispora. Environ. Microbiol. 2006, 8, 1881–1888. [Google Scholar] [CrossRef]

	



Xie, X.C.; Mei, W.L.; Zeng, Y.B.; Lin, H.P.; Zhuang, L.; Dai, H.F.; Hong, K. Cytotoxic active components from marine Streptomyces sp. 124092. Chem. J. Chin. Univ. 2008, 29, 2183–2186. [Google Scholar]

	



Ding, L.; Maier, A.; Fiebig, H.H.; Lin, W.H.; Hertweck, C. A family of multicyclic indolosesquiterpenes from a bacterial endophyte. Org. Biomol. Chem. 2011, 9, 4029–4031. [Google Scholar] [CrossRef]

	



Xu, Z.; Baunach, M.; Ding, L.; Hertweck, C. Bacterial synthesis of diverse indole terpene alkaloids by an unparalleled cyclization sequence. Angew. Chem. Int. Ed. Engl. 2012, 51, 10293–10297. [Google Scholar] [CrossRef]

	



Li, H.; Zhang, Q.; Li, S.; Zhu, Y.; Zhang, G.; Zhang, H.; Tian, X.; Zhang, S.; Ju, J.; Zhang, C. Identification and characterization of xiamycin A and oxiamycin gene cluster reveals an oxidative cyclization strategy tailoring indolosesquiterpene biosynthesis. J. Am. Chem. Soc. 2012, 134, 8996–9005. [Google Scholar] [CrossRef]

	



Zhang, Q.; Li, H.; Li, S.; Zhu, Y.; Zhang, G.; Zhang, H.; Zhang, W.; Shi, R.; Zhang, C. Carboxyl formation from methyl via triple hydroxylations by XiaM in xiamycin A biosynthesis. Org. Lett. 2012, 14, 6142–6145. [Google Scholar] [CrossRef]

	



Li, T.; Du, Y.; Cui, Q.; Zhang, J.; Zhu, W.; Hong, K.; Li, W. Cloning, characterization and heterologous expression of the indolocarbazole biosynthetic gene cluster from marine-derived Streptomyces sanyensis FMA. Mar. Drugs 2013, 11, 466–488. [Google Scholar] [CrossRef]

	



Li, X.B.; Tang, J.S.; Gao, H.; Ding, R.; Li, J.; Hong, K.; Yao, X.S. A new staurosporine analog from actinomycetes Streptomyces sp. 172614. J. Asian Nat. Prod. Res. 2011, 13, 765–769. [Google Scholar] [CrossRef]

	



Li, X.L.; Xu, M.J.; Zhao, Y.L.; Xu, J. A novel benzo[f][1,7]naphthyridine produced by Streptomyces albogriseolus from mangrove sediments. Molecules 2010, 15, 9298–9307. [Google Scholar]

	



Tian, C.; Jiao, X.; Liu, X.; Li, R.; Dong, L.; Liu, X.; Zhang, Z.; Xu, J.; Xu, M.; Xie, P. First total synthesis and determination of the absolute configuration of 1-N-methyl-3-methylamino-[N-butanoicacid-3-(9-methyl-8-propen-7-one)-amide]-benzo[f][1,7]naphthyridine-2-one, a novel benzonaphthyridine alkaloid. Tetrahedron Lett. 2012, 53, 4892–4895. [Google Scholar]

	



Wang, P.; Kong, F.; Wei, J.; Wang, Y.; Wang, W.; Hong, K.; Zhu, W. Alkaloids from the mangrove-derived actinomycete Jishengella endophytica 161111. Mar. Drugs 2014, 12, 477–490. [Google Scholar] [CrossRef]

	



Xie, Q.Y.; Wang, C.; Wang, R.; Qu, Z.; Lin, H.P.; Goodfellow, M.; Hong, K. Jishengella endophytica gen. nov., sp. nov., a new member of the family micromonosporaceae. Int. J. Syst. Evol. Microbiol. 2011, 61, 1153–1159. [Google Scholar] [CrossRef]

	



Williams, P.G.; Buchanan, G.O.; Feling, R.H.; Kauffman, C.A.; Jensen, P.R.; Fenical, W. New cytotoxic salinosporamides from the marine actinomycete Salinispora tropica. J. Org. Chem. 2005, 70, 6196–6203. [Google Scholar] [CrossRef]

	



