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ABSTRACT 

 

Marine actinomycetes provide a flourishing source of structurally unique and bioactive 

secondary metabolites that account for 75% of our antibiotics. Almost all of these products have 

come from land-based organisms and now attention is turning towards marine-derived species as 

a source of new structures and bioactivity. Reports to date indicate this group of bacteria are 

adaptable to a variety of environmental conditions, and can be isolated from multiple marine 

habitats with immense species diversity. Numerous genera of marine actinomycetes have been 

isolated from marine sediments and some strains have been isolated from several sponge species. 

Even so, the discovery of actinomycetes in Caribbean sponges remains underexplored. In this 

study, ten different species of Caribbean sponges and sediments were collected from four 

different locations in the coastal waters off Puerto Rico to examine diversity and bioactive 

compound production of marine actinomycetes in Caribbean sponges. A total of 180 

actinomycetes, were isolated and identified based on 16S rRNA gene analysis. Phylogenetic 

analysis revealed the presence of at least 15 new phylotypes belonging to the genera 

Micromonospora, Verruscosispora, Streptomyces, Salinospora, Solwaraspora and Rhodococcus. 

Accordingly, 72 of the isolates had a100% identical sequences with Micromonospora aquatica. 

Despite having identical 16S rRNA sequences, when fermented, the majority of 

Micromonospora isolates from sponges produced a large diversity of antibiotic secondary 

metabolites in comparison to those that were isolated from the sediments. Sponges also showed a 

higher diversity of culturable actinomycetes than sediments. In addition, 17 antibiotic 

compounds have been purified and characterized from two Streptomyces spp. isolates, of which 

nine are new derivatives of frigocyclinone, a compound previously isolated from a Streptomyces 

griseus found in Antarctica (Bruntner et al., 2005). 
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INTRODUCTION 

 

Sponges and their associated micro biota  

 

Considered the most primitive of multicellular organisms and yet one of the ocean‟s most 

successful invertebrate phylums, sponges are a topic of interest for a variety of scientific 

disciplines. Sponges are found in all oceans and have adapted to habitats that range across light-

limited, deep, tropical, subtropical, and temperate environments. Currently, sponges account for 

over 80% of the biomass in most Caribbean coral reef habitats and are the essential filtering 

system for this sensitive community (Diaz and Ruetzler, 2001). Through this filtering mechanism 

they are known to remove most of the particulate organic matter (POM) that, if settled in excess, 

would compromise the health of hermatypic coral colonies (Corredor et al., 1988). While 

removing POM, some species have the ability to nourish the oligotrophic conditions in coral 

reefs by turning POM into dissolved inorganic nutrients such as nitrate (Reiswig, 1971). In 

addition to their fundamental ecological roles in the oceans, sponges are skilled bioengineers of 

novel natural products and currently are the leading phylum in the oceans for the supply of new 

compounds (Newman and Cragg, 2007). There are many assumptions that address why sponges 

have the ability to produce such a diversity of compounds, and the majority of explanations 

emphasize that associated microorganisms could be tightly linked to this process.  

 Sponges have been evolving for more than 500 million years, filtering the water column 

and removing much of the bacterial cells that happen to be in their proximity (Hentschel et al., 

2005).  In some species, 1kg of sponge may filter up to 24,000 L of seawater/day, and is capable 

of removing 2.4x10
13

 cells/day from the surrounding seawater (Hill, 2004). Water is propelled by 

flagellated cells (choanocytes) from the exterior layer (pinacoderm) of the sponge through the 
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incurrent pores (ostia) into the interior chamber (mesohyl) where bacterial cells could either be 

digested by amoeboid sponge cells or acquired as symbionts (Hentschel et al., 2005). The filtered 

water is then transported out through the osculum.  Through this process some individuals may 

remove up to 96% of bacterial cells from the water column leaving the exhalant water nearly 

sterile (Reiswig, 1975). Many bacterial cells are digested for the metabolic requirements of the 

sponge. However, bacteria that survive the sponge‟s digestion and the immunological response, 

while maintaining resistance to antibiotic compounds produced by the sponge, may adapt and 

become symbionts of the sponge (Wilkinson, 1987). In addition to the acquisition of cells 

through the filtering mechanism of the sponge, symbionts associated with sponge larvae could be 

transferred vertically to the next generation (Enticknap et al., 2006). In some species the bacterial 

community of a sponge may account for 40% of the total biomass and may have up to 10
9
 

bacterial cells/mL of sponge tissue (Vacelet and Donadey, 1977).    It is because of this high 

bacterial abundance that symbiotic bacteria are suspected to be the true producers of sponge-

derived compounds. 

The incorporation of bacteria by sponges, over a span of millions of years, has allowed 

several symbiotic relationships to be established consisting of mutualism, commensalism, and 

inquilism. Although the mechanisms by which these symbiotic relationships have been 

established remain unknown, some roles have been identified. For example, bacteria are known 

to supply the sponge with organic nutrients from seawater and to provide chemical defenses for 

the sponge. In addition, cyanobacterial symbionts are able to transfer their photosynthate to their 

host (Wilkinson and Garrone, 1980; Wilkinson 1983; Unson et al, 1994; Hill, 2004). Bacteria 

can also transport metabolites within the mesohyl tissue of the sponge, remove waste products 

from the sponge when the host is not recirculating water, and may support the sponge skeleton 
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by producing viscous polysaccharide compounds (Lee et al., 2001; Hill, 2004)). In return 

sponges hide bacterial individuals from predators, offer a nutrient-rich environment for bacteria 

and can sometimes provide compounds that enhance bacterial cell growth, as is the case of the 

lectin-producing sponge Halichondria panicea that promotes the growth of Pseudomonas 

insolita (Müller et al., 1981). 

 From all of these symbiotic relationships, the production of compounds from bacteria for 

the purpose of chemical defenses in sponges has been of great interest to the field of 

biotechnology and biomedicine. Compounds serving ecological roles can at times act as enzyme 

inhibitors, apoptosis promoters, antifungal, antibacterial, anti-inflamatory, and anticancer agents 

for human treatments (Faulkner et al., 2000). There have been many cases where one compound 

has been isolated from a variety of sponge species, suggesting the possibility that all of these 

individuals share a common microbial flora responsible for the production of a specific 

compound. For example, the compound sceptrin has been isolated from Agelas mauritiana, 

Agelas novacaledoniae, Agelas conifera, and Xestospongia sp. indicating that these sponges 

share a common microorganism responsible for the production of sceptrin (Lee et al., 2001). 

More explicit evidence has been observed from instances where sponge-derived 

compounds have been isolated from their sponge-associated bacteria. It is very unlikely that both 

organisms have evolved separate biosynthetic pathways to produce the same compound. It is 

much more practical to accept that either organism has evolved to biosynthesize these 

compounds. The Caribbean sponge Tedania ignis was discovered to produce diketopiperazines 

that have also been isolated from the bacteria Micrococcus sp. (Bultel-Poncé et al., 1998). 

Nevertheless, these compounds may be a product of protein catabolism due to their reappearance 

in other bacterial strains as well as fungi and other sponge species (Faulkner et al., 2000). The 
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sponge Dysidea sp. harbors a community of symbiotic Vibrio sp. bacterium that produces 

brominated diphenyl ethers that are also found in the host organism (Elyakov et al., 1990).  From 

extracts of the sponge Theonella swinhoei, the HIV-inhibitory peptide papuamide and the actin 

microfilament disrupter swinholide A were isolated (Bewley et al., 1996). However, this sponge 

harbors a diverse microbial community that includes filamentous bacteria, cyanobacteria, and 

unicellular bacteria. Interestingly, all cell types were found to be localized in different parts of 

the sponge and only the unicellular bacteria were observed to produce swinholide A while the 

filamentous bacteria were observed to produce papuamide (Bewley et al., 1996). As the roles of 

microorganisms continue to be revealed from the sponge‟s micro biota, scientist will be able to 

distinguish which organisms are responsible for producing secondary metabolites.  

In addition to bacteria, sponges may harbor members of the Archaea and eukaryotic 

microorganisms. Some species are known to harbor diatoms, dinoflagellates, green algae, red 

algae, and cryptophytes (Lee et al., 2001).  The studies of 16S rRNA genes using molecular 

techniques has revealed the microbial diversity of many sponges. Among the bacterial groups 

based on 16Sr RNA gene sequences are the Acidobacteria, Actinobacteria, Chloroflexi, 

Nitrospira, Cyanobacteria, Bacteriodetes, Gemmatimonadetes, Planctomycetes, Spirochaetes, 

Verrucomicrobia Nitrospira Alpha, Gamma, and Delta-Proteobacteria associated with sponges 

(Taylor et al., 2007). In addition a new sponge-specific candidate phylum known as Poribacteria 

has been documented to be a common symbiont of several sponges of the genus Aplysina 

(Fieseler et al., 2004).  

It is important to determine which bacterial groups are associated with Caribbean sponges 

and identify their roles for many environmental and biotechnological reasons. If secondary 

metabolites are localized among a specific group of bacteria, these strains can be cultured in 
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large scale. This is a much more practical approach for isolating compounds rather than 

collecting kilograms of an entire species that could compromise the existence of a species as well 

as the health of the coral reef habitat. Knowing that one gram of sponge could harbor hundreds 

of thousands of bacterial strains that have the potential of producing bioactive secondary 

metabolites, this approach of exploring the micro flora of sponges should be evaluated before 

exploiting the existence of entire species. Interestingly, the most frequently encountered genera 

of sponge associated bacteria are the Chloroflexi, Acidobacteria, and the valuable  

Actinobacteria that account for 70% of the existing immunosuppressive, antibiotic, and 

antitumor agents (Bull and Stach, 2007).  

 

Actinomycetes: distribution in terrestrial and marine environments 

 

Actinomycetes belong to the phylum Actinobacteria that consist of gram positive bacteria 

that have an unusually high GC content (>63%) within its genome (Montalvo et al., 2005). This 

group of bacteria were first thought to be fungi for their mycelium producing capabilities, hence 

the suffix “mycetes” (Lechevalier and Lechevalier, 1967). Since the discovery of the antibiotic 

actinomycin in 1940 by Selman Waksman, scientists have discovered that actinomycetes have an 

enormous potential to produce valuable natural products (Sengupta et al., 1983). From the 80 

classes of actinomycetes, only 33% have been amenable to culture to date (Bull and Stach, 

2007). Organisms belonging to the subclass Actinobacteridae and the order Actinomycetales 

have produced more than 10,000 compounds with bioactive properties (Bull and Stach, 2007). 

Intriguingly, of all antibiotic compounds isolated from actinomycetes, Streptomyces account for 

the production of 80% of them (Jensen et al., 2005). Despite the great efforts in the screening and 



 6 

characterization of bioactive secondary metabolites from actinomycetes, little is known of their 

ecology, distribution, speciation, and whether or not they exist as dormant spores in the oceans. 

Scientists are also interested in determining their roles, if they indeed are metabolically active in 

the oceans. 

 Actinomycetes were first described from terrestrial habitats with numbers reaching one 

million cells/gram of soil sampled (Goodfellow and Williams, 1983). The high densities of 

actinomycetes in soils revealed their importance, as they are one of the most significant 

decomposers for recalcitrant polymers such as cellulose. In addition to cellulose, Streptomyces 

sp. have shown to degrade chitin, keratin, pectin, and other hemicelluloses that can also be used 

as ingredients for there growth on artificial media (Williams et al., 1984). Although some 

pesticides inhibit their proliferation,  Nocardiopsis sp., are known to degrade chlordane 

insecticides (Beeman and Matsumura, 1981). With the ability to produce numerous antifungal 

compounds, actinomycetes are suspected to be associated with plant roots and are believed to 

protect roots by using these compounds to inhibit the growth of fungal pathogens (Dumroese et 

al., 1998). Some strains of the genus Frankia were discovered to develop root nodule symbioses 

with more than 200 non-leguminous plant species (Huss-Danell, 1997). Frankia sp. is involved 

in making nitrogen biologically available for the plant host through nitrogen fixation. Studies 

have shown that different strains are species-specific to interact with different plant individuals 

(Reddell and Bowen, 1985).  

 During the last 40 years actinomycetes have been characterized in many terrestrial 

habitats, while marine derived actinomycetes have received less attention. Early studies 

accomplished with rudimentary approaches indicated that the marine environment was a big 

desert and that actinomycetes existed as dormant propagules influenced by terrestrial runoff from 
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rivers (Goodfellow and Williams, 1983). Such emphasis on terrestrial habitats has exhausted the 

discovery of new species of culturable actinomycetes. During the last 20 years there has been a 

significant decline in the identification of new compounds due to the re-isolation of known 

compounds from previously described terrestrial species. Nevertheless, knowing that life evolved 

from the sea and that it is capable of inhabiting much more diversity than ecosystems on land, 

has recently encouraged many scientists to study the actinomycete distribution in marine 

environments. Not only are the oceans an arsenal for biodiversity from the physical properties of 

different ecosystems but from the individual organisms that have established endosymbiotic and 

host-associated relationships with microorganisms (Achtman and Wagner, 2008). In addition, the 

emergence of new molecular techniques has revealed the presence of actinomycetes in unique 

marine environments (Green et al., 2008).  

 Recent studies have discovered actinomycetes to be widely distributed throughout a 

variety of ocean habitats around the world. In fact, with the use of metagenomic tools and 16S 

rRNA sequencing, scientists have observed actinomycetes in coastal habitats such as estuaries, 

salt marshes, other wetlands, fringing reefs, and continental shelves (Bull et al., 2000). They are 

found in the oligotrophic open ocean of the Sargasso Sea, in the deepest sea sediments of the 

Mariana Trench, hydrothermal vents,  hydrocarbon seeps, saturated brines, carbonated mounds, 

among other extreme environments (Venter et al., 2005; Bull et al., 2000). Furthermore, they 

have been found in free swimming marine vertebrates and sessile filter-feeding invertebrates 

(Ward and Bora, 2006). Some have even established symbiotic associations with higher trophic 

animals. For example, the actinomycete Nocardiopsis dassonvillei produces the neurotoxin 

tetrodoxin in the ovaries of the puffer fish Fugu rubripes while the bacteria possibly seeks harbor 

from other bacteria predators within its host (Wu et al., 2005). It is now evident that as new 
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molecular approaches are used to unravel the microbial community of unique marine 

environments, new species of actinomycetes have continued to reappear. However, are these new 

species of actinomycete indigenous to the marine habitat, or are they derived from terrestrial run-

off that are in fact a source of dormant actinomycete spores that can survive for many years 

(Goodfellow and Williams, 1983)?  

 

Actinomycetes in the marine environment and their association with marine sponges  

 

The first proposed metabolically active and marine actinomycete was identified as 

Rhodococcus marinonascens found in sediments of the Northeastern Atlantic Ocean (Helmke 

and Weyland, 1984). This early discovery was supported by the strict requirement of seawater 

for the organism‟s growth and other morphological characteristics that indicated their adaptation 

to the marine environment. Later studies conducted by Jensen et al. (1991) observed a decreasing 

trend in the number of Streptomyces and increase in the number of Actinoplanes with increasing 

depth and distance from land; a pattern that disregards the assumption that all marine 

actinomycetes are derived from terrestrial sources.  Consequently, with the use of molecular 

approaches it became more evident that actinomycetes were indigenous to the marine 

environment. In 1995 more convincing data, through the use of 16S rRNA genus-specific probe 

with hybridization experiments, suggested that salt marsh Streptomyces sp. strains were 

indigenous to the marine environment by being a significant proportion of the micro biota of the 

salt marsh environment throughout an entire annual cycle (Moran et al., 1995). Scientists 

revealed that Streptomyces sp. existed dominantly in the salt marsh community and that dormant 

spores were not the source of their abundance.  
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 However, it was not until a new genus of actinomycetes was cultured with an obligate 

requirement of seawater, that scientists were convinced of the existence of indigenous marine 

actinomycetes (Mincer et al., 2002). These actinomycetes were initially classified as MAR 

strains that, according to the phylogenetic analyses of the 16S rRNA gene sequence, formed a 

monophyletic cluster within the family Micromonosporaceae. This suggested that these isolates 

were the first obligate marine genus ever reported and were named Salinispora spp.. The 

actinomycetes associated with this new genus were found in the sediments of three different 

oceans. Nevertheless, it is apparent that Salinispora is confined to tropical regions as culturing of 

the organism from sediment samples in higher latitudes has been unsuccessful (Mincer et al., 

2005). In addition to the unique biological properties, Salinospora strains are of great 

pharmaceutical interest for their ability to produce salinosporamides that promote apoptosis 

among several types of cancer cell lines. From its initial discovery in 2002, salinosporamide 

entered Phase I human clinical trials in 2007 and is considered one the fastest compounds to 

make such progress in the drug discovery process (Fenical et al., 2009). 

  In addition to the new genus Salinispora, several other marine-dwelling actinomycete 

species and genera have been identified based on their morphology and ability to survive in 

saline environments. Such obligate salt-requiring actinomycetes are the Marimomyces, and 

Aeromicrobium that were successfully cultured from the surface waters of the Wadden Sea 

(Bruns et al., 2003). The strain Verrucosispora AB-18–032, known to produce the folic acid 

inhibitor compound abyssomycin and other antibiotic compounds, is also indigenous to the 

marine environment. Other strains of possible marine origin belong to the genera Williamsia, 

Marinophilus, Solwaraspora, and Salinibacterium, Dietza and Aureobacterium isolated from 

sediment samples collected at a depth of 10,923 meters on the Mariana‟s Trench (Stach et al., 
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2004; Takami et al., 1997; Stach and Bull, 2005). Not only have these genera been isolated from 

the water column or marine-derived sediments, but they have also been reported in several 

sponge species (Hentschel et al., 2005). 