Liu, Y.; Hazzard, C.; Eustaquio, A.S.; Reynolds, K.A.; Moore, B.S. Biosynthesis of salinosporamides from α,β-unsaturated fatty acids: Implications for extending polyketide synthase diversity. J. Am. Chem. Soc. 2009, 131, 10376–10377. [Google Scholar]

	



Endo, A.; Danishefsky, S.J. Total synthesis of salinosporamide A. J. Am. Chem. Soc. 2005, 127, 8298–8299. [Google Scholar] [CrossRef]

	



Potts, B.C.; Lam, K.S. Generating a generation of proteasome inhibitors: From microbial fermentation to total synthesis of salinosporamide A (Marizomib) and other salinosporamides. Mar. Drugs 2010, 8, 835–880. [Google Scholar] [CrossRef]

	



Potts, B.C.; Albitar, M.X.; Anderson, K.C.; Baritaki, S.; Berkers, C.; Bonavida, B.; Chandra, J.; Chauhan, D.; Cusack, J.C., Jr.; Fenical, W.; et al. Marizomib, a proteasome inhibitor for all seasons: Preclinical profile and a framework for clinical trials. Curr. Cancer Drug Targets 2011, 11, 254–284. [Google Scholar] [CrossRef]

	



Millward, M.; Price, T.; Townsend, A.; Sweeney, C.; Spencer, A.; Sukumaran, S.; Longenecker, A.; Lee, L.; Lay, A.; Sharma, G.; et al. Phase 1 clinical trial of the novel proteasome inhibitor marizomib with the histone deacetylase inhibitor vorinostat in patients with melanoma, pancreatic and lung cancer based on in vitro assessments of the combination. Investig. New Drugs 2012, 30, 2303–2317. [Google Scholar] [CrossRef]

	



Lawasut, P.; Chauhan, D.; Laubach, J.; Hayes, C.; Fabre, C.; Maglio, M.; Mitsiades, C.; Hideshima, T.; Anderson, K.C.; Richardson, P.G. New proteasome inhibitors in myeloma. Curr. Hematol. Malig. Rep. 2012, 7, 258–266. [Google Scholar] [CrossRef]

	



Izumikawa, M.; Hosoya, T.; Takagi, M.; Shin-ya, K. A new cyclizidine analog-JBIR-102-from Saccharopolyspora sp. RL78 isolated from mangrove soil. J. Antibiot. 2012, 65, 41–43. [Google Scholar] [CrossRef]

	



Kyeremeh, K.; Acquah, K.S.; Sazak, A.; Houssen, W.; Tabudravu, J.; Deng, H.; Jaspars, M. Butremycin, the 3-hydroxyl derivative of ikarugamycin and a protonated aromatic tautomer of 5'-methylthioinosine from a Ghanaian Micromonospora sp. K310. Mar. Drugs 2014, 12, 999–1012. [Google Scholar] [CrossRef][Green Version]

	



Guan, S.H.; Sattler, I.; Lin, W.H.; Guo, D.A.; Grabley, S. p-Aminoacetophenonic acids produced by a mangrove endophyte: Streptomyces griseus subsp. J. Nat. Prod. 2005, 68, 1198–1200. [Google Scholar] [CrossRef]

	



Wang, F.; Xu, M.; Li, Q.; Sattler, I.; Lin, W. p-Aminoacetophenonic acids produced by a mangrove endophyte Streptomyces sp. (strain HK10552). Molecules 2010, 15, 2782–2790. [Google Scholar]

	



Chen, G.; Gao, H.; Tang, J.; Huang, Y.; Chen, Y.; Wang, Y.; Zhao, H.; Lin, H.; Xie, Q.; Hong, K.; et al. Benzamides and quinazolines from a mangrove actinomycetes Streptomyces sp. (No. 061316) and their inhibiting caspase-3 catalytic activity in vitro. Chem. Pharm. Bull. 2011, 59, 447–451. [Google Scholar]

	



Xu, M.J.; Liu, X.J.; Zhao, Y.L.; Liu, D.; Xu, Z.H.; Lang, X.M.; Ao, P.; Lin, W.H.; Yang, S.L.; Zhang, Z.G.; et al. Identification and characterization of an anti-fibrotic benzopyran compound isolated from mangrove-derived Streptomyces xiamenensis. Mar. Drugs 2012, 10, 639–654. [Google Scholar] [CrossRef]

	