 It is practical to study any bacterial phylum within sponges, knowing that they are 

constantly filtering bacteria from the water column and are home to a diversity of bacterial 

symbionts (Vacelet and Donadey, 1977). Phylogenetic analysis of the 16S rRNA revealed that 

two sequence clusters of actinomycete were observed to inhabit the sponges Theonella swinhoei, 

Rhopaloides odorabile, and Aplysina aerophoba. All of these sponges were collected in different 

oceans, are different species yet still share common clusters of actinomycetes that are found 

within their tissues (Hentschel et al., 2002). Remarkably these results suggest a possible 

evolutionary relationship among the sponges and actinomycetes that could be playing an 

important ecological role within these sponges. This pattern has also been observed for the 

largest sponges in the world inhabiting both the Pacific and the Atlantic Oceans. The Giant 

Barrel Sponge Xestospongia muta of the Atlantic harbors 4 groups of actinomycetes that belong 

to the extremophilic Acidimicrobidae (Montalvo et al., 2005). Surprisingly, the Barrel Sponge of 

the Pacific Xestospongia testudinaria shares three of the four groups of the Acidimicrobidae with 

Xestospongia muta (Hentschel et al., 2002). The closest culturable representatives of the 

Acidimicrobidae are Microthrix parvicella and Acidimicrobium ferreoxidans, which are 

thermophilic and acidophilic iron oxidizers isolated from Yellowstone National Park (Montalvo 

et al., 2005).  It is possible that their abundance in both Xestospongia spp. from different oceans 

could represent a symbiotic role of these rare bacteria in the sponges. Culturing these groups of 

actinomycetes from environment samples has proven to be very difficult. However, attempts to 
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culture these extremophiles from sponges could provide insight into new culturing techniques 

resulting in a supply of new natural products. 

 Culturable actinomycetes have been isolated from the common Great Barrier Reef 

sponge Rhopaloides odorabile belonging to the genera Pseudonocardia and Gordonia (Webster 

et al., 2000).  Salinospora strains previously isolated from marine sediments have also been 

isolated from another Great Barrier Reef sponge, Pseudoceratina clavata (Kim et al., 2005; 

Kyung et al., 2004). Ten of the Salinispora strains were isolated from P. clavata that grew 

obligately in marine agar and matched all morphological characteristics (Mincer et al., 2002). 

Sponges from the South China and Yellow Seas have also become popular specimens for 

studying the presence of actinomycetes. For example, an astounding 106 actinomycetes 

belonging to Rhodococcus, Actinoallotecihus, Micromonospora, Nocardia, Pseudonocardia, 

Nocardiopsis, and Streptomyces were isolated with the use of 8 different media conditions on 

several Hymeniacidon perleve sponge individuals (Zhang et al., 2006). This shows the great 

potential of sponges for harboring diverse of actinomycetes when the appropriate growing 

conditions are used. For the first time the actinomycete genus Cellulosimicrobium was isolated 

from the sponge Iotrochota sp. and several Verrucosispora spp. were isolated from the sponge 

Haliclona sp. that are also residents of the China Sea (Jiang et al., 2007). Other sponges that 

have been shown to harbor new species of actinomycetes are Craniella australiensis (Li and Liu, 

2006), Halichondria rugosa, Reniochalina sp., Sponge sp., and Stelleta tenuis that are residents 

of the China Sea as well (Zhang et al., 2006).  
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Actinomycetes are a diverse resource for the production of bioactive natural products 

 

Since the discovery of Penicillin in 1928 by Alexander Fleming, natural products have 

played a major part in our catalog of drugs for the treatment of human diseases (Newman et al., 

2003). Within the marine environment sponges are the leading phylum for the production of 

natural products, followed by Coelenterates, microorganisms and phytoplankton (Blunt et al., 

2003). Nevertheless, the marine environment encompasses 70% of the earth‟s surface and has an 

enormous potential to harbor new species of microorganisms that have remained overlooked 

(Jensen et al., 2005). Furthermore, it is estimated that only 1% of all existing bacteria in the 

world have been cultured, making the potential for this field even more compelling. In this 

regard, marine actinomycetes have been of interest for their extraordinary potential to produce 

novel compounds from a variety of biosynthetic pathways. Indeed, actinomycetes account for the 

production of 45% of all natural products derived from microorganisms, and 76% of these are 

produced solely by Streptomyces (Olano et al., 2009). Other actinomycete genera capable of 

producing bioactive compounds are the Micromonospora, Salinospora, Verrucsosispora, 

Marinispora, Nocardiopsis, Actinomadura, Thermactinomycetes, Chainia, Streptoverticillium, 

Saccharoplyspora, and Actinobacterium (Lam, 2006). In the past two decades these genera have 

been found to produce aromatic and macrocyclic polyketides, phenazines, indoles, 

indolocarbazoles, peptides, isoprenoids, prodigiosins, polypyrroles, and phenoxazinones, among 

other classes.  

Of these classes, the polyketides are the largest and are produced through a series of 

Claisen-type condensations of acyl-CoA subunits that are catalyzed by polyketide synthase 

(PKS) (Olano et al., 2009). A PKS-derived compound can arise by several biosynthetic pathways 
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and its destiny is determined by one of the three types of PKS (Type I, II, and III). For example, 

many actinomycete-derived polyketides are products of a type I PKS biosynthetic pathway. 

Strains from the genera Salinospora, Streptomyces, and Micromonospora produce type I PKS 

compounds known as macrolactones that are bioactive against several cancer cell lines. Among 

these compounds are the arenicolides (Fig. 1A) that are produced by a Salinospora arenicola 

strain from Guam and are cytotoxic against human colon cancer adenocarcinoma with IC50 

values of 30µg/mL (Williams et al., 2007). Chalcomycin produced by a Streptomyces is toxic 

against HeLa Human cervix carcinoma cell lines. In addition, compound IB-96212 (Fig. 1A) 

produced by a Micromonospora are macrolactones that are toxic against leukemia, 

adenocarcinoma, and melanoma respectively (Gupta et al., 1988; Cañedo et al., 2000). The 

marinomycins are macrodiolides (Fig. 1A) produced by Marinispora CNQ-140 that inhibit 

melanoma cancer cell growth (Kwon et al., 2005).   

 Although not as diverse as the type I PKS compounds, type II PKS compounds have also 

shown promising bioactivities. These include the aromatic polyketides that can be divided into 

anthracyclines, angucyclines, and tetracyclines. The genus Streptomyces dominates as a producer 

of these compounds. Anthracyclines have a predictable mechanism of cleaving DNA through the 

stimulation of topoisomerase II, the inhibition of RNA polymerase that ends up in the induction 

of apoptosis (Olano et al., 2008).  Through this mechanism they are known to be active against 

several tumor types, including murine colon carcinoma, leukemia and melanoma cell lines. Other 

aromatic polyketides are the angucyclines that contain a benzene-anthraquinone structure. Many 

derivatives of this group can undergo oxygenation, glycosylation, and dehydration and show a 

wide range of biological activities. Several compounds of this family are known to cause 

apoptosis by inducing caspase 3 and 7 cleavage and can also result mitochondrial membrane 
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depolarization (Olano et al., 2008). Further post-PKS modifications can result in aryl-C-

glycosides that contain a carbon-carbon glycosidic bond between the aromatic polyketide and 

sugar moiety as found in komodoquinone (Fig. 1A) (Itoh et al., 2003). Pentagular polyphenols 

like benastatin and polyethers like nigericin are also synthesized through the type II PKS 

pathway (Fig. 1B) (Aoyama et al., 19920; Hamidinia et al., 2004) 

Actinomycetes also have the ability to biosynthesize compounds via the nonribosomal 

peptide synthetase (NRP) pathway. Analogous to the PKS pathway, instead of using acyl-CoA 

units, the NRPs use aminoacyl-AMP amino acids as the building blocks for long chain 

elongations (Olano et al., 2008). Through this mechanism actinomycetes produce heterocyclic 

quinones, depsipeptides, bycyclic chromopeptide lactones, alkaloids and glycopeptides with 

promising antitumor properties. From this group of compounds the proximicins (Fig. 1) are new 

aminofuran antibiotics synthesized by a marine Verrucosispora strain that inhibits cell division 

of adenocarcinoma and hepatocellular carcinoma cell lines (Fiedler et al., 2008). In some cases 

actinomycetes have produced compounds by combining PKS and NRPS biosynthetic pathways 

to form so-called hybrid molecules. This unusual mechanism has resulted in several potent 

compounds such as the salinosporamides that are 20S proteosome inhibitors, currently in Phase I 

of human clinical trials (Fenical et al., 2009).  

Actinomycetes have often at times synthesize other hybrid molecules that combine a PKS 

polyketide synthase with terpene units that have been found to show antibiotic and antitumor 

properties. There have been cases where actinomcyetes have combined type II and type III PKS 

to produce very unique structures. For example the marine Streptomyces sp. CNQ-525 produces 

a series of chlorinated dihydroquinones (Fig. 1B) that are derivatives of compounds A80915A 

and A80915C (Fig. 1B) which are produced by the terrestrial Streptomyces aculeolatus (Soria-
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Mercado et al., 2005; Fukuda et al., 1989). These compounds consist of an aromatic polyketide 

basic structure with terpenoid subunits attached to the aromatic moiety. 

The degree to which actinomycetes can produce secondary metabolites is unmatched by 

any other groups of microorganisms. It is evident that through the amalgamation of several 

biosynthetic pathways actinomycetes have expanded their potential to produce bioactive 

secondary metabolites. Particularly, many of the new compounds that have been characterized 

most recently are from marine-derived actinomycetes, and represent new structures arising from 

new biosynthetic pathways. This suggests that even if marine actinomycetes are derived from 

terrestrial sources, they have been exposed to a new environment long enough to have evolved 

unique biosynthetic pathways of their own. The discovery of new actinomycete species 

producing new chemical compounds suggests that they are metabolically active in the marine 

environment. Furthermore, it has become more apparent that there is great diversity of new 

actinomycete species within the marine environment with evidence that stems from phylogenetic 

analysis, morphological characteristics, metabolic requirements, and new secondary metabolite 

production (Qiu, 2010). 
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Figure 1A Structures of arenicolide A, IB-96212, chalcomycin, komodoquinone, marinomycin, 

and proximicin A isolated from several actinomycete strains representing a variety of 

biosynthetic possibilities. 
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Figure 1B Structures of A80915A, chlorinated dihydroquinone 2, A80915C, X-14881 E, 

nigericin, and benastatin isolated from several actinomycete strains representing a variety of 

biosynthetic possibilities. 

 

Proposed study and objective 

 

Despite the efforts in culturing actinomycetes from sponges of the Pacific Ocean, very 

little attention has been given to studying their abundance in Caribbean sponges and the rest of 

the 6,000 described species of the world (Tayler et al., 2007). The Caribbean harbors more than 

300 species of sponges, of which only a few have been analyzed for the presence of culturable 

actinomycetes (Vicente 1982). Other than studies conducted by Montalvo et al. (2004) that 

revealed the ubiquitous presence of the Acidimicrobidae in the sponge species Xestospongia spp. 
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from the Pacific and Atlantic Ocean, Caribbean sponges have been overlooked in this regard. 

Distribution, symbiotic relationships, and species-specificity of Caribbean sponges harboring 

actinomycetes have never been reported.  

The goal or objective of this study is to investigate the culturable community of 

actinomycetes that inhabit several Caribbean sponges and sediments of the Puerto Rican coast. In 

addition, we will compare distribution patterns of actinomycetes from sponges in coral reefs 

exposed to high eutrophication to those found in pristine coral reef habitats, to determine if 

actinomycetes are influenced by the sediment runoff from adjacent rivers in Puerto Rico. This is 

based on the assumption that marine derived actinomycetes are derived from terrestrial strains 

and conforms to the theory that actinomycete abundance will decrease with distance from land 

(Goodfellow and Williams, 1983). In addition, we will determine if actinomycetes are specific to 

certain sponge individuals and those that show a <98% sequence homology with the 16S rRNA 

gene of reported actinomycetes will be fermented in large scale and screened for the isolation of 

new compounds. If, in fact, we are able to isolate species-specific actinomycetes, their extracts 

will be analyzed to determine if they could be playing an ecological role within their host. 

The island of Puerto Rico and its adjacent islands (Mona, Desecheo, Culebra and 

Vieques) offer a unique setting to study the impacts of river runoff, nutrient discharge, and in this 

case the actinomycete influence from terrestrial sediments to the coral reef community. As many 

as 50 rivers flow into the ocean from the main island, and deposit approximately 900 mm of 

sediment each year (Larsen and Webb, 2009). Many fringing reefs within proximity of these 

plumes undergo unfortunate stresses due to overlaying sediment that can clog the pores of some 

sponges and overwhelm polyps of hermatypic coral colonies. However, there are several reefs 

that perimeter the island of Mona, located 73 km to the west of Puerto Rico, that are isolated 
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from sedimentation from neighboring rivers and anthropogenic factors (Ballantine et al., 2008). 

The pristine conditions of these reefs offer a good control site to compare the culturable 

actinomycetes of non-sedimented v.s sedimented coral reef communities in Puerto Rico. 

 

Hypothesis 

 

Knowing that some sponges could harbor a high diversity of bacteria within their 

mesohyl tissue might suggest that new actinomycete phylotypes will be discovered in Caribbean 

sponges. The fact that terrestrial soils may harbor up to 1 million cells/gram of soil sampled and 

that the coast of Puerto Rico is exposed to 900 mm of sediment/year (Larsen and Webb,  2009)  

is expected to influence the number of actinomycetes isolated from samples collected less than 1 

kilometer from shore, with the number of actinomycetes decreasing with distance from land. 

However, it was hypothesize that 1) since we are using stringent marine culture conditions for 

the isolation of marine actinomycetes, it will be possible to discover new marine actinomycete 

phylotypes. 2) It is anticipated that sponges from the reef community of Mona Island will harbor 

unique marine actinomycete phylotypes. 3) Furthermore, an affiliation of actinomycetes that are 

specific to sponge individuals and that differ from sediment-derived actinomycetes will be 

found. 4) With the possibility of finding new phylotypes of actinomycetes, it is likely that novel 

secondary metabolites will be isolated with evidence of new biosynthetic pathways revealed by 

their unusual chemical structures.  
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METHODS 

 

Site description and sponge collection  

 

Prior to collection, four fringing reef communities were evaluated for the collection of 

sponge specimens and sediments in Puerto Rico.  All collection sites were selected on the West 

and Southwest coasts of Puerto Rico due to the diversity of sponge species and ease of access to 

the reef. In order to compare the culturable actinomycete community of sedimented and pristine 

coral reef habitats, 9 to 12 sponge species were collected at four sites with a sediment sample 

representative of each site (Table 1). This was done to determine if there was a selection of 

actinomycetes within the sponge‟s micro biota with the possibility of sponge-specific 

actinomycete associations. Repeated collections of the same species were performed at the four 

localities to determine whether the actinomycete community was influenced by the 

environmental aspects of each site or by the unique microbial community among the specimens. 

 Site A (Fig. 2), known to the locals as “El Natural” reef is a fringing reef habitat located 

on the Northwest coast of Puerto Rico that drops into a sand bank between 15 and 18 m of depth. 

Due to constant circulation patterns the visibility can be greater than 15 m. Nevertheless, 

rainstorm episodes can cause high sedimentation from neighboring rivers causing the visibility to 

drop below 3 m.  The high sedimentation rates can be attributed to the Culebrinas River that 

flows into the ocean approximately 3 km to the south of El Natural. Sedimentation rates can 

exceed over 1430 mm of sediment/yr, representing the highest sedimentation rate of all 

collection sites of this study (Larsen and Webb, 2009). The plume in the Culebrinas River can be 

carried by currents up to 27 km off shore.  
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Site C (Fig. 2) is located approximately 12.9 km south of site A and shares very similar 

characteristics in reef infrastructure as El Natural. However, the sedimentation rate is slightly 

lower (1170 mm of sediment/yr) and is supplied by the Rio Grande de Añasco River (Larsen and 

Webb 2009).  

Site B (Fig. 2) is located on the southwest coast of Puerto Rico and was named Kapitan 

Egorov after the Russian oil tanker that ran aground close to this site in 1995.  This site consist of 

an extensive shelf edge reef located about 1.5 km south of Guayanilla with a spur and groove 

formation. Sponge samples were collected at the crest of the spur where invertebrate fauna are 

supplied with the hard substrate infrastructure of the reef and sediment samples were collected 

from sand that collects within the groove. Sponges were collected at a depth of 14 m and 

sediment samples were collected at 15 m.  Sedimentation rates are moderate at Kapitan Egorov 

with an average sedimentation rate of 419 mm/yr supplied by the Guayanilla River (Larsen and 

Webb 2009).  

Site M is the island of Mona located 73 km offshore to the west of Puerto Rico, and is a 

territory of Puerto Rico (Fig. 2). Most of the south, east and west coral reefs of the island are 

supported by a narrow insular platform. On the north coast of the island all the benthic fauna is 

found on a vertical wall that stems from the mainland and reaches depths between 27-30 m 

(Ballantine et al., 2009). Mona Island is completely isolated from rivers and anthropogenic 

impacts, with water visibility exceeding 40 m. Sponge and sediment samples were collected at a 

depth of 15 m on the west coast of the island. 

All sponge samples were collected in two trips completed in August 2007 and August 

2008. Sponges were collected by SCUBA using previously sterilized razor blades and zip lock 

bags. Sponge samples were briefly rinsed with sterile seawater to remove any loose bacteria on 
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the pinacoderm of the sponge and transferred to 50 mL falcon tubes (Table 2). A 3-5 cm
3
 piece 

of the mesohyl layer from the massive growing sponges were collected. For the thinly encrusting 

individuals such as Scopalina ruetzleri a 4 x 3 cm sample was scraped from the coral bottom 

with a sterile razor blade and transferred with sterilized tweezers. Samples were frozen (-20 °C) 

until arrival at the Center of Marine Science at UNCW one week after each collection trip. 

 

Table 1: Description of the Collection Site 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Collection 

Site Description Site/Sediment description  

Depth and Location 

(lat/long) 

Code 

El Natural,  

Aguadilla Fringing reef <400m to shore 

High sedimentation rates from  

Rio Culebrinas (1430 mm of 

sediment/yr); dark sand 

18-20m (18°27‟52.78”N, 

 67°10‟14.010”W) 

A 

Kapitan Egorov,  

Guayanilla 

Extensive shelf edge reef;  

spur and groove system 

Moderate sedimentation 

 from Rio Guayanilla  (419 mm of 

sediment/yr); coarse sand 

20-30m ((17° 57‟ 

59.76”N, 

 66° 46‟14.07”W)  

B 

Mona Island 

Extensive fringing reefs and 

 patch reefs on the west coast 

No sedimentation  

from adjacent rivers; white sand 

18m ( 18° 6'25.72"N,  

67°56'11.35"W) 

 

 

M 

Domes,  

Rincon Fringing reef <400m to shore 

High sedimentation from  

Rio Grande de Añasco (1170 mm of 

sediment/yr); dark sand 

15m (18°21‟58.18”N,  

67°16‟25.23”W) 

 

C 
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Figure 2: Map of Puerto Rico representing the sites of collection (Ballantine et al., 2008) 

 

 

Table 2: Number of sponge species collected at each individual site 

 

Sponge Species Aguadilla (A) Guayanilla (B)  Rincon ( C )  Mona  (M) Code 

Sediment sample Collected Collected Collected Collected 1 

Plakortis lita Collected Collected Collected Collected 2 

Prosuberites laughlini Collected Collected Collected Collected 3 

Svenzea zeai Collected Collected Collected Collected 4 

Ectyoplasia ferox Collected Not collected Collected Collected 5 

Amphimedom complanata Collected Collected Collected Collected 6 

Scopalina ruetzleri Collected Collected Collected Collected 7 

Petrosia weinbergi Collected Collected Not collected Not collected 8 

Depsmapsamma achorata Collected Collected Collected Not collected 9 

Plakortis simplex Collected Collected Collected Collected 10 

Xetospongia muta (11) Not collected Collected Not collected Not collected 11 

Iotrochota birotulata(12) Not collected Not collected Not collected Collected 12 

Niphates erecta (14) Not collected Not collected Not collected Collected 14 

Mycale laevis  (15) Not collected Collected Not collected Collected 15 

Agelas sp. (16) Not collected Collected Not collected Not collected 16 

Agelas sceptrum (18) Not collected Collected Not collected Collected 18 

Myrmekioderma styx (21) Not collected Collected Not collected Not collected 21 
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Isolation and Growth of actinomycetes 

 

Sponge samples were thawed until they reached room temperature and 1 cm
3 

was 

removed from each collected specimen. For those sponges that were massive the sample was 

taken from the interior tissue of the sponge. Several sterile mortars and pestles were used to 

homogenize each sponge individually. A ten-fold series dilution was prepared with each of the 

specimens. To begin, the samples were heat-treated in a water bath set at 55 °C for 60 minutes. 

The heat-treated homogenates were plated on isolation media and incubated at 25 °C in dark 

aerobic conditions.  Three selective media were used for the growth of actinomycetes (Table 3). 

 

Table 3. Description of mediums used to isolate the actinomycetes from sponges and sediments 

 

 

Medium 

Code Medium Formula Reference 

Number of 

Isolates 

SW 1 L of 75% ocean seawater, 18 g of agar  Zhang et al., 

2006 57 

M6  500 mg of mannitol, 

 100 mg of peptone, 18 g of agar 

Jensen et al., 

2005 62 

M4 1 L of 75% filtered ocean sea water, 2 g of 

chitin, 18 g of agar 

Zhang et al., 

2006 61 

 

 

All media were supplemented with 50 µg/mL of the fungicide cyclohexamide and 20 

µg/mL of the antibiotic novabiocin to facilitate the isolation of actinobacteria and deter the 

growth of sponge associated fungi and gram negative bacteria on the plates. Aliquots of 100 µl 

were transferred from each sponge homogenate dilution to the three selective media and 

duplicated. The plates were then incubated at 28 °C for 6-8 weeks until actinomycetes were 

observed growing on the plates. Individual colonies were isolated and plated on new agar plates 
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with the same media that was used for their initial growth. Following this procedure, 180 

actinomycetes were isolated and identified through sequencing of the 16S rRNA gene. 

DNA Isolation and PCR from actinomycete isolates 

Actinomycetes were grown in liquid media M1 (Zhang et al., 2006) until a high 

abundance of cells was observed. DNA extractions were performed using the Gentra Puregene 

kit (Quiagen, Valencia, CA). DNA was quantified using NanoDrop ND-1000 (Wilmington, DE, 

USA). Polymerase Chain Reaction (PCR) was performed to amplify the 16S rRNA gene of all 

isolates using the universal eubacterial primers 27F and 1520R (Farris and Olson, 2007; Stach et 

al., 2003). The PCR mix consisted of 10 µl of nuclease free water, 12.5µl of GoTaq DNA 

polymerase, 1 µl (40 ng/µl) of each primer, and 1 µl (100 ng/µl) of DNA template. All reactions 

were performed using a 2720 Version 2.08 thermo cycler (Applied Biosystems, CA, USA), using 

the following thermocycler program: an initial denaturation at 95 °C for 2.5 minutes, followed 

by 35 cycles of 95 °C for 30 seconds, 45 °C for 30 seconds, 72 °C for 1 minute, and a final 

extension during the last cycle of 72 °C for 10 minutes. Results of PCR reactions were observed 

on 1% agarose gels. 

 

Sequencing and phylogenetic analysis 

 

PCR products were cleaned by precipitation before use in sequencing reaction and was 

quantified using NanoDrop ND-1000 (Wilmington, DE, USA). Sequencing reactions consisted 

of 5.5µl of nuclease-free water, 0.5µl of (40 ng/µl) 685R primer and 1µl of (100 ng/µl) of DNA 

template, BD terminator (ABI) and were run with an Eppendorf Master Cycler Gradient 22331 

(Eppendorf, Foster City, CA, USA) using the following thermocycling protocol: an initial 
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denaturation at 96 °C for 1 minute followed by 25 cycles of 96 °C for 10 seconds, 50 °C for 5 

seconds and 60 °C for 4 minutes, with annealing period of 10 seconds during the final cycle. The 

resulting reaction products were analyzed with 3130xl Genetic Analyzer (Applied Biosystems, 

Foster City, CA, USA) and the resulting sequences edited using Sequencher (Gene Codes 

Corporation, Ann Arbor MI, USA). BLAST searches were used to identify the nearest neighbor 

actinomycete sequences from Genbank and these were aligned with the newly generated 

sequences using CLUSTAL W (Thompson et al., 1994). The alignment was then processed with 

the DNADIST program of PHYLIP to generate a distance matrix, which was used as an input 

file for DOTUR (Schloss et al., 2005). Using this program allowed us to group sequences into 

Operational Taxonomic Units (OTUs) dependent on different sequence similarity cutoffs. To 

discriminate between sequences of the same species a 97% cutoff was used and a 95% cutoff 

was used to distinguish between different genera of actinomycetes.  We were then able to 

estimate the number of species and genus of actinomycetes observed in each individual site and 

among the different species of sponges with the bias-corrected Chao1 estimator. In addition, 

DOTUR allowed us to compare the Simpson, and Shannon index. With these tools we were able 

to construct a phylogenetic tree with MEGA 4.0 (Gene Codes Coporation, Ann Arbor, MI, USA) 

by grouping sequences that were <1% identical together and using the neighbor joining method 

with bootstrap analysis. 

 

Chemical analysis of actinomycetes 

 

Actinomycetes that showed a <98% sequence homology with actinomycetes in Genbank 

were considered to be new phylotypes, and were fermented in large volumes and screened for the 
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presence of new secondary metabolites. Several isolates belonging to the genus Streptomyces 

spp. showed 97-98% sequence homology with strains from Genbank (Fig. 2). Streptomyces spp. 

strains M18-3 and M7-15 (Figure 2) were fermented in larger scale in P3C media (10 g of starch, 

4 g of yeast, 2 g of peptone, 1 g of CaCO3, 40 mg Fe2SO4, 100 mg KBr, in 1 L of 75% seawater) 

over a period of 3 months. Batches (1.6 L total volume) of both Streptomyces spp. strains were 

cultured for 9 days at 28 °C on a rotary shaker in 500 mL flasks containing 100 mL of media 

each during a period of 9 days in a rotary shaker (22 rpm). After the 10
th

 day both cells and 

fermented broth were filtered using glass fiber filters. Media was extracted twice with ethyl 

acetate (EtOAc) by liquid/liquid partition (2:1) ratio followed by liquid/liquid partition 2X (2:1) 

with (BuOH). The cells retained on the glass filter were extracted with 80% aq. MeOH. Extracts 

were monitored by LC/MS and tested for antimicrobial activities against gram positive (Bacillus 

subtilis and Mycobacterium tuberculosis), gram negative (Escherechia coli) and antifungal 

assays (Aspergillus niger, and Candida kefyr).  

 

General experimental procedure for the identification of frigocyclinone derivatives and 

dihydroquinones 

 

 Optical rotation data of the frigocyclinone derivatives were recorded on a Rudolph 

Research Analytical Autopol III automatic polarimeter. UV spectra were recorded on a Beckman 

DU 640 spectrophotometer. 1H NMR, COSY, HSQC, and HMBC spectra were recorded in 

Pyridine-d4 using a 500 MHz Bruker NMR Avance spectrometer. LC/MS were recorded on a 

Hewlett-Packard 1100 HPLC system equipped with a diodearray detector using a Waters XTerra 

MS C18 column (2.1 × 30 mm)and a gradient mobile phase of MeCN/H2O (each containing 



 28 

0.1% acetic acid). A Waters/Micromass ZQ detector equipped with an electronspray ionization 

source was used to acquire mass spectrometric data. The cone voltages were set up at 40 V for 

negative-ion mode and 30 V for positive-ion mode. The LC/MS data were analyzed using 

MassLynx 4.1. High-resolution mass spectra were obtained using an Applied Biosystems Q Star 

XL spectrometer. HPLC analysis and preparation was conducted on a Waters 1525 HPLC 

coupled with a Waters 2487 dual λ absorbance detector. The UV wavelengths used for 

separations were 214 and 250 nm. The flow rate of the mobile phase was 4mL/min for 10 mm 

columns and 0.8 mL/min for 4.6 mm columns.  

 

Purification of frigocyclinones from Streptomyces sp. M7-15  

 

LC/MS analysis and antibiotic assays of the crude EtOAc extract (986 mg) showed 

potent bioactivity and displayed characteristic UV spectral data (123 nm and 234 nm). 

Subsequently, this extract was suspended in 1.5 mL of 20% aqueous MeOH and was fractionated 

using a reversed-phase C18 Sep-pak (10 g) column with a stepped gradient of MeOH/H2O 

elution.  Seven fractions were collected starting at 20% MeOH with increments of 20% MeOH 

followed by a dichloromethane (CH2Cl2) and 0.1% TFA washes. LC-MS and antibiotic activity 

of the fractions indicated that the antimicrobial compounds were distributed in the 40% - 100% 

MeOH fractions with the highest concentration in 80% MeOH (306 mg). Subsequent 

fractionation was performed using a reversed-phase C18 Baker Bond (6 g) column and a stepwise 

elution gradient of MeOH/H2O starting with 60% MeOH. Fractions were collected according to 

the color of bands as they eluted from the column. A total of 14 fractions were collected and 

three fractions X-Z (70 mgs each) following 80% MeOH elution showed the most potent 
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activity. These fractions were further purified by HPLC using a semiprep C18 column (Sun Fire; 

10 x 250 mm, 5 µm) with a gradient mobile phase (20%-70% MeOH over 28 minutes). Active 

fractions obtained from this step were further fractionated using an analytical C18 column (Sun 

Fire; 4.6 x 150 mm, 3.5 µm) and a gradient mobile phase 30%-45% acetonitrile (ACN). This 

final fractionation process yielded 1-4 mg of each of 8 active compounds that were eventually 

identified as frigocyclinone derivatives.  

 

Purification of dihydroquinones from Streptomyces sp. M18-3 

 

 Dihydroquinones were first observed to be abundant in the EtOAc of the organism 

Streptomyces M18-3. However, extraction of the cells with 80% MeOH yielded an extract (2.3g). 

This extract was suspended of 90% MeOH (400 mL), and partitioned twice against hexane (300 

mL), CH2Cl2 (300mL) and BuOH (300 mL). These extracts were concentrated to dryness using a 

rotary evaporator at 40 °C. Active components were detected using LC/MS to be present in the 

CH2Cl2 fraction (160.1 mg). This extract was fractionated using a reversed-phase C18 Sep-pak 

(10 g) column with a stepped gradient of MeOH/H2O elution. Seven fractions were collected 

starting at 20% MeOH with increments of 20% MeOH followed by a CH2Cl2 and 0.1% TFA 

washes. LC-MS analysis detected a major concentration of dihydroquinones in the 100% MeOH 

fraction (131.1 mg). Further fractionation was conducted through reversed-phase C18 Baker Bond 

column (6 g) using a stepped gradient of MeOH/H2O elution beginning with 80% MeOH. 

Compound WS-9659 was present in the 80% MeOH fraction (4.9 mg) and the major 

concentration of dehydroquinones was observed in the 90% MeOH fraction (32.2 mg). Further 

purification of compound WS-9659 and dihydroquinones was performed through HPLC using an 
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analytical C18 column (Sun Fire; 4.6 x 150 mm, 3.5 µm) that consisted of a gradient mobile phase 

(70%-100%   ACN). This yielded WS-9659 (0.7 mg), dihydroquinone 1 (3.6 mg), 

dihydroquinone 3 (2.2 mg), dihydroquinone 4 (7.4 mg), dihydroquinone SF2415A3 (9.9 mg), 

dihydroquinone SF2415B1 (4.2 mg), and dihydroquinone 5 (7 mg). 

 

Comparison of the chemical profile of Micromonospora aquatica isolated from sponges and 

marine sediments of Puerto Rico 

 

Ten actinomycete strains sharing a 100% identical sequence, with Micromonospora 

aquatica from sponge samples and sediment samples were selected for fermentation. 

Micromonospora aquatica strains were cultured at 28 °C on a rotary shaker (160 rpm) in 200 mL 

of P3C media for 10 days. After the 10
th

 day both cells and fermented broth were filtered on 

glass fiber filters. Media was extracted with ethyl acetate (EtOAc) by liquid/liquid partition 2X 

(2:1) ratio followed by liquid/liquid partition 2X (2:1) with (BuOH). The cells retained on the 

glass filter were extracted with 80% MeOH. All extracts were combined to yield 200-500 mg of 

crude exract and were then processed through a 5g reversed-phase C18 Sep-Pak column. 

Fractions were collected separately from a solvent beginning with 20% MeOH to 100% MeOH 

at increments of 20% MeOH. Each fraction was biotested against gram positive (Bacillus 

subtilis, Mycobacterium smegmatis) and gram-negative (Escherechia coli) bacteria. Fractions 

were also tested for antifungal activity against the fungi Candida kefyr and Aspergillus niger.  
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Antibiotic and antifungal assay 

 

Gram positive bacteria Bacillus subtilis, Mycobacterium smegmatis, gram-negative 

bacteria Escherechia coli, and the fungi Candida kefyr and Aspergillus niger were used to 

determine antibiotic and antifungal activity of the pure compounds. All bacteria were inoculated 

into liquid nutrient broth from solid nutrient agar and incubated 37 °C, 24 hrs prior to the assay. 

Both strains of fungi were inoculated into potato dextrose broth from solid potato dextrose agar 

and incubated at 25 °C, 24 hrs prior to the assay. Antibiotic and antifungal activity was 

determined, using a standard disk-diffusion assay. Samples were dissolved in MeOH (1 mg/1000 

mL) and 20 µl were applied to a 6 mm diameter filter paper and air-dried. The disks were 

transferred to the agar plates overgrown with B. subtilis, M. smegmatis, E. coli, C. kefyr and A. 

niger. Zones of inhibition were measured from the outer edge of the disks for compounds that 

exhibited antifungal or antibiotic activities. Each assay was performed twice with a control plate 

growing untreated. 