Arumugam, M.; Mitra, A.; Jaisankar, P.; Dasgupta, S.; Sen, T.; Gachhui, R.; Kumar Mukhopadhyay, U.; Mukherjee, J. Isolation of an unusual metabolite 2-allyloxyphenol from a marine actinobacterium, its biological activities and applications. Appl. Microbiol. Biotechnol. 2010, 86, 109–117. [Google Scholar]

	



Arumugam, M.; Mitra, A.; Pramanik, A.; Saha, M.; Gachhui, R.; Mukherjee, J. Streptomyces sundarbansensis sp. nov., an actinomycete that produces 2-allyloxyphenol. Int. J. Syst. Evol. Microbiol. 2011, 61, 2664–2669. [Google Scholar]

	



Takagi, M.; Shin-Ya, K. New species of actinomycetes do not always produce new compounds with high frequency. J. Antibiot. 2011, 64, 699–701. [Google Scholar] [CrossRef]

	



Kawahara, T.; Izumikawa, M.; Otoguro, M.; Yamamura, H.; Hayakawa, M.; Takagi, M.; Shin-ya, K. JBIR-94 and JBIR-125, antioxidative phenolic compounds from Streptomyces sp. R56–07. J. Nat. Prod. 2012, 75, 107–110. [Google Scholar]

	



Lin, W.; Li, L.; Fu, H.; Sattler, I.; Huang, X.; Grabley, S. New cyclopentenone derivatives from an endophytic Streptomyces sp. isolated from the mangrove plant Aegiceras comiculatum. J. Antibiot. 2005, 58, 594–598. [Google Scholar]

	



Yan, L.L.; Han, N.N.; Zhang, Y.Q.; Yu, L.Y.; Chen, J.; Wei, Y.Z.; Li, Q.P.; Tao, L.; Zheng, G.H.; Yang, S.E.; et al. Antimycin A18 produced by an endophytic Streptomyces albidoflavus isolated from a mangrove plant. J. Antibiot. 2010, 63, 259–261. [Google Scholar]

	



Yan, L.L.; Han, N.N.; He, Q.Y.; Chen, J.; Yang, S.E.; Liu, S.W.; Tao, L.; Guo, L.; Jin, J.; Yu, L.Y.; et al. Preliminary studies on cytotoxicity of antimycin A18 and the biological characteristics of its producing strain I07A-01824. Chin. J. Antibiot. 2011, 36, 269–279. [Google Scholar]

	



Han, Z.; Xu, Y.; McConnell, O.; Liu, L.; Li, Y.; Qi, S.; Huang, X.; Qian, P. Two antimycin A analogues from marine-derived actinomycete Streptomyces lusitanus. Mar. Drugs 2012, 10, 668–676. [Google Scholar] [CrossRef]

	



Xu, L.Y.; Quan, X.S.; Wang, C.; Sheng, H.F.; Zhou, G.X.; Lin, B.R.; Jiang, R.W.; Yao, X.S. Antimycins A(19) and A(20), two new antimycins produced by marine actinomycete Streptomyces antibioticus H74-18. J. Antibiot. 2011, 64, 661–665. [Google Scholar]

	



Inai, M.; Nishii, T.; Tanaka, A.; Kaku, H.; Horikawa, M.; Tsunoda, T. Total synthesis of the (+)-antimycin A family. Eur. J. Org. Chem. 2011, 2011, 2719–2729. [Google Scholar]

	



Zhou, Z.L.; Jin, B.; Yin, W.Q.; Fu, C.Y.; Feng, H.F. Components in antineoplastic actinomycete strain (N2010–37) of bottom mud in mangrove. Chin. Herb. Med. 2011, 3, 165–167. [Google Scholar]

	



Ding, L.; Maier, A.; Fiebig, H.H.; Gorls, H.; Lin, W.H.; Peschel, G.; Hertweck, C. Divergolides A-D from a mangrove endophyte reveal an unparalleled plasticity in ansa-macrolide biosynthesis. Angew. Chem. Int. Ed. Engl. 2011, 50, 1630–1634. [Google Scholar]

	



Dai, W.M.; Zhao, G.; Wu, J. Toward a total synthesis of divergolide A; Synthesis of the amido hydroquinone core and the C10-C15 fragment. Synlett 2012, 23, 2845–2849. [Google Scholar]

	