 

Anticancer bioassay with SJCRH30 (rhabdomyosarcoma) 

 

SJCRH30 cells were seeded at a density of 5,000 cells/well in BD biocoat poly-D-lysine-

coated 96-well plates and incubated at 37 °C overnight. Cells were then treated with 10x 

solutions of compounds added directly to the growth medium (RPMI 1640 supplemented with 

10% FBS) and incubated at 37 °C for the designated time period. Cell nuclei were stained with a 

0.1 µg/ml final concentration of Hoechst 33342 (Invitrogen) at the same time as the compound 

treatment. 10 µl of 10x Hoechst dye in Phosphate Buffered Saline was added directly to the 
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growth medium in the wells, and the plate was incubated at 37 °C for the remaining time. Cells 

had to be stained in two separate steps because Hoechst 33342 is not compatible with the Hands 

Buffered Saline Solution (HBSS) that is required for the tubulin staining protocol. 

To stain microtubules with Tubulin Tracker 488 (TT488), a 500 µM intermediate stock 

was first prepared by combining 1 mM TT488 (Invitrogen) with an equal volume of 20% 

Pluronic F-127 in DMSO (Invitrogen). Then a 200 nM TT488 staining solution was prepared 

from the intermediate stock in HBSS. The growth medium containing the Hoechst dye was 

removed from the wells, and the cells were rinsed once with warm HBS (100µl per well). The 

HBSS rinse was replaced with warmed 200 nM TT488 staining solution (100µl per well). The 

plate was then returned to the 37 °C incubator for 20 minutes before imaging on an Image 

Xpress Micro system equipped with an enviromental control chamber warmed to 37 °C. 

Hoeachst 33342 and TT488 staining were visualized using DAPI filter and a FITC filter, 

respectively. Transmitted light images were also collected to assess cell morphology. 
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RESULTS 

 

Distribution and phylogenetic analysis of actinomycetes associated with sediments and sponges 

of Puerto Rico. 

 

A total of 180 actinomycetes were isolated from sediments and sponges using three 

different media (SW, M4 and M6).  The 16S rRNA gene assigned them into three families 

(Micromonosporaceae, Streptomycinea, Corinebacterium, and Microccinea), and seven genera 

(Rhodococcus, Mycobacterium, Solwaraspora, Salinospora, Verrucosispora, Streptomyces, and 

Micromonospora ) (Fig. 3).The number of actinomycete isolates was not influenced 

preferentially by any of the three different growing conditions, as 57 isolates were obtained from 

SW media, 62 from the M4 media, and 61 isolates were retrieved from the M6 media (Fig. 3).  

There was no considerable difference in actinomycete diversity and none of the three growing 

conditions showed selectivity on any particular actinomycete genera except for the three 

Streptomyces spp. that were exclusively isolated from M4 and SW media.  
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Figure 3: Yield of actinomycete genera and number of isolates from the three different growing 

conditions.  

  

Actinomycetes were successfully isolated from all sponges except for Svenzea zeai, 

Amphimedom complanata, and Plakortis simplex (Fig. 4).  Prosuberites laughlini had the highest 

yield of actinomycetes, 56 isolated from the three coastal sites (Sites A, B, and C) adjacent to the 

island of Puerto Rico (Fig. 4). Isolates were recovered from all collected P. laughlini individual 

except those from Mona Island.  

The highest yields of actinomycetes were obtained from site A, which has the highest 

sedimentation rates (Larsen and Webb, 2009). In addition, samples were collected during the 

rainy season in Puerto Rico when river runoff was at its maximum, causing the highest annual 

coastal sedimentation. Samples from site A accounted for 64% of the total number of 

actinomycetes isolated with 116 actinomycetes retrieved (Fig. 5). The site with the lowest 

number of isolated actinomycetes was M where only 8 isolates were recovered, accounting for 

4.4% of the total number of actinomycetes.  
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Among the 7 genera that were observed to be abundant among the sponge and sediment 

samples of Puerto Rico, Micromonospora accounted for 77.8% of all actinomycetes isolated and 

was clearly the dominant genus in both sponge and sediment samples at all sites. Verrucosispora, 

assumed to be a true marine actinomycete (Fiedler et al., 2008), was second to Micromonospora 

with 11.1% of the total number of actinomycetes recovered and was also isolated from all sites. 

Nevertheless, the number of Verrucosispora isolates was considerably lower when compared to 

Micromonospora spp. strains. Following Verrucosispora in abundance were isolates of the 

genera Solwarasapora (5.6%), Streptomyces (2.2%), Salinospora (1.7%), and the Rhodococcus 

(1.1%), which have all been reported to have strains of marine origin (Takami et al., 1997; Bull 

et al., 2005; Mincer et al., 2005). Sites B (14.4%) and C (12.8%), with high and moderate 

sedimentation rates respectively, had a considerably lower abundance of actinomycetes than Site 

A. Furthermore, Site M (8.3%) had the lowest number of actinomycetes, continuing the trend  

that actinomycete abundance is proportional to sedimentation rates. Nevertheless, the abundance 

of actinomycetes from site M was not notably different from sites B and C. Despite Site M 

having the lowest abundance of actinomycetes, diversity was high, exhibiting representatives 

from five of the seven total genera isolated from this site (Fig. 5). 
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Figure 4A: Distribution of actinomycetes among Caribbean sponges and sediments collected 

from four sites in Puerto Rico.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4B: Distribution of actinomycetes among other Caribbean sponges collected only at 

Guayanilla (Site B) and Mona (Site M) in Puerto Rico 
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Figure 5: Distribution of actinomycete genera isolated from all sponge and sediment samples of 

Puerto Rico 

 

 

 Sponge samples were found to have a more diverse and abundant culturable actinomycete 

community than sediment samples (Fig. 6A and 6B). Forty-nine actinomycetes were isolated 

from sediments at site A, only one from sediment at site B and none from sediment at sites C and 

M.  Nevertheless, culturable actinomycetes were present in sponges collected from all four sites, 

with site A having the highest yield of 67 colonies isolated.  
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Figure 6A: Abundance of actinomycete genera isolated from all sponges collected at four sites in 

Puerto Rico 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6B: Abundance of actinomycete genera isolated from all sediment samples collected at all 

four sites.  
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Prosuberites laughlini yielded the highest number of actinomycetes of all sponges 

sampled at all sites with 56 isolates (Fig. 7A). However, no actinomycetes were isolated from P. 

laughlini in site M. Although Plakortis simplex did not yield any actinomycetes, the sponge 

Plakortis lita yielded a total of 18 actinomycetes (Fig. 7B). The dominant actinomycete genus 

yielded from this sponge was Micromonospora along with several Verrucosispora sp. isolates. 

No isolates from P. lita were yielded from site B or site M. Like P. lita, Scopalina ruetzleri 

showed no actinomycetes for site B (Fig. 7C). Nevertheless, the actinomycete abundance profile 

for site A is quite similar between these sponges with Micromonospora being the dominant 

genus but no Verrucosispora actinomycetes in the sponge S. ruetzleri. In addition to the 

Micromonospora spp. strains, a new phylotype of Streptomyces sp. colony was recovered from 

this sponge in site M (Fig. 7C). The sponge Desmapsamma anchorata was not collected at site 

M due to its absence (Fig. 7D). Unlike the other sponge species, this sponge had a low yield of 

Micromonospora actinomycetes in site A and site C but a higher yield in site B. Another sponge 

that was attempted to be collected but was not found in site C and M was Petrosia weinbergi, 

which is not a common reef sponge in Puerto Rico (Table 4). Despite being collected at two 

sites, the two individuals yielded seven actinomycete strains under the three culture conditions. 

No diversity of actinomycete phylotypes were observed from P. weinbergi as all of the seven 

isolates belong to the genus Micromonospora. 
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Figure 7: Actinomycete genera isolated from the sponge Prosuberites laughlini (A), Plakortis 

lita (B), Scopalina ruetzleri (C), and Desmapsamma anchorata (D) collected at all sites. 

 

 

To expand our sampling size and to ensure that we had data from several common reef 

sponges in Puerto Rico, we collected sponges 11-21(Table 4) at sites A and C on a second trip in 

August 2008. In addition to new Micromonospora phylotypes, several of these sponges yielded 

unusual Streptomyces sp., and Rhodococcus sp. strains that were not isolated from the previous 

sponges collected.  

 



 41 

Table 4: Number of isolates for all sponge and sediment samples of each site. Samples are 

labeled according to sponge type identified by code (1-21) and site (A, B, C, M) 

 

Sponge Species Aguadilla (A) Guayanilla (B)  Rincon ( C )  Mona  (M) Code 

Sediment sample  49 1 0 0 1 

Plakortis lita  14 0 3 0 2 

Prosuberites laughlini 30 6 20 0 3 

Svenzea zeai 0 0 0 0 4 

Ectyoplasia ferox 2 0 0 1 5 

Amphimedom complanata 0 0 0 0 6 

Scopalina ruetzleri 13 0 7 2 7 

Petrosia weinbergi 7 0 Not collected Not collected 8 

Desmapsamma achorata 1 12 0 Not collected 9 

Plakortis simplex 0 0 0 0 10 

Xetospongia muta  Not collected 1 Not collected Not collected 11 

Iotrochota birotulata Not collected Not collected Not collected 2 12 

Niphates erecta  Not collected Not collected Not collected 1 14 

Mycale laevis  Not collected 2 Not collected 1 15 

Agelas sp.  Not collected 2 Not collected Not collected 16 

Agelas sceptrum Not collected 1 Not collected 1 18 

Myrmekioderma styx  Not collected 1 Not collected Not collected 21 

Total 116 26 30 8  

 

  Among the 180 actinomycetes isolated, a total of 14 phylotypes were observed with the 

use of ecological estimators (Table 5). The number of species predicted to be present for all 

actinomycetes isolated from all sponges and sediments of Puerto Rico was 14 and according to 

the Chao1 estimator, up to 21.5 different phylotypes could be expected. When the data of 

sponges and sediments were calculated separately, sponges were observed to have more 

actinomycete phylotypes than those actinomycetes associated with the sediments (Table 5). From 

all sponge samples, 14 phylotypes were observed and 19 were expected with Chao1 estimator. 

The number of phylotypes in sponges was significantly higher than the number of observed and 

expected Operational Taxonomic Units (OTUs) in sediments that was calculated to be four. As 

noted earlier, of the sponges that yielded most culturable actinomycetes, Prosuberites laughlini 

had a slightly higher number of phylotypes than expected compared with the rest of the sponge 
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species (Table 6). However, the number of isolates from this sponge was significantly higher 

than any of the other sponges collected. The encrusting sponge Scopalina ruetzleri follows P. 

laughlini with 4.5 observed phylotypes and 6.5 phylotypes expected. In addition to yielding the 

lowest number of actinomycetes, Petrosia weinbergi had the lowest number of expected and 

observed OTUs. Among the sites, site A had the highest number of observed OTUs with 6 and 

the highest number of expected OTUs with 6 (Table 7). Site M had the lowest number of 

isolates, nevertheless, a higher expected and observed number of OTUs than site C and site B.  

 

Table 5: Species richness and Operational Taxonomic Units (OTUs) from all actinomycetes 

associated with sponge and sediment samples. This data was estimated by using a 3% distance 

cutoff with DOTUR. 

 

 

 

Table 6: Species richness and Operational Taxonomic Units (OTUs) from all actinomycetes 

associated with several sponge species. This data was estimated by using a 3% distance cutoff 

with DOTUR. 

 

 

 

 

 

 

 

Sample 

Number of 

Sequences 

OTUs Observed 

(rarefraction) 

OTUs expected 

( Chao1) 

Shannon 

Index 

All samples 180 14 21.5 1.60 

All sediment samples 50 4 4 1.29 

All sponge samples 130 14 19 1.54 

Sponge 

Number of 

Sequences 

OTUs Observed 

(rarefraction) 

OTUs expected 

( Chao1) 

Shannon 

Index 

Plakortis lita (2) 17 2 2 0.22 

Prosuberites laughlini (3) 56 6 7 1.24 

Scopalina ruetzleri (7) 29 4.5 6.5 0.98 

Petrosia weinbergi (8) 7 1.5 1.5 0.30 

Desmapsamma achorata(9) 13 3 3 0.79 
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Table 7: Species richness and Operational Taxonomic Units (OTUs) from all actinomycetes 

assocated with sponges and sediment samples from all sites. This data was estimated by using a 

3% distance cutoff with DOTUR. 

                                                                                                                                                     

 

The estimation of diversity was calculated with the Shannon index and, for the 180 

actinomycete isolates, was found to be 1.60 (Table 5). As expected, actinomycetes associated 

with sponges had a slightly higher Shannon index (1.54) than the sediment-associated 

actinomycetes (1.29). The sponge P.laughlini had a higher Shannon index (1.24) than other 

analyzed sponges (Table 6). The actinomycete community of S. ruetzleri had the next highest 

Shannon index (0.98) followed by D. anchorata (0.789), P. weinbergi (0.299), and P. lita 

(0.224) with the lowest diversity of actinomycetes.  Despite having only 8 sequences, site M had 

the highest diversity estimation of all sites with a Shannon index of 1.61. Actinomycetes of site 

B were calculated to have a Shannon index of 1.43, followed by site A (1.37). The actinomycete 

community of site C had the lowest diversity with a Shannon index of 0.85. 

 

 

 

 

 

 

 

Site 

Number of 

Sequences 

OTUs Observed 

(rarefraction) 

OTUs expected 

( Chao1) 

Shannon 

Index 

All samples 180 14 21.5 1.60 

EL Natural (Site A) 116 9 15 1.37 

Capitan Egorov (Site B)  26 6 6.5 1.43 

Domes (Site C) 31 3 3 0.86 

Mona Island (Site M) 8 5.5 7.25 1.61 
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Figure 8: Actinomycete species richness comparison determined by Operational Taxonomic 

Units (OTUs) between sponges and sediments of Puerto Rico. This data was estimated using a 

3% cutoff with DOTUR.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Actinomycete species richness comparison determined by Operational Taxonomic 

Units (OTUs) between sponges and sediments of Puerto Rico. This data was estimated using a 

3% cutoff with DOTUR.  
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Figure 10: Actinomycete species richness comparison determined by Operational Taxonomic 

Units (OTUs) between sponges and sediments of Puerto Rico. This data was estimated using a 

3% cutoff with DOTUR.  

 

 

 When the species richness of actinomycetes was illustrated graphically, the rarefraction 

curve for actinomycetes associated with sponges increased to 14 OTUs with 130 sequences and 

did not level off (Fig. 7). This suggests that the diversity of actinomycete species could be 

greater as indicated by the expected number of OTUs in Table 5. Nevertheless, the sediment 

associated actinomycetes‟ rarefraction curve leveled off at four OTUs. When the number of 

sponge associated actinomycetes was plotted for each individual sponge species, Prosuberites 

laughlini‟s rarefraction curve increased to six OTUs and exceeded the other sponge species (Fig. 

8). Despite a low number of sequences for other sponge species, the actinomycete community for 

Petrosia weinbergi seems to level off at 1.5 OTUs with 7 sequences. Unlike P. weinbergi, other 

sponge individuals had an increasing trend past 1.5 OTUs, indicating higher species diversity. 

More sampling is required to support the expected Chao1 estimation. The rarefaction curve for 

the actinomycete species richness distribution among sites indicates that even though site A 
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actinomycetes had a higher diversity with the highest number of isolates, site M actinomycetes 

could have had the highest number of OTUs if more sampling was performed. This assumption 

is supported by the Shanon index that is 1.61 for site M and 1.37 for site A.  

 Phylogenetic analysis of all actinomycete isolates revealed that they belong to four 

families (Micromonosporaceae, Streptomycinea, Corynebacterium, and Microccinia). The 

majority of isolated actinomycetes resolved within the Micromonosporaceae belong to the genus 

Micromonospora (77.8%) and were found most in sampled sponges and sediments from sites A 

and C. When actinomycetes that shared a 99% base pair similarity of their 16S rRNA gene were 

grouped together, 14 different Micromonospora spp. phylotypes were present (Fig. 8). The 

majority of the Micromonospora spp. phylotypes were closely related to Micromonospora 

aquatia, and Micromonospora echinospora. Actinomycetes belonging to Verrucosispora, 

Solwaraspora, and Salinospora were also found present within the sediments and sponges of 

Puerto Rico.  A total of 26 isolates belonged to 5 different phylotypes that are closely related to 

Verrucosispora. Three isolates belonged to Salinospora arenicola, and 9 belonged to 

Solwaraspora sp. 
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Figure 11: Neighbor-joining phylogenetic genetic tree based on 340 base pairs of the 16S rRNA 

gene from actinomycetes belonging to the Micromonosporaceae family associated with sponges 

and sediments collected at the four sites. Sequences that shared 99% sequence homology were 

grouped within the same phylotype. Bootstrap values above 50 are shown. 
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Figure 12: Neighbor-joining phylogenetic genetic tree based on 340 base pairs of the 16S rRNA 

gene from actinomycetes belonging to the Streptomycinea family associated with sponges and 

sediments collected at the four sites. Sequences that shared 99% sequence homology were 

grouped within the same phylotype. Bootstrap values above 50 are shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Neighbor-joining phylogenetic genetic tree based on 340 base pairs of the 16S rRNA 

gene from actinomycetes belonging to the Corynebacterium family associated to sponges and 

sediments collected at the four sites. Sequences that shared 99% sequence homology were 

grouped within the same phylotype. Bootstrap values above 50 are shown. 
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Figure 14: Neighbor joining phylogenetic genetic tree based on 340 base pairs of the 16S rRNA 

gene from actinomycetes belonging to the Micrococcinea family associated with sponges and 

sediments collected at the four sites. Sequences that shared 99% sequence homology were 

grouped within the same phylotype. Bootstrap values above 50 are shown. 