Rasapalli, S.; Jarugumilli, G.; Yarrapothu, G.R.; Golen, J.A.; Rheingold, A.L. Studies toward total synthesis of divergolides C and D. Org. Lett. 2013, 15, 1736–1739. [Google Scholar]

	



Izumikawa, M.; Takagi, M.; Shin-Ya, K. Isolation of a novel macrocyclic dilactone—JBIR-101—from Promicromonospora sp. RL26. J. Antibiot. 2011, 64, 689–691. [Google Scholar] [CrossRef]

	



Zeng, Q.; Huang, H.; Zhu, J.; Fang, Z.; Sun, Q.; Bao, S. A new nematicidal compound produced by Streptomyces albogriseolus HA10002. Antonie Van Leeuwenhoek 2013, 103, 1107–1111. [Google Scholar] [CrossRef]

	



Asolkar, R.N.; Maskey, R.P.; Helmke, E.; Laatsch, H. Chalcomycin B, a new macrolide antibiotic from the marine isolate Streptomyces sp. B7064. J. Antibiot. 2002, 55, 893–898. [Google Scholar]

	



Yuan, G.; Lin, H.; Wang, C.; Hong, K.; Liu, Y.; Li, J. 1H and 13C assignments of two new macrocyclic lactones isolated from Streptomyces sp. 211726 and revised assignments of azalomycins F3a, F4a and F5a. Magn. Reson. Chem. MRC 2011, 49, 30–37. [Google Scholar] [CrossRef]

	



Yuan, G.; Hong, K.; Lin, H.; She, Z.; Li, J. New azalomycin F analogs from mangrove Streptomyces sp. 211726 with activity against microbes and cancer cells. Mar. Drugs 2013, 11, 817–829. [Google Scholar] [CrossRef]

	



Lin, C.; Lu, C.H.; Shen, Y.M. Three new 2-pyranone derivatives from mangrove endophytic actinomycete strain Nocardiopsis sp. A00203. Rec. Nat. Prod. 2010, 4, 176–179. [Google Scholar]

	



Xie, X.C.; Mei, W.L.; Zhao, Y.X.; Hong, K.; Dai, H.F. A new degraded sesquiterpene from marine actinomycete Streptomyces sp. 0616208. Chin. Chem. Lett. 2006, 17, 1463–1465. [Google Scholar]

	



Ding, L.; Maier, A.; Fiebig, H.H.; Lin, W.H.; Peschel, G.; Hertweck, C. Kandenols A–E, eudesmenes from an endophytic Streptomyces sp. of the mangrove tree Kandelia candel. J. Nat. Prod. 2012, 75, 2223–2227. [Google Scholar] [CrossRef]

	



Guan, S.; Grabley, S.; Groth, I.; Lin, W.; Christner, A.; Guo, D.; Sattler, I. Structure determination of germacrane-type sesquiterpene alcohols from an endophyte Streptomyces griseus subsp. Magn. Reson. Chem. MRC 2005, 43, 1028–1031. [Google Scholar] [CrossRef]

	



Yuan, G.J.; Lin, H.P.; Hong, K. Identification of a new 2-acylglycerol from the secondary metabolites produced by marine Streptomyces sp. 211726. Chin. J. Mar. Drugs 2011, 30, 1–4. [Google Scholar]

	



Ding, W.J.; Zhang, S.Q.; Wang, J.H.; Lin, Y.X.; Liang, Q.X.; Zhao, W.J.; Li, C.Y. A new di-O-prenylated flavone from an actinomycete Streptomyces sp. MA-12. J. Asian Nat. Prod. Res. 2013, 15, 209–214. [Google Scholar] [CrossRef]

	



Hu, S.C.; Tan, R.X.; Zhuang, L.; Yan, L.P.; Hong, K. Isolation of cytotoxic compounds from marine Streptomyces sp. 060524. Chin. J. Antibiot. 2009, 34, S01–S03. [Google Scholar]

	



Huang, Z.Y.; Tang, J.S.; Gao, H.; Li, Y.J.; Hong, K.; Li, J.; Yao, X.S. Studies on the cytotoxic constituents from marine actinomycete Micromonospora sp. M2DG17. Chin. J. Mar. Drugs 2011, 30, 29–33. [Google Scholar]

	



Xie, Q.Y.; Qu, Z.; Lin, H.P.; Li, L.; Hong, K. Micromonospora haikouensis sp. Nov., isolated from mangrove soil. Antonie Van Leeuwenhoek 2012, 101, 649–655. [Google Scholar] [CrossRef]

	



Quan, X.S.; Pu, X.M.; Zhang, Y.; Shen, H.F.; Zhou, G.X.; Lin, B.R. Bioactive chemical constituents of an actinomycete strain (No. H83–3) from the bottom mud of the mangrove zone in the South China Sea. Chin. J. Mar. Drugs 2011, 30, 7–13. [Google Scholar]

	



Huang, H.; Wu, X.; Yi, S.; Zhou, Z.; Zhu, J.; Fang, Z.; Yue, J.; Bao, S. Rifamycin S and its geometric isomer produced by a newly found actinomycete, Micromonospora rifamycinica. Antonie Van Leeuwenhoek 2009, 95, 143–148. [Google Scholar] [CrossRef]





© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
N
H

H;C

10





media/file52.png





media/file27.png
HO

H3C

OH





media/file43.png





media/file18.png
OH

/CHS

O

H3C

HO





media/file26.png
HO

H3C

OH





media/file35.png
62

63

OH

CHj3





media/file53.png





media/file28.png





media/file10.png





media/file5.png
N
H

0 CHs

H;C

10





media/file19.png
O\/\

OH

OH

31

_CHj

Iz

o
HaC”

32

HO





media/file45.png
z

o






media/file6.png
HO

OH

OH

N=
\

/
N

Y

11





media/file36.png
CHj

"Fom

CH;






nav.xhtml


  marinedrugs-12-02590


  
    		
      marinedrugs-12-02590
    


  




  





media/file11.png





media/file54.png





media/file41.png
HO
Ho\j\
@)

)WCH

72

3





media/file2.png
2: Ry=H, Ry=H
3: R=OH, Rp=H
4: Ry=H, R;=CHy

N
1PN
H3CO
HiCO™ °
R
7: R=OH

Crée






media/file37.png
B '/,KCH::;
CHy OH CHy"
67 68






media/file24.png





media/file12.png
23
O OH OH o
WOH
o CH; CH; CHj
25
O OH OH &/iﬂ*a\)]\
27

26

CH3 OH

:Q





media/file3.png
2: R1=H, R2=H
3: R1=OH, R2=H
4: Ry=H, Rp=CHj





media/file42.png





media/file55.png





media/file38.png
HsC

R, Ry
70: R1=OH,R2=H
71: R1=H,R2=OH





media/file25.png
CHj

O O O \\CH3
@)
H i
Xoglia'e o .
N
CH3 O H
38

T=

41 42





media/file30.png
O HQOm- el

O






media/file13.png
CHj;
—
CH; CH
H,N > 7% OH
23
O OH OH @)
X OH
H,N CH; CH3 CHj
25
O OH OH © o
3
. CHy CHy CHy ﬁ B
26 27
H3C™: H O
H,N H CH4





media/file31.png
O HQOm- el

O






media/file48.png
o

Cry
HCr]
HyCO'
HyC™

z
F





media/file39.png
HsC

R, Ry
70: R1=OH,R2=H
71: R1=H,R2=OH





media/file9.png





media/file22.png
35: R=H
36: R=COOCH3

37:R= §

N on





media/file23.png
34 35: R=H
36: R=COOCH3

37: R= -§—\ : o





media/file40.png
72

CHs

3





media/file15.png





media/file32.png
59: Ry=H, Ry=H, Ry=CHs
60: Ry=CHy, Ry=CHs, Ry=H






media/file14.png





media/file49.png





media/file46.png





media/file29.png
..\\\\\O H
H

NH

47 48





media/file1.png





media/file16.png
HO NH





media/file20.png
33

NH,





media/file50.png





media/file7.png
HO

OH

OH

N=
\

/
N

Y

11





media/file33.png
OH OH OH OH OH

58: R1=CH3, R2=CH3

HO"

HsC.

H>N

52: R4=CHjs, Ry=H
53: R1=CH3, R2=CH3

|||||IIO
O
I

59: Ry=H, Ry=H, R3=CHj
60: Ry=CHj, Ry=CHj, Ry=H

OH
,\\\\C H 3

“OH
CH;






media/file47.png





media/file0.png





media/file17.png
HOOC

HO NH
HsC WOH
O CHj
w, =
0 //\)\CHs
CHj

30





media/file8.png





media/file51.png





media/file34.png





media/file21.png
33

NH,