 

 

From the Streptomycinea family, four isolates were retrieved belonging to four different 

phylotypes of the Streptomycetes genus (Fig. 12). These were isolated from three different 

sponges of site M and one sponge from site B. In addition, two Rhodococcus sp. strains were 

obtained from the sponge Prosuberites laughlini of site A (Fig. 13). P. laughlini also yielded a 

Microbacterium oleivorans strain that belongs to the Microccocinea family (Fig. 14).  

Sponges were responsible for most of the phylotypes identified (Fig. 15). Actinomycetes 

closely related to the Micromonospora aquatica and Micromonospora echinospora strains were 

dominant constituents of the culturable actinomycete community of sediments and sponges of 

site A. The three Salinospora arenicola strains were recovered from the sediments of site A, 

Prosuberites laughlini from site B, and Ectyoplasia ferox from site M. Strains of S. arenicola 

have never been reported to be present in these sponges. Verrucosispora spp. strains were spread 
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throughout sponges and sediments of site A and also in several sponges of site B and C. 

Although actinomycetes from the Micromonosporaceae family were widespread throughout 

different sponge and sediment samples from the four sites, Streptomycetes and Rhodococcus 

were only spotted in sponges of sites B and M. In fact, the three Streptomycete isolates from site 

M could be new phylotypes suggested by their 98% base pair similarity to known strains from 

Gen Bank. These Streptomycete spp. strains were exclusively found in the sponges Niphates 

erecta, Scopalina ruetzleri, and Agelas sceptrum of Mona Island (Fig. 15). Although distantly 

related, Streptomyces spp. strains M18-3 and B18-2 were only isolated from the sponge A. 

sceptrum. 
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Figure 15: Neighbor joining cluster diagram of sponge and sediment associated actinomycetes 

based on 340 base pairs of their 16S rRNA gene. Squares represent the sediment associated 

actinomycetes and the circles are representative of the sponge associated actinomycetes. The 

digits within the shapes indicate the number of isolates and colors distinguish the four collection 

sites.  
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Isolation and structure elucidation of frigocyclinone derivatives 

 

 

Strain Streptomycetes sp. M7_15 was isolated from the Caribbean marine sponge Scopalina 

ruetzleri  and was cultured for 10 days on a rotary shaker at 28 °C in 500 mL flasks that 

contained high nutrient salt water media (P3C). 1.6 L were cultured at a time and harvested by 

filtration. Repeated harvest over 13 weeks yielded a total of 18-20 L of fermented media that was 

extracted with EtOAc followed by BuOH. The EtOAc extract (0.986 g) was subject to C18 flash 

chromatography and was eluted using a step gradient to yield relatively polar angucyclinone 

derivatives in the 40-60% MeOH fraction followed by less polar angucyclinones in the 80-100% 

MeOH fraction. Compound 8 was isolated from the more polar fraction while the rest of the 

angucyclinone derivatives were found in the 80-100% MeOH fraction. This fraction was subject 

to reversed-phase C-18 HPLC methods to yield compounds 1-7 (Fig. 16). Searching the database 

AntiBase with the molecular formulas and other basic spectral characteristics of compounds 1-7 

suggested that these compounds shared similar structural characteristics to frigocyclinone.  
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Figure 16: Frigocyclinone derivatives isolated from Streptomyces sp. M7_15 
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Frigocyclinone was previously isolated and characterized from a terrestrial species of 

Streptomyces griseus in the soils of Antarctica by Brunter et al (2005). This compound has a 

very unusual C-glycosidic linked aminodeoxy sugar moiety attached to an anthraquinone 

chromophore that emits a characteristic UV absorption spectrum. Consequently, the 80-100% 

MeOH fraction showed a similar UV absorbance spectrum similar to frigocyclinone (287, 314, 

and 405 nm). Further purification of this fraction allowed us to characterize this compound 

through 
1
H NMR and 

13
C NMR 2D experiments that confirmed the presence and correlations of 

all 
1
H NMR and

 13
C NMR signals consistent with those reported for frigocyclinone (Table 8). In 

addition, high- resolution ionization mass spectrometry (HRESIMS) showed a molecular 

formula C27H30NO6 [M+H]
+
 m/z (absd) 464.2061 m/z), indicating double bond equivalents, 

consistent with frigocyclinone. 

 

 

 

 

 

 

 

 

 

 

 

 



 55 

Table 8: Assignments of 
13

C and 
1
H NMR data for frigocyclinone (JV-2-46-11). Spectra were 

recorded in d4-methanol at 500 MHz. The assignments were based on DEPT, HSQC, and HMBC 

experiments. 

Carbon # δ
C 

(ppm) δ
H
 ppm (J, Hz)  Me-HSQC  COSY 

1
H-

13
C HMBC 

1 199.1     

2 

 

54.56 3.072 m 

2.87 m 

CH2  C-3, C-5, C-1 

3 72.9     

4 

 

44.9 3.206 m 

3.12 m 

CH2  C-2, C-3,C-5, C-

18 

5 150.4     

6 135.3 7.604 d (6) CH H-6-H-7 C-17, C-8 

7 130.21 8.196 d (8) CH  C-17, C-5 

8 134.7     

9      

10 115.8     

11 159.4     

12 138.4     

13 134.58 7.794 d (8) CH H-13-H-14 C-11, C-15, C-20 

14 119.96 7.513 d (6) CH  C-10, C-12, C-16 

15 134.6     

16 184.2     

17 136.8     

18 136.6     

19 30.1 1.42 m CH3  C-4, C-2, C-3 

20 65.57 5.069 d (11) CH H-20-H-21 C-13, C-12, C-11 

21a 

21b 

32.6 2.25 d (14) 

1.42 m  

CH2 H-21-H-22  

22a 

22b 

22.4 2.15 d (10) 

1.889 m 

CH2 H-22-H-23  

23 65.79 2.926 m CH H-23-H-24  

24 71.09 4.575 m CH H-24-H-25  

25 12.3 1.42 m CH3   

26 43.1 2.608 m CH3  C-27 

27 43.1 2.608 m CH3  C-26 

 

Compound 1 was isolated as a red amorphous powder from the 100 % MeOH wash of the 

80-100% MeOH fraction (Fig. 8). The HRESIMS suggested the molecular formula C21H17O5 

([M+H]
+
 m/z (obsd) 349.1071 m/z) indicating 14 double bond equivalents. The UV spectrum of 

compound 1 in DMSO exhibited maximum absorbance at 318, 290, and 414 nm, indicative of a 
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substituted anthraquinone moiety. Compound 1 is similar to the angucylinone X-14881 E (Fig. 

1) described by Grabley et al. (1991). Comparison of the 
1
H and 

13
C NMR 2D spectral data 

(Table 9) of 1 with X-14881 E allowed the planar structure of 1 to be assigned. Instead of having 

a hydroxyl substituent at position C-1 as observed in compound X-14881 E (Fig. 1), compound 1 

was substituted with a methoxy group at this position. This was confirmed by the 
1
H NMR 

spectrum of 1 that exhibited a methoxy signal (C-1 δH 3.96 s) integrating for three protons. In 

addition, the 
13

C NMR spectrum exhibited a low field aromatic carbon (C-7 δC 157.8) consistent 

with a phenolic substituent at this carbon. The 
1
H NMR spectrum of 1 also contained 3 coupled 

aromatic protons (H-12 δH 7.28  d J = 8; H-13 δH 7.69  t,  J = 8 Hz; H-14, δH 7.81  d, J = 8 Hz) 

belonging to the same spin system. Analysis of the HMBC spectral data confirmed that the 

aromatic methyl group C-20 was ortho to protons at H-2 and H-4. Having a similar 

anthraquinone moiety to frigocyclinone, 1 could be the biosynthetic precursor of frigocyclinone 

and compounds 2-7. 
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Table 9: Assignments of 
13

C and 
1
H NMR data for compound 1 (JV-2-62-11). Spectra were 

recorded in pyridine-d4 at 500 MHz. The assignments were based on DEPT, HSQC, and HMBC 

experiments. 

carbon # δ
C 

(ppm) δ
H
 ppm (J, Hz)  Me-HSQC  COSY 

1
H-

13
C HMBC TOCSY 

1 158.3      

2 109.21 6.76 s  CH H2-H20,  

H2-H4,  

H2-H19 

C-20, C-18, C-1 H-19 

3 142.1      

4 119.06 7.10 s  CH H4-H2 C-20, C-2, C-18,  

C-5 

H-20 

5 140.8      

6 117.2 7.57 s  CH  C-18, C-8, C-7  

7 157.8      

8 120.4      

9 190.1      

10 120.5      

11 160.85      

12 117.85 7.28 d (8.0) CH H12-H13 C-10, C-14 

H-13, H-

14 

13 136.75 7.69 t (8.0) CH H13-H14 

 

C-15, C-11 H-14 

14 118.9 7.81 d (8.0) CH  

C-10, C-12 

C-16 

 

15 139.8      

16 187.8      

17 137.8      

18 116.2      

19 56.5 3.96 s CH3  C-1  

20 22.33 2.36 s CH3  C-2, C-4, C-3  

21 56.5 3.91 s CH3 H21-H12 C-11  

 

 Compound 2 was isolated as a yellow powder and was calculated to have a molecular 

formula of C27H28NO5 ([M+H]
+
 m/z (obsd) 446.1976 m/z) as determined by HRESIMS, and thus 

has one more double bond equivalent than frigocyclinone. Comparison of the molecular weight 

of frigocyclinone (463 Da) and that of compound 2 (445 Da) suggested a possible loss of H2O. 

Comparative analysis of the 
1
H and 

13
C NMR spectral data (Table 10) showed many similarities 

with the chemical shift values of frigocyclinone. Nevertheless, two new double bonds forming an 
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additional aromatic ring were observed.  This was indicated by a loss of the methylene pair H2-2, 

and H2-4, which were replaced by two aromatic resonances at δH 7.33  δH 7.28  (Table 10). Four 

new aromatic resonances δC 156.7  (C-1), δC 119.9  (C-2), δC 142.6  (C-3), and δC 121.6  (C-4) in 

the 
13

C NMR spectrum supported this assignment.  The carbonyl group at C-1 in frigocyclinone 

now appeared as a phenolic carbon. The presence of an aminodeoxysugar moiety was identified 

by the 1D and 2D NMR data and was attached to the aromatic nucleus at C-9 as observed in 

frigocyclinone (Table 10).  This was established by an HMBC correlation between H-20 and C-

12. Two pairs of aromatic protons showing similar chemical shifts and ortho coupling values to 

frigocyclinone (C-6, δH 8.19  d, J = 8 Hz, C-7, δH 8.40  d, J = 8 Hz; C-13 δH 8.03 d J = 8 C-14 δH 

7.91  d, J = 8 Hz) were also observed in the 
1
H spectrum of 2. The assignment of the 

stereochemistry at carbons C-20, C-23, C-24 was assigned by the intense ROESY cross peaks 

between proton H-20 at δH 5.26ax , H-22 at δH 1.98ax m , and H-25 at δH 1.52ax d that positions 

these protons on the same side of the angucyclinone moiety. Also strong ROESY cross peaks 

between proton H-21 at δH 1.44ax m and H-23 at δH 2.82ax  br s indicate there close spatial 

relationship on the other side of the sugar ring.  
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Table 10: Assignments of 
13

C and 
1
H NMR data for compound 2 (JV-2-56-3). Spectra were 

recorded in pyridine-d4 at 500 MHz. The assignments were based on DEPT, HSQC, and HMBC 

experiments. 

Carbon # δ
C 

(ppm) δ
H
 ppm (J, Hz)  Me-HSQC  COSY 

1
H-

13
C HMBC ROESY TOCSY 

1 156.7       

2 119.9 7.33 s CH H2-H19 C-1, C-5, C-19   

3 142.6       

4 121.6 7.28 s  CH H4-H19 C-5, C-6, C-19  H-19 

5 120.3       

6 137.5 8.19 d (9) CH H6-H7 C-4, C-8  H-7 

7 122.5 8.40 d (8) CH  C-17, C-9   

8 135.6       

9 188.1       

10 115.0       

11 158.7       

12 140.0       

13 134.1 8.03 d (8) CH H13-H14 C-20, C-15,  

C-11 

 H-14 

14 121.4 7.91 d (8) CH  C-10, C-12,  

C-16 

  

15 134.6       

16 189.5       

17 134.3       

18 121.1       

19 21.5 2.39 m CH3  

 

C-4, C-3,C-2 

 

 H-2 

20 65.2 5.26 d (11) CH H20-H21 C-12 H-25 

H-22b 

H-23, H-

21, H-22 

21a 

21b 

32.5 1.44ax m 

2.39eq m 

CH2 H21-H22 C-20 

 

H-23 

 

H-22 

22a 

22b 

22.4 1.98ax m 

1.98eq m 

CH2 H22-H23 

 

  H-23 

23 64.7 2.82ax br s CH H23-H24   H-24, H-

21 

24 71.2 4.72 m CH H24-H25 C-25, C-22,  

C-20 

 H-25 

25 12.4 1.52ax d (7) CH3  C-23, C-24 H-22b H23 

26 42.8 2.52 s CH3  C-23, C-27   

27 42.8 2.52 s CH3  C-23, C-26   

 

Compound 3 was isolated as a reddish-yellow powder and was calculated to have a 

molecular formula of C27H28NO6 ([M+H]
+
 m/z (obsd) 462.1917 m/z) corresponding to 15 double 
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bond equivalents. Strong UV absorption at 328, 300, and 374 nm suggested a similar conjugation 

pattern with 2. The difference in molecular formulas between 2 and 3 suggested the replacement 

of a hydrogen atom with a hydroxyl group. The 
1
H NMR spectral data of 3 (Table 11) showed 

loss of an aryl proton at position C-6 compared with 2 and the 
13

C NMR spectrum showed a new 

chemical shift at δ 157.4  consistent with a phenolic group at this position. The additional 

phenolic substitution at C-7 resulted in deshielding of H-2 (δH 8.22  s), and H-4 (δH 7.43  s), but 

shielded H-7 (δH 8.01  s).  The 
13

C NMR showed shielding of the resonances assigned to C-7 (δC 

105.6 ) and C-8 (δC 123.52 ) but the rest of the chemical shift signals were very similar to 

compound 2. The aminodeoxysugar was established based on the 1D and 2D NMR data and an 

HMBC correlation confirmed the linkage at C-12.  The assignment of the stereochemistry at 

carbons C-20, C-23, C-24 was revealed by the intense ROESY cross peaks between proton H-20 

at δH 5.23ax  s, H-22 at δH 1.79ax m , and H-25 at δH 1.44ax d that positions these protons on the 

same side of the angucyclinone moiety. Also strong ROESY cross peaks between proton H-21 at 

δH 1.44ax  m and H-23 at δH 2.53ax  br s indicate there close spatial relationship on the other side 

of the sugar ring. 
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Table 11: Assignments of 
13

C and 
1
H NMR data for compound 3 (JV-2-59-13). Spectra were 

recorded in pyridine-d4 at 500 MHz. The assignments were based on DEPT, HSQC, and HMBC 

experiments. 

Carbon # δ
C 

(ppm) δ
H
 ppm (J, Hz)  Me-HSQC  COSY 

1
H-

13
C HMBC ROESY TOCSY 

1 164.8       

2 116 8.22s CH H-2-H-4 

H-2-H-19 

C-1,C-4, C-5, 

C-19 

 

 H-4, H-

19  

3 141.51       

4 121.02 7.43 s CH  C-2, C-5,C-6, 

C-19  

 

 

5 124.2       

6 157.4       

7 105.6 8.01 s CH  

C-1, C-5, C-9, 

C-17 

C-9, C-5 

 

 

8 123.52       

9 189.9       

10 115.24       

11 158.94       

12 139.91       

13 134.03 8.05 d (8) CH H-13-H-

14 

H-13-H-

20 

C-20, C-10,  

C-15, C-11,  

 H-14 

14 121.26 7.97 d (8) CH  C-10, C-13,  

C-12, C-11, 

 C-16 

  

15 135.115       

16 187.5       

17 132.18       

18 123.69       

19 21.7 2.46 s CH3 H-19-H-2 

H-19-H-4 

C-2, C-4, C-3  H-2 

20 65.16 5.23ax m CH H-20-H-

21 

C-15, C-12 H-22a 

H-25 

H-21, H-

22, H-23 

21a 

21b 

32.5 1.44ax m 

2.3eq m 

CH2 H-21-H-

22 

 

C-20, C-24, C-

26, C-27, C-23 

H-23 H-22, H-

24 

22a 

22b 

22.78 1.79ax m 

1.93eq m 

CH2 H-22-H-

23 

  H-23 

23 64.5 2.53ax s CH H-23-H-

24 

 H-21b H-24, H-

21, H-20, 

H-22 
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 Table 11 Cont. 

Carbon # δ
C 

(ppm) δ
H
 ppm (J, Hz)  Me-HSQC  COSY 

1
H-

13
C HMBC ROESY TOCSY 

 

        

 

24 

71.6 4.64 m CH H-24- 

H-20 H-

24-H-25 

H-24-H-

22 

C-25, C-22,  

C-23 

 H-25 

25 12.12 1.44ax m CH3  C-20, C-24  H-22a H-23 

26 43.15 2.31 m CH3  C-22, C-23,  

C-27 

  

27 43.15 2.31 m CH3  C-22, C-23,  

C-26  

  

 

The molecular formula of 4 (C27H30NO7 [M+H]
+
 m/z (obsd) 480.2027 m/z) indicated 14 

double bond equivalents and an additional oxygen atom compared with  frigocyclinone.  This 

was consistent with the UV spectrum of 4 which showed absorption maxima at 280, 429, and 

301 in accordance with the UV absorption profile of frigocyclinone. The 
1
H NMR spectral data 

of 4 (Table 12) showed loss of the H-7 resonance, while the 
13

C NMR spectrum now contained a 

resonance assigned at δC 164.5  consistent with a phenolic substituent at C-7. The aromatic 

proton adjacent to the two methylene pairs at positions C-2 (CH2 δH 3.22  m) and C-4 (CH2 δH 

3.25  m) showed correlations with the methyl substituent at C-3. In addition, the usual 1D and 

2D NMR data confirmed the aminodeoxysugar attached to the C-12 position of the 

anthraquinone moiety. The assignment of the stereochemistry at carbons C-20, C-23, C-24 was 

assigned by the intense ROESY cross peaks between proton H-20 at δH 5.22ax  dd, H-22 at δH 

1.81ax m , and H-25 at δH 1.44ax  d that positions these protons on the same side of the 

angucyclinone moiety. Also strong ROESY cross peaks bewteen proton H-21 at δH 1.36ax  m and 

H-23 at δH 2.53ax  br s indicate there close spatial relationship on the other side of the sugar ring. 

Since chemical shift values of frigocyclinone are <0.05 of difference for the reported chemical 
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shift values illustrated by (Brunter et al., 2005), the stereochemistry at position C-3 was assigned 

accordingly. 
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Table 12: Assignments of 
13

C and 
1
H NMR data for compound 4 (JV-2-59-2) Spectra were 

recorded in pyridine-d4 at 500 MHz. The assignments were based on DEPT, HSQC, and HMBC 

experiments. 

Carbon # δ
C 

(ppm) δ
H
 ppm (J, Hz)  Me-HSQC  COSY 

1
H-

13
C HMBC ROESY TOCSY 

1 196.90       

2a 

2b 

54.52 3.22 m 

3.22m 

CH2 H-2-H-19 C-19, C-4,   

C-3, C-17,  

C-18, C-5 

  

3 71.93       

4a 

4b 

45.04 3.25 m 

3.25 m 

CH2 H-4-H-6 C-2, C-18, C-3  H-6,  

H-19 

5 153.62       

6 122.39 7.16 s CH  C-4, C-8,  

C-18, C-7 

  

7 164.5       

8 117.5       

9 193.1       

10 115.4       

11 158.8       

12 139       

13 134.47 8.03 d (8) CH H13-H14 C-20, C-15,  

C-11 

 H-14 

14 119.5 7.82 d (8) CH  C-10, C-15,  

C-12, C-16 

  

15 135.29       

16 184.1       

17 122.63       

18 130.57       

19 30.1 1.56 s CH3  C-4, C-2, C3   

20 65.08 5.22ax dd (11, 1) CH H-20-H-

21 

C-13, C-12,  

C-11, C-23 

H-22a 

H-25 

 H-24, H- 

23, H-21, 

H-22, H-

25 

21a 

21b 

32.05 1.36ax m 

2.34eq m 

CH2 H-21-H-

22 

C-23, C-26, 

 C-27, C-25 

H-23 H-24,H-

22, H-23    

22a 

22b 

22.65 1.81ax m 

1.94eq m 

CH2 H-22-H-

23 

C-21, C-23  H-23, H-

25 

23 64.73 2.53ax  m CH H-23-H-

24 

   

24 71.87 4.61 m CH H-24-H-

25 

C-25, C-22,  

C-20 

H-21a H-23, H-

22, H-25 

25 12.3 1.44ax d (7) CH3  C-23, C-24 H-20 H-23 
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Table 12 Cont. 

Carbon # δ
C 

(ppm) δ
H
 ppm (J, Hz)  Me-HSQC  COSY 

1
H-

13
C HMBC ROESY TOCSY 

26 42.96 2.34 m CH3  C-23, C-27   

27 42.96 2.34 m CH3  C-23, C-26   

 

The 
1
H and 

13
C NMR spectral data (Table 13) of 5 revealed four aromatic protons (C-6, 

δH 8.06  d, J = 8 Hz, C-7, δH 7.9  d, J = 8 Hz; C-13 δH 8.13 d J = 8, and C-14 δH 8.0  d, J = 8 Hz) 

that suggested the same conjugation pattern as frigocyclinone. However, the molecular formula 

of 5 (C27H32NO8 [M+H]
+
 m/z (obsd) 498.2127 m/z) corresponded to an increase of 34 amu to the 

molecular weight. 
1
H and 

13
C NMR 2D spectral data (Table 13) indicated no changes to the 

aminodeoxysugar substituent, and an HMBC correlation between the aromatic carbon C-11 (δC 

160.01 ) and the anomeric proton H-20 (δH 4.61  m) confirmed the aminodeoxysugar was 

attached at the C-9 position. Despite having many similarities in chemical shift values, there 

were a few significant spectral differences in 5 that distinguished it from the previously 

described frigocyclinone derivatives. The 
13

C NMR spectral data of 5 showed a chemical shift 

for C-18 of δC 162.6 that, for 1 through 4, have ranged between δC 115-137. In addition, the 

chemical shift for C-1 was now δC 175.7 whereas for compounds 1 and 4, the chemical shift 

values of C-1 ranged between δC 196-200. Based on these chemical shift changes and an increase 

of 34 amu in the molecular weight, it appeared that this new metabolite was the result of an 

oxidative opening of ring A of the angucyclinone complex resulting in a phenolic substituent at 

C-18 and a carboxyl group at C-1. The assignment of the stereochemistry at carbons C-20, C-23, 

C-24 was assigned by the intense ROESY cross peaks between proton H-20 at δH 5.25ax  m, H-

22 at δH 1.69ax m , and H-25 at δH 1.42ax  m that positions these protons on the same side of the 

angucyclinone moiety. In addition, strong ROESY cross peaks bewteen proton H-21 at δH 1.42ax  
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m and H-23 at δH 2.33ax  m indicate there close spatial relationship on the other side of the sugar 

ring. 

Table 13: Assignments of 
13

C and 
1
H NMR data for compound 5 (JV-2-59-6). Spectra were 

recorded in pyridine-d4 at 500 MHz.The assignments were based on DEPT, HSQC, and HMBC 

experiments. 

Carbon # δ
C 

(ppm) δ
H
 ppm (J, Hz)  Me-HSQC  COSY 

1
H-

13
C HMBC ROESY TOCSY 

1 175.7       

2a 

2b 

46.86 3.02 m 

3.02 m 

CH2 H2-H19 C-19, C-4, C-3, 

C-1 

  

3 72.37       

4a 

4b 

41.04 2.52 m 

 3.47 m 

CH2  C-19, C-2, C-3, 

C-6, C-18 

  

5 36.71       

6 140.71 8.06 d (8) CH H6-H7 

H6-H4 

C-4, C-7, C-8, 

C-18, 

 H-7 

7 118.94 7.9 d (8) CH H7-H4 C-10,  C-6, C-9  H-6 

8 132.36       

9 188.91       

10 116.32       

11 160.01       

12 140.96       

13 133.7 8.13 d (8) CH H13-H14 

H13-H20 

C-20, C-15, 

 C-11 

 H-14 

14 119.56 8.00 d (8) CH  C-17, C-12,  

C-16 

 H-13 

15 132.57       

16 189.09       

17 116.27       

18 162.6       

19 27.79 1.69 m CH3 H19-H4 C-4, C-2, C-3   

20 65.23 5.25ax m CH H20-H21 C-21, C-13, 

 C-12, C-11 

H-25 

H-22a 

H-24,  H-

21, H-22,  

H-23, H-

25 

21a 

21b 

32.17 1.42ax m 

2.33eq m 

CH2 H-21-H22 C-23, C-24,  

C-25 

 H-20, H-

24, H-23, 

H-22 

22a 

22b 

23.14 1.69ax m 

1.89eq m 

CH2  C-25, C-26,  

C-24 

 H-24, H-

23, H-21 
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Table 13 Cont. 

Carbon # δ
C 

(ppm) δ
H
 ppm (J, Hz)  Me-HSQC  COSY 

1
H-

13
C HMBC ROESY TOCSY 

 

23 64.71 2.33ax m CH H-23-H-24 C-24, C-26,  

C-27 

H-21a H-20,  H-

24,  H-

23,  H-

22, H-21 

24 

 

71.98 4.61 m CH H-24-H-25 C-25, C-22,  

C-20 

 H-21, H-

22, H-23 

25 12.3 1.42ax m CH3  C-23 H-22a H-23, H-

22, H-24 

26 43.26 2.19 m CH3  C-27, C-23    

27 43.26 2.19 m CH3  C-26, C-23   

 

 Compound 6 was isolated as a bright yellow powder and the molecular formula of 

C27H30NO7 [M+H]
+
 m/z (obsd) 480.2022 m/z was determined by HREISMS indicating 9 double 

bond equivalents and a molecular weight 18 amu less that 5. While 6 and 4 had the same 

molecular weight, they nevertheless showed very distinct UV absorption values. For example, 

the λmax of 4 was 280 nm and for 6 the λmax was shifted to 423 nm, suggesting different 

conjugation patterns.  Like 4, the 
1
H and 

13
C NMR spectral data of 6 (Table 14) showed the 

presence of four aromatic protons (C-6, δH 7.53  d, J = 8 Hz, C-7, δH 8.05  m; C-13 δH 8.05  m  

and C-14 δH 8.05  m). Moreover, 6 also contained the two methylene groups at C-2 (CH2 δH 3.21  

m, δH 3.23 ) and C-4 (CH2 δH 3.21  m, 3.81  d J = 17 Hz) that showed correlations with the 

methyl substituent at C-3 as observed with 4. A significant difference was observed in the 

chemical shift of the C-1 carbonyl in 6 (δC 172.9) compared with 4 (δC 196.9) and was more 

similar to the shift of C-1 in compound 5 (see above), suggesting the presence of an ester or 

carboxyl carbon. Further inspection of the NMR data for 6 revealed that the chemical shift for C-

18 had moved significantly down field from δC 130.6 to δC 160.0 indicating a directly bound 

oxygen atom. These results suggested that the ring A in 6 is a seven membered lactone formed by 

a Baeyer-Villiger oxygenation reaction. 
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Table 14: Assignments of 
13

C and 
1
H NMR data for compound 6 (JV-2-57-9). Spectra were 

recorded in pyridine-d4 at 500 MHz.The assignments were based on DEPT, HSQC, and HMBC 

experiments. 

Carbon # δ
C 

(ppm) δ
H
 ppm (J, Hz)  Me-HSQC  COSY 

1
H-

13
C HMBC ROESY TOCSY 

1 172.86       

2a 

2b 

45.32 3.23 m  

3.21 m 

CH2 H-2-H-19 C-19, C-4,  

C-3, C-5,  

C-18,  

  

3 90.7       

4a 

4b 

40.3 3.21 m 

3.81 d (17) 

CH2 H-4-H-19 

H-4-H-6 

C-3, C-2, 

 C-19, C-5, 

 C-18 

 H-6 

5 139.39       

6 130.512 7.53 d (8) CH H-6-H-7 C-4, C-8,  

C-18 

 H-7 

7 120.81 8.05 m CH   C-6, C-9,  

C-17, C-5 

 H-6 

8 133.44       

9 189.59       

10 115.9       

11 159.2       

12 138.17       

13 133.712 8.05 m CH H-13-H-

14 

C-20, C-15,  

C-11 

  

14 118.97 8.05 m CH  C-10, C-12,  

C-16 

  

15 133.36       

16 181.01       

17 116.74       

18 160       

19 27.28 1.78 s CH3     

20 64.7 5.26ax m CH H-20-H-

21 

C-12 H-22a, H-

25 

 

21a 

21b 

31.9 1.39ax m 

2.33eq m 

CH2 H-21-H-

22 

C-23 H-23 H-20, H-

22, H-23, 

H-24, H-

25 

22a 

22b 

22.5 1.83ax m 

1.94eq m 

CH2 H-22-H-

23 

 H-20 H-20, H-

21, H-23, 

H-24,  
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Table 14 Cont. 

Carbon # δ
C 

(ppm) δ
H
 ppm (J, Hz)  Me-HSQC  COSY 

1
H-

13
C HMBC ROESY TOCSY 

23 64.2 2.54ax m CH H-23-H-

24 

  H-22, H-

24, H-25   

24 71.8 4.63 m CH H-24-H-

25 

C-20, C-22  H-25, H-

22, H-23 

25 12.03 1.46ax d (7) CH3  C-23,  C-24 H-20 H-23, H-

22, H-24, 

H-20 

26 42.97 2.33 m CH3  C-27, C--23   

27 42.97 2.33 m CH3  C-26, C-23   

 

 Metabolites 1-6 shared similar structural features with the previously reported 

frigocyclinone. In all compounds except for 1, the aminodeoxysugar was present and attached 

through a C-glycosidic bond to the C-9 of the angucyclinone chromophore. However, an 

additional series of related metabolites described as compounds 7-9 were isolated from the 

fermentation extract and found to have a second aminodeoxysugar attached through an angular 

oxygen at different substitution sites on the angucyclinone chromophore.  

Metabolite 7 was isolated as a purple oil and found to have the molecular formula 

C35H47N2O10[M+H]
+
 m/z (obsd) 655.3253 m/z by HRESIMS indicating 14 degrees of 

unsaturation. The UV absorption spectrum of 7 showed absorption maxima at 367, 281, and 298 

nm, which had shifted significantly compared with the previously described angucyclinones 1-6 

suggesting notably different structural features. The 
1
H and 

13
C NMR spectral data of 7 (Table 

15) showed the presence of two ortho related aromatic protons (C-13, δH 8.14  d, J = 8 Hz; C-14, 

δH 8.03  d J = 8 Hz), consistent with the previous angucyclinone chromophore. However, the two 

aromatic protons at C-6 and C-7 were now appeared as a methylene group δH 2.83  (m), and a 

methine δH 4.69  (m) respectively. Furthermore, the chemical of the carbons in ring B (C-5 δC 

82.75 , C-6 δC 36.73 , C-7 δC 64.53 , C-8 δC 58.45 , C-17 δC 71.33 , and C-18 δC 80.5) confirmed 
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the loss of aromaticity. Analysis of HMBC and MeHSQC NMR data confirmed the presence of 

two epoxide rings attached to the angucyclinone moiety. One of the epoxide rings included 

carbons (C-7 δC 64.53 ) and C-8 (δC 58.5 ), while the second contained carbons C-17 (δC 71.33 ) 

and C-18 (δC 80.5 ). Further HMBC analysis revealed a strong correlation between C-5 (δC 

82.75) and the anomeric proton H-28 (δH 5.75 s), identifying the presence of the 

aminodeoxysugar. The chemical shift of the anomeric carbon C-28 (δC 94.07) indicated that this 

sugar moiety was attached to the central core by an angular oxygen and not a C-glycosydic bond. 

There were no other significant changes to the A or D rings of the angucyclinone moiety, as 

indicated by the usual phenolic group at C-11(δC 159.2) of the D ring and the two methylene 

groups at C-2 (CH2 δH 2.83  m, δH 3.34  dd J = 18, 3 Hz) and C-4 (CH2 δH 3.12  m, 2.93  dd J = 

14, 3 Hz) that showed COSY correlations with the methyl substituent at C-3. The assignment of 

the stereochemistry at carbons C-20, C-23, C-24 was assigned by the intense ROESY cross 

peaks between proton H-20 at δH 5.17ax  m, H-22a at δH 1.70ax m , and H-25 at δH 1.44ax  m that 

positions these protons on the same side of the angucyclinone moiety. Also strong ROESY cross 

peaks between proton H-21a at δH 1.26ax  m and H-23 at δH 2.36ax  m indicate there close spatial 

relationship on the other side of the sugar ring. The stereochemistry of the aminodeoxysugar 

attached to C-5 of the angucyclinone moeity was determined by strong ROESY cross peaks 

between proton H-28 at δH 5.75ax  m, H-30a at δH 1.46ax m , and H-25 at δH 0.75ax d . In addition, 

strong ROESY cross peaks between proton H-29a at δH 1.44ax  m and H-31 at δH 1.93ax  m 

indicate there close spatial relationship on the other side of the sugar ring. 
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Table 15: Assignments of 
13

C and 
1
H NMR data for compound 7 (JV-2-63-3). Spectra were 

recorded in pyridine-d4 at 500 MHz.The assignments were based on DEPT, HSQC, and HMBC 

experiments. 

carbon # δ
C 

(ppm) δ
H
 ppm (J, Hz)  Me-HSQC  COSY 

1
H-

13
C HMBC ROESY TOCSY 

1 204.36       

2a 

2b 

50.63 2.83 m 

3.34 dd (18, 3) 

CH2  C-4, C-17, C-

5, C-1, C-19, 

C-3 

 H-4 

3 75.94       

4a 

4b 

49.78 2.12 m 

 2.93 dd (14, 3)                    

CH2 H-4-H-2 C-19, C-6, C3, 

C-2 

 H-2 

5 82.75       

6a 

6b 

36.73 2.83 m 

2.83 m 

CH2 H-6-H-7 C-8,  C-7, C-

17, C-5, C-1 

 H-7 

7 64.53 4.69 m CH  C-6, C-8, C-

17, C-9 

 H-6 

8 58.45       

9 198.04       

10 118.4       

11 159.2       

12 140.7       

13 135.25 8.14 d (8) CH H-13-H-

14 

C-20, C-10, C-

14, C-15, C-11 

 H-14 

14 120.46 8.03 d (8) CH  C-10, C-12, C-

11, C-16, C-9 

 H-13 

15 133.14       

16 192.66       

17 71.33       

18 80.5       

19 25.68 1.33 m CH3  C-4, C-3, C-

18,  

C-1 

 H-4, H-6 

20 65.1 5.17ax m CH H-20-H-

21 

C-22, C-21, C-

13, C-12,C-11 

H-22b, H-

25 

H-21, H-

22, H-23, 

H-20 

21a 

21b 

32.35 1.26ax m 

2.22eq m 

CH2 H-21-H-

22 

C-25, C-22, C-

20, C-12,C-23 

H-23 H-24, H-

20, H-22 

22a 

22b 

23.22 1.70ax m 

1.85eq m 

CH2 H-22-H-

23 

C-21, C-23 H-20 H-21, H-

25, H-23, 

H-24, H-

20 

23 64.63 2.36ax m CH H-23-H-

24 

C-25, C-26, C-

24 

H-21a H-21, H-

25, H-22 
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 Table 15 Cont. 

carbon # δ
C 

(ppm) δ
H
 ppm (J, Hz)  Me-HSQC  COSY 

1
H-

13
C HMBC ROESY TOCSY 

24 72.1 4.58 m CH H-24-H-

25 

C-25, C-22,  

C-20 

 H-25, H-

22, H-23 

25 12.32 1.44ax m CH3  C-23, C-24 H-20 H-22, H-

24 

        

26 43.5 2.25 m CH3  C-27, C-23   

27 43.5 2.25 m CH3  C-26, C-23   

        

28 94.07 5.75ax s  CH H-28-H-

29 

C-30, C-32, C-

5 

H-30b, H-

33 

H-30, H-

31, H-29  

29a 

29b 

31.08 1.44ax m 

2.25eq m 

CH2 H-29-H-

30 

C-31 H-31  

30a 

30b 

14.17 1.14eq m 

1.46ax m 

CH2 H-30-H-

31 

C-32, C-28,  

C-31 

 H-33, H-

31, H-29, 

H-32, H-

28 

31 66.01 1.93ax m CH H-31-H-

32 

C-33, C-25,  

C-34, C-32 

H-29a H-33, H-

30, H-29, 

H-32, H-

28 

32 68.3 3.65 m CH H-32-H-

33 

C-30, C-33,  

C-31 

 H-33, H-

30,  H-

31, H-29 

33 19.06 0.75ax d (6) CH3  C-28, C-32,  

C-31 

H-28 H-30, H-

31, H-29, 

H-32 

34 41.11 2.05 s CH3  C-35, C-31   

35 41.11 2.05 s CH3  C-34, C-31   

 

Typically, the yield of metabolites 1-7 ranged between 1-4 mg from 20 L of culture, but 

compound 8 was the major compound produced by Streptomyces sp. M7_15 with yields 

typically > 70 mg from 20 L of media. Nevertheless, it was found that the purification of 8 was 

very difficult. In a fraction that consisted solely of metabolite 8, four peaks were present 

throughout an HPLC run of this fraction, indicating that this compound may exist as several 

isomers. In addition, 8 was sensitive to light and oxygen as evidenced by its decomposition 
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during NMR experiments. Consequently, a full data set of 
13

C NMR chemical shift values could 

not be collected in d6-DMSO, d4-methanol, d5-pyridine, or deuteriochloroform. The LC-MS of 8 

showed a peak at 638 m/z in the –ve ion mode, while the UV spectrum of 8 showed absorbance 

at 280, 320, and 380 nm, suggesting a possible structural relationship to the previously described 

frigocyclinone derivatives. The 
1
H and 

13
C NMR spectral data of 8 (Table 16) represented 

several chemical shift values that appeared as strong signals on the MeHSQC, COSY, and 

HMBC spectra. These spectra illustrated the presence of two pairs of ortho-coupled aromatic 

protons (C-6, δH 7.19  d, J = 9.95 Hz, C-7, δH 8.034  d J = 7.8 Hz, C-13, δH 7.82 d, J = 7.90 Hz, 

C-14, δH 6.91  d J = 10.0 Hz) consistent with the pattern observed in frigocyclinone. Two 

anomeric protons were assigned to H-20 (δH 5.22, m) and H-28 (δH 5.83, m). The chemical shift 

of the two anomeric carbons suggested C-glycosidic attachment of one of the amiodeoxysugars 

at C-20 (δC 65.8), while the second is attached at C-28 (δC 94.5) through an angular oxygen.  In 

addition, signals for three carbonyls at C-1 (δC 198.3 ), C-9 (δ 205 ), and C-16 (δC 203.3) were 

also present. All signals were in agreement with a possible molecular formula of C36H50N2O8 and 

the structure illustrated in Fig. 16. 
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Table 16: Assignments of 
13

C and 
1
H NMR data for compound 8 (JV-2-46-4). Spectra were 

recorded in pyridine-d4 at 500 MHz.The assignments were based on DEPT, HSQC, and HMBC 

experiments. 

carbon # δ
C 

(ppm) δ
H
 ppm (J, Hz)  Me-HSQC  COSY 

1
H-

13
C HMBC 

1 198.3     

2a 

2a 

41.7 3.27 m 

2.99 m 

CH2  C-1 

3 -     

4a 

4b 

-  CH2   

5 -     

6 - 7.19 d (10.0) CH   

7 134.1 8.034 d (7.8) CH   

8 -     

9 205.0     

10 -     

11 -     

12 -     

13 120.1 7.82 d (7.90) CH   

14 - 6.91 d (10.0) CH   

15 -     

16 203.3     

17 -     

18 -     

19 20.8 1.463 m CH3 H-19-H-20  

20 65.8 5.22 m CH H-20-H-21  

21a 

21b 

33.4 1.35 m 

2.22 m 

CH2 H-21-H-22  

22a 

22b 

23.7 1.87 m 

1.72 m 

CH2 H-22-H-23  

23 65.7 2.79 m CH H-23-H-24  

24 72.9 4.58 m CH   

25 12.1 1.42 d (7.38) CH3   

26 41.7 2.03 m CH3   

27 41.7 2.03 m CH3   

28 94.5 5.83 m CH H-28-H-29 C-26 

29a 

29b 

31.4 2.16 m 

1.46 m 

CH2 H-29-H-30 C-27 

30a 

30b 

15.7 1.467 m 

1.152 m 

CH2 H-30-H-31  

31 66.97 2.00 m CH H-31-H-32  

32 68.5 3.79 m CH H-32-H-33  
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Table 16 Cont. 

carbon # δ
C 

(ppm) δ
H
 ppm (J, Hz)  Me-HSQC  COSY 

1
H-

13
C HMBC 

33 19.9 0.83 d (6.46) CH3   

34 44.3 2.225 m CH3   

35 44.3 2.225 m CH3   

 

 Compound 9 was isolated as a bright red powder and found to have a molecular formula 

of C35H45N2O8 [M+H]
+
 m/z (obsd) 621.3167 m/z as determined by HREISMS. The 

1
H and 

13
C 

NMR spectral data of 9 (Table 17) contained three aromatic protons (C-12, δH 7.32  m, C-13, δH 

7.55  t J = 8 Hz, and C-14 δH 7.71  d (J = 7 Hz) which displayed the same coupling pattern as 

observed for ring D protons in compound 1.  Accordingly, it was concluded that there was no C-

linked aminodeoxysugar attached to C-12 of the angucyclinone moiety, though the NMR data 

was consistent with the presence of two aminodeoxy sugar groups.  Instead, the HMBC data 

indicated that the two aminodeoxysugar were linked through an angular oxygen to C-5 (δC 82.4 ) 

and C-18 (δC 86.96).  Three additional olefinic protons observed in the MeHSQC spectra were 

assigned to H-2 (δH 6.31, m), H-6, (δH 7.49 d J = 10 Hz), and H-7 (δH 7.32, m). The ketone at 

position C-1 was still present that with HMBC correlated with H-2 (δH 6.31, m). MeHSQC also 

confirmed the presence a methylene group at C-4 (δH 2.75, d, δH 3.04, d, J = 19 Hz) which also 

showed an HMBC correlation with the methyl carbon at position C-19 (δC 23.28).Compound 9 

was also unstable and light sensitive, which hindered direct observation of five quaternary 

carbon values in the 
13

C NMR spectra.  

 

 

 

 

 



 76 

Table 17: Assignments of 
13

C and 
1
H NMR data for compound 9 (JV-2-62-5). Spectra were 

recorded in pyridine-d4 at 500 MHz.The assignments were based on DEPT, HSQC, and HMBC 

experiments. 

carbon # δ
C 

(ppm) δ
H
 ppm (J, Hz)  Me-HSQC  COSY 

1
H-

13
C HMBC NOESY 

1 195.84      

2 126.38 6.31 br s CH H-2-H-19 

H-2-H4 

C-19, C-4, C-5 H-19 

3 155.80      

4a 

4b 

44.77 2.75 d (19)  

3.04 m 

CH2 H-4-H-19 

 

C-19, C-5, C-

18, C-2, C-3. 

C-1 

H-19, H-4 

5 82.43      

6 143.55 7.49 d (10) CH H-6-H-7  H-20 

7 124.74 7.32 m CH    

8 -      

9 188.86      

10 -      

11 162.4      

12 120.7 7.32 m CH H-12-H-

13 

  

13 137.45 7.55 t (8) CH H-13-H-

14 

  

14 119.82 7.71 d (7) CH    

15 -      

16 -      

17 -      

18 86.96      

19 23.28 1.64 s CH3    

20 102.5 5.42 m CH H-20-H-

21 

C-22, C-21, C-

24, C-18 

H-21, H-

22, H-24, 

H-6 

21a 

21b 

32.81 1.71 m 

 2.40 m 

CH2 H-21-H-

22 

C-22, C-20, C-

23 

H-20 

22a 

22b 

19.36 1.59 m 

 1.89 m 

CH2 H-22-H-

23 

C-21 H-24 

23 65.72 2.31 m CH H-23-H-

24 

C-24 H-25, H-

22, H-32 

24 74.78 3.79 m CH H-24-H-

25 

C-23, C-25, C-

20 

H-26, H-

27, H-20 

25 20.25 1.54 d (6) CH3    

26 41.18 2.19 m CH3    
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Table 17 cont. 

carbon # δ
C 

(ppm) δ
H
 ppm (J, Hz)  Me-HSQC  COSY 

1
H-

13
C HMBC NOESY 

27 41.18 2.19 m CH3    

28 95.9 6.00 m CH H-28-

H29 

C-30, C-32,  

C-5 

H-33, H-

26, H-27 

29a 

29b 

29.4 2.03 m CH2 H-29-H-

30 

C-30, C-34,  

C-35, C-31,  

C-28 

H-28 

30a 

30b 

18.6 1.89 m 

 1.89 m 

CH2 H-30-H-

31 

C-29, C-31, 

C-32, C-28 

 

31 60.53 2.31 m CH H-31-H-

32 

C-30, C-29,  

C-32 

H31 

32 69.05 4.18 m CH H-32-H-

33 

C-33, C-30,  

C-28 

H-33, H-

34, H-35, 

H-31 

33 15.7 0.96 d (7) CH3  C-31, C-32,  H-32 

34 43.56 2.15 s CH3  C-35 H-30, H-

31 

35 43.56 2.15 s CH3  C-34 H-30, H-

31 
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Isolation of dihydroquinones from Streptomyces sp. M18_3 

 

 

After 8 weeks of incubation of the sponge homogenate from Agelas sceptrum, the 

actinomycete strain Streptomycetes sp. M18_3 appeared as a brown circular colony growing in 

SW media (Table 3). Phylogenetic analysis of the 16S rRNA gene revealed a 98% sequence 

homology with the actinomycete Streptomyces sp. CNQ-525 (Fig. 11) that was previously 

isolated from the sediments off the coast of San Diego, California by Soria-Mercado et al. 

(2005). Considering the possibility that Streptomyces sp. M18_3 is a new phylotype that might 

produce new metabolites, it was incubated in 500 mL flasks that contained high-nutrient, 

saltwater media. The organism was cultured for 10 days on a rotary shaker at 28 °C.  A total of 

1.6 L were cultured at a time and harvested by filtration. Repeated harvests over 12 weeks 

yielded a total of 19.2 L of fermented media that was extracted with EtOAc followed by BuOH. 

The filtered cells were suspended in a 1 L beaker with 500 mL of 80% MeOH at each time of the 

harvest. Significant antibiotic resistance against B. subtilis and M. smegmatis was observed in the 

EtOAc extracts of cells and media. Further LC-UV-MS analysis revealed the presence of 

dihydroquinones in both of these extracts. Since the cells yielded more biomass (2.306 g), it was 

suspended in 20% aqueous MeOH and extracted with hexane, CH2Cl2, and BuOH. As expected 

the CH2Cl2 extract retained most of the dihydroquinone derivatives. This extract was subject to 

C18 flash chromatography and was eluted using a step gradient to yield the known compounds 

WS-9659 A1 in the polar 20-40% MeOH fraction, naphthomevalin 1, SF2415B3, and chloro-

dihydroquinones (1-4) in the less polar 80-100% MeOH fractions. 

WS-9659A1 was isolated as a pink powder under acidic buffer conditions (0.1% TFA). To 

perform 
1
H NMR experiments, the compound was dissolved in pyridine-d4 treated with NH4OH 

which turned the compound to a light blue color. The mass of WS-9659A1 was detected with the 
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negative ion of the LC-MS exhibiting a mass of 332.19 m/z. UV analysis indicated a λmax of 282 

nm with other absorbance values at 210, and 386 nm. The 
1
H NMR spectral analysis of WS-

9659A1 established the presence of 7 aromatic protons H-2 (δH
 
6.75) , H-3 (δH

 
7.6), H-4 (δH

 

6.01), H-7 (δH 7.43), H-8 (δH
 
7.90), H-9 (δH

 
8.4), H-10 (δH

 
7.23) (Fig. 17). A 2H singlet at δ

 
4.88 

was characteristic of a methylene group attached to a quaternary nitrogen and was assigned C-

14. The methyl substituent attached to C-21 appeared at δH
 
1.72 and two other methyl 

substituents attached to C-18 appeared at δH
 
0.72. The resonances for three methylene groups H-

17, H-19, H-20 appeared were observed in the range δH
 
0.8-1.5. All proton assignments were 

consistent with compound WS-9659A previously isolated from Streptomyces sp. No. 9659 

isolated from a terrestrial soil sample collected in Japan by Nakayama et al. (1989). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: 
1
H NMR spectrum of WS-9659 A in Pyridine-d4. 
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 From the less polar fractions, a compound whose LC-MS analysis indicated a mass of 

460.14 m/z was isolated as a dark yellow oil. The UV spectrum of this compound showed strong 

absorbance values at 216, and 320 nm with a λmax of 266 nm. The 
1
H NMR spectra revealed the 

presence of 5 methyl groups assigned to H-14 (δH
 
1.3) , H-15 (δH

 
1.35), H-23 (δH

 
1.5), H-24 (δH

 

2.3), H-25 (δH
 
1.5) and one aromatic methyl group H-26 (δH

 
3.34) (Fig. 18). There was one 

aromatic proton at position C-6 (δ
 
7.01). In addition, three vinylic proton signals H-12 (δH

 
4.91), 

H-17 (δH
 
5.10), and H-21 (δH

 
4.75) confirmed the structure of naphthomevalin, a compound 

previously isolated from a Streptomyces sp. (strain Gö 28) associated with a soil sample 

collected in Strathgordon, Australia by Henkel and Zeeck (1990). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: 
1
H NMR spectrum of napthomevalin in deuteriomethanol. 
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Following naphthomevalin a subsequent terpenoid-like metabolite was isolated. This 

compound appeared as a pale yellow solid that illustrated a molecular weight of 494.12 m/z by 

LC-MS analysis. A complex molecular ion appeared as a cluster of signals that showed the 

presence of two chlorine atoms in the molecule. UV analysis revealed a λmax of 276 nm with 

weaker absorbance values at 336 and 216 nm.  Like napthomevalin, one aromatic proton H-6 (δH 

7.01), and three vinylic proton signals (H-13 δH 4.33, H-18 δH 4.65, H-22 δH 4.75 ) were 

illustrated by the 
1
H NMR spectra. Nevertheless, four methyl groups (δH7.01) instead of six 

appeared on the 
1
H NMR spectra (Fig. 19).  All signals in the 

1
H NMR spectra were in 

agreement with compound SF2415B3. SF2415B3 was previously isolated from Streptomycete 

aculeolatus (Fig. 12) associated to the soils of Palau Island and was analyzed by Fukuda et al. 

(1989). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19: 
1
H NMR spectrum of SF2415B3 in deuteriomethanol. 
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HPLC analysis of the less polar fractions (100% MeOH) revealed the presence of a 

family of dihydroquinones. The first dihydroquinone that eluted from the HPLC column was 

isolated as a pale yellow powder that illustrated a molecular weight of 512.32 m/z by LC-MS and 

a cluster of peaks indicating the presence of two chlorine atoms in the molecule. The UV spectra 

of this dehydroquinone had a λmax 276 nm with weaker absorbance at 248 and 326 nm. The 
1
H 

NMR spectra revealed the presence of one aromatic proton (H-6 δH7.01 ), one aromatic methyl 

group (H-26 δH 2.23 ),  five aliphatic methyl groups (H-21 δH 1.34 ,  H-22 δH 0.45 , H-23 δH 0.78 

, H-24 δH 1.22 , H-25 δH 1.45 ), and two methine protons (H-4 δH 3.6 , and H-10 δH 4.22). All 

chemical shift values were in agreement with Chloro-dihydroquinone 1 (Fig. 20). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: 
1
H NMR spectrum of chloro-dihydroquinone 1 in detuteriomethanol 

 

The second dihydroquinone isolated had a similar molecular weight (510.43m/z), 

determined by LC-MS, to chloro-dihydroquinone 1. Like chloro-dihydroquinone 1, a cluster of 
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signals in the LC-MS indicated the presence of two chlorine atoms in the molecule. In agreement 

with the previous dihydroquinone, the UV spectra showed a λmax of 278 nm and weak absorbance 

at 332, and 226 nm. The 
1
H NMR spectra illustrated two aromatic protons (H-11 δH7.91 , and H-

18 δH 6.5), one aromatic methyl group (H-26 δH2.33 ),  five aliphatic methyl groups (H-21 δH 

1.34 ,  H-22 δH 0.45 , H-23 δH 0.78 , H-24 δH 1.22 , H-25 δH 1.45 ), and two methine protons (H-4 

δH 3.6 , and H-10 δH 4.22 ) that are in agreement with chloro-dihydroquinone 2 (Fig. 21). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: 
1
H NMR spectrum of chloro-dihydroquinone 2 deuteriodichloromethane 

Following chloro-dihydroquinone 2, a third terpenoid-like derivative was isolated as a 

white amorphous powder that was analyzed for a molecular mass of 492.23 m/z by LC-MS. A 

cluster of signals appeared in the LC-MS spectra that illustrated the presence of two chlorine 

atoms in the molecule. The UV spectra revealed a λmax of 276 nm with weaker absorbance at 218 

and 332 nm. Compared to the molecular mass of chloro-dihydroquinone 2 this terpenoid showed 

a loss of 18 amu that could suggest the loss of H2O.  Chemical shift values for a vinylic proton 



 84 

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

Current Data Parameters
NAME     JV-2-44-7_MeOD
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20090909
Time              16.35
INSTRUM           spect
PROBHD   1.7 mm PATXI 1
PULPROG              zg

TD                65536
SOLVENT            MeOD

NS                    8
DS                    4
SWH            6009.615 Hz
FIDRES         0.091699 Hz
AQ            5.4527283 sec
RG                161.3
DW               83.200 usec
DE                 6.00 usec

TE                298.0 K
D1           1.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H

P1                 4.63 usec
PL1                3.60 dB
PL1W         9.86830425 W
SFO1        500.1327507 MHz

F2 - Processing parameters
SI                32768
SF          500.1300189 MHz
WDW                  EM
SSB                   0
LB                 0.10 Hz
GB                    0
PC                 1.00

16

17

18
19

14
15

20 8

12
13

O
11

9

10

11

O

O

OH

26

HO

6
5

4

3

2

1

Cl

Cl

7

H

H

22

23

24

H 25

Chloro-Dihydroquinone 3

21

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

Current Data Parameters

NAME     JV-2-44-7_MeOD
EXPNO                 2

PROCNO                1

F2 - Acquisition Parameters

Date_          20090909
Time              16.35

INSTRUM           spect
PROBHD   1.7 mm PATXI 1

PULPROG              zg
TD                65536

SOLVENT            MeOD

NS                    8
DS                    4

SWH            6009.615 Hz
FIDRES         0.091699 Hz

AQ            5.4527283 sec
RG                161.3

DW               83.200 usec

DE                 6.00 usec
TE                298.0 K

D1           1.00000000 sec
TD0                   1

======== CHANNEL f1 ========

NUC1                 1H

P1                 4.63 usec
PL1                3.60 dB

PL1W         9.86830425 W
SFO1        500.1327507 MHz

F2 - Processing parameters
SI                32768

SF          500.1300189 MHz
WDW                  EM

SSB                   0
LB                 0.10 Hz

GB                    0
PC                 1.00

16

17

18

19

14
15

20
8

12
13

O
11

9

10

11

O

O

OH

26

HO

6
5

4

3

2

1

Cl

Cl

7

H

H

22

23

24

H 25

Chloro-Dihydroquinone 3

21

H-18
H-11 H-10

H-4

H-2

H-26

H-6
H-3

H-25

H-2

H-24

H-22
H-23

H-21

H-7

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

Current Data Parameters
NAME     JV-2-44-7_MeOD
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20090909
Time              16.35
INSTRUM           spect
PROBHD   1.7 mm PATXI 1
PULPROG              zg

TD                65536
SOLVENT            MeOD

NS                    8
DS                    4
SWH            6009.615 Hz
FIDRES         0.091699 Hz
AQ            5.4527283 sec
RG                161.3
DW               83.200 usec
DE                 6.00 usec

TE                298.0 K
D1           1.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H

P1                 4.63 usec
PL1                3.60 dB
PL1W         9.86830425 W
SFO1        500.1327507 MHz

F2 - Processing parameters
SI                32768
SF          500.1300189 MHz
WDW                  EM
SSB                   0
LB                 0.10 Hz
GB                    0
PC                 1.00

16

17

18
19

14
15

20 8

12
13

O
11

9

10

11

O

O

OH

26

HO

6
5

4

3

2

1

Cl

Cl

7

H

H

22

23

24

H 25

Chloro-Dihydroquinone 3

21

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

Current Data Parameters

NAME     JV-2-44-7_MeOD
EXPNO                 2

PROCNO                1

F2 - Acquisition Parameters

Date_          20090909
Time              16.35

INSTRUM           spect
PROBHD   1.7 mm PATXI 1

PULPROG              zg
TD                65536

SOLVENT            MeOD

NS                    8
DS                    4

SWH            6009.615 Hz
FIDRES         0.091699 Hz

AQ            5.4527283 sec
RG                161.3

DW               83.200 usec

DE                 6.00 usec
TE                298.0 K

D1           1.00000000 sec
TD0                   1

======== CHANNEL f1 ========

NUC1                 1H

P1                 4.63 usec
PL1                3.60 dB

PL1W         9.86830425 W
SFO1        500.1327507 MHz

F2 - Processing parameters
SI                32768

SF          500.1300189 MHz
WDW                  EM

SSB                   0
LB                 0.10 Hz

GB                    0
PC                 1.00

16

17

18

19

14
15

20
8

12
13

O
11

9

10

11

O

O

OH

26

HO

6
5

4

3

2

1

Cl

Cl

7

H

H

22

23

24

H 25

Chloro-Dihydroquinone 3

21

H-18
H-11 H-10

H-4

H-2

H-26

H-6
H-3

H-25

H-2

H-24

H-22
H-23

H-21

H-7

appear at H-21 (δH 4.33 ) position, suggesting the disappearance of the aliphatic hydroxyl group 

and the oxidation of the methyl (H-21) to an alkene. One aromatic methyl group (H-26 δH 2.26), 

four aliphatic methyl groups (H-22 δH 1.5 , H-23 δH 0.65 , H-24 δH 1.12 , H-25 δH 1.62 ) and two 

methine protons (H-4 δH 3.4 , and H-10 δH 4.30 ) were in agreement with chloro-dihydroquinone 

3 (Fig. 22). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: 
1
H NMR spectrum of chloro-dihydroquinone 3 deuteriomethanol 

 A fourth dihydroquinone was isolated as a yellow oil that was analyzed for a molecular 

mass of 528 m/z by LC-MS. A cluster of peaks appeared on the LC-MS that confirmed the 

presence of three chlorine atoms in the compound. The UV spectra showed a λmax of 276 with 

other weak absorptions at 248 and 326 nm. The 
1
H NMR spectra illustrated one aromatic proton 

(H-18 δH7.33 ), one aromatic methyl group (H-26 δH 2.33 ),  four aliphatic methyl groups (H-22 

δH 0.72 , H-23 δH0.45 , H-24 δH1.33 , H-25 δH 1.45 ), two methine protons (H-4 δH 3.6 , and H-
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10 δH 4.5 ) and one vinylic proton (H21 δH 4.85 ) (Fig. 23). This compound was almost identical 

to Chloro-dihydroquinone 3 with an additional chlorine atom at C-12 and a methylene pair at H2-

11. All spectral data analyzed matched that of chloro-dihydroquinone 4 that along with 

dihydroquinones 1-3 were previously isolated and characterized by Soria-Mercado et al. (2005). 

Soria-Mercado and co-workers isolated these chloro-dihydroquinones from Streptomycetes sp. 

CNQ-525 associated to deep-sea sediments and was believed to be an obligate marine 

actinomycete. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23: 
1
H NMR spectrum of chloro-dihydroquinone 4 deuteriomethanol 
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Antibiotic and anticancer bioactivity of frigocyclinone and chloro-dihydroquinone derivatives 

 

All compounds isolated were biotested against gram-positive bacteria (Bacillus subtilis, 

and Mycobacterium smegmatis), gram-negative bacteria (Escherichia coli), fungi (Aspergillus 

niger, and Candida kefyr), and mammalian rhabdomyosarcoma cancer cells. None of the 17 

compounds exhibited activity against either of the fungi species or against E. coli. Nevertheless, 

most compounds showed to be cytotoxic against gram-negative bacteria as shown in Table 18. 

From the frigocyclinone derivatives, compounds 1-6 exhibit weak antibiotic activity (<5 mm 

zones of inhibition) while compounds 7-9 were significantly bioactive against gram-negative 

bacteria (4-6 mm zones of inhibition). Similar bioactivity profiles were observed for the 

SJCRH30 (rhobdomyosarcoma) human cells, in which none of the dihydroquinones exhibited 

anticancer activity and some of the frigocyclinone derivative did (Fig. 25). Treatment for 24 hr 

with the frigocyclinone derivatives revealed that compounds 4, 7, 8, 9 and frigocylinone showed 

EC50 (median effective concentration) values of 13.3 µM, 611.9 nM, 28.27 nM, and 5.16X10
5
 

µM respectively (Table 19). During a 48 hour period, compounds 4, 5, 7, 8, 9 and frigocyclinone 

exhibited EC50 values of (155.9 µM, 267.2 µM, 7.27 nM, 2.079 nM, 13.04 nM, and 5.238 µM) 

respectively (Table 19). In addition, Compound 1 seems to enhance cell growth throughout a 48 

hour period (Fig. 25). As indicated by Fig. 26, none of the dihydroquinones showed bioactivity 

against SJCRH30 cells and no EC50 values could be reported. 
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Table 18: Antibiotic activity of compounds 1-9, WS-9659, naphthomevalin, SF2415B3, and 

chloro-dihydroquinone 1-4. 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Compound Tested 

 (1mg/mL) 

Escherichia coli  

Inhibition diameter (mm) 

Mycobacterium smegmatis  

Inhibition diameter (mm) 

Frigocyclinone 1 1 

Compound 1 2 2 

Compound 2 1 1 

Compound 3 2 2 

Compound 4 3 3 

Compound 5 2 2 

Compound 6 2 2 

Compound 7 4 4 

Compound 8 6 6 

Compound 9 4 4 

WS-9659  8 8 

Naphthomevalin 1 1 

SF2415B3 2 2 

Chloro-dihydroquinone 1 0 0 

Chloro-dihydroquinone 2 0 0 

Chloro-dihydroquinone 3 1 1 

Chloro-dihydroquinone 4 1 1 
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Figure 24: Cytotoxicity of 8 new frigocyclinone derivatives against rhabdomyosarcoma cancer 

cells treated for 24 hrs. Curve drop-off indicates the concentration at which the compounds are 

cytotoxic.  

 

 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: Cytotoxicity of 8 new frigocyclinone derivatives against rhabdomyosarcoma cancer 

cells treated for 48 hrs. Curve drop-off indicates the concentration at which the compounds are 

cytotoxic.   
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Table 19: EC50  of all new frigocyclinone derivatives after 24 and 48 hr intervals against 

rhabdomyosarcoma cancer cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26: Cytotoxicity of dihydroquinone derivatives against rhabdomyosarcoma cancer cells 

treated for 24 hrs. Curve drop-off indicates the concentration at which the compounds are 

cytotoxic.  

 

 

 

Compound EC50 24 hrs  EC50 48 hrs  

1 0 0 

2 0 0 

3 0 0 

4 113.3µM 155.9µM 

5 0 267.2µM 

6 0 0 

7 611.9 nM 7.27 nM 

8 28.27 nM 2.079 nM 

9 133.9 nM 13.04 nM 

Frigocyclinone 5.16X10^5 µM 5.238 µM 
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Metabolic profile analysis for Micromonospora aquatica associated with sediments and sponges 

of Puerto Rico 

 

 

More than 70 out of the total 180 isolates shared a 100% sequence homology of the 16S 

rRNA gene with Micromonospora aquatica. These were isolated from sponges and sediment 

samples of Puerto Rico. Ten isolates from sponges and sediments were selected and upscaled for 

characterization of their chemical profiles. Following fractionation of the crude extracts from 

these Micromonospora aquatica strains, fractions were subjected to LC-UV-MS analysis. From 

these data, a clear distinction between sponge associated M. aquatica to those isolated from 

sediments was observed. The fractions from the same solvent system between different sediment 

associated M.aquatica showed similar UV absorbance values and molecular weights (Table 20). 

Compounds with molecular weights of 585 m/z, 601 m/z were seen in 6 out of the 10 sediment 

M. aquatica isolates analyzed. All UV absorbance values for the individual actinomycetes 

showed a common λmax of 220 nm with minor absorbance at other wavelenghts. Moreover, the 

physical appearance of sediment associated M. aquatica was similar in all isolates. The growing 

morphology of these strains consisted of orange colonies that overgrow the agar plates in solid 

media and in liquid media produce a brown cluster of small cells (Fig. 29). No diffusible 

pigments were observed in their culture broths. 
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Table 20: UV absorbance values and molecular weights of crude extract fractions from 

fermented Micromonospora aquatica associated with marine sediments. 

 

 

Unlike the sediment associated M. aquatica strains, sponge associated M. aquatica showed a 

variety of compounds with different UV absorbance values for each individual isolate (Table 

21). When grown on agar, these strains exhibited significantly different growing morphologies. 

Most of these strains produced dark, diffusible pigments that were absorbed in the agar plates 

and in liquid media, these sponge-associated cells of M. aquatica grew as a thick cluster of 

strings and secreted dark pigments that turned the media, purple, green, orange, bright pink, blue, 

and brown (Fig. 28). These different growing morphologies were in agreement with the variety 

of molecular weights and UV absorbance values reported in Table 21.  

The chemical profiles between sponge associated M. aquatica extracts were not only 

different from one another, but their secondary metabolites showed antibiotic properties against 

gram-positive and negative bacteria as opposed to sediment associated M. aquatica (Fig. 29). 

Figure 29 illustrates that out of the 60 fractions derived from sponge associated M.aquatica, 15 

were bioactive against B. subtilis, 18 against M. smegmatis, and 10 against E.coli. These results 

were opposite to the sediment derived M. aquatica, that of 60 fractions, only 2 showed 

bioactivity against B. subtilis and 2 were bioactive against M. smegmatis. 

Sediment sample Fraction UV absorbance (nm) Molecular weight (m/z) 

A1-60 100% MeOH 200, 218, 270 585, 1072, 601 

A1-53 100% MeOH 220, 218, 222 585, 601, 817 

A1-35 100% MeOH 224, 190 720, 467 

A1-21 100% MeOH 222 585, 558 

A1-22 100% MeOH 220, 270, 280 585, 601 

A1-1 100% MeOH 220, 222 601, 466, 720 

A1-28 100% MeOH 222, 192, 224 356, 282, 670, 808 

A1-40 100% MeOH 222, 220, 342, 304, 360 720, 808, 585, 470, 510 

A1-51 100% MeOH 224, 220, 200 720, 458, 465 
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Table 21: UV absorbance values and molecular weights of bioactive fractions from the crude 

extract of fermented Micromonospora aquatica isolates associated to Caribbean sponges. 

Sponge sample Sponge species Fraction UV absorbance (nm) Molecular weight (m/z) 

C3-5 P. laughlini 80% MeOH 214, 218, 280 521, 410 

C3-5 P. laughlini 100% MeOH 214, 216 407, 837 

A3-33 P. laughlini 0.1%TFA 220, 280, 320, 360 836, 464, 822 

B16-3 A. sceptrum 20% MeOH 196, 260, 215, 300 1503, 351, 315 

B16-3 A. sceptrum 80% MeOH 

236, 260, 220, 300, 

400, 280  544, 614, 815, 548 

B16-3 A. sceptrum 100% MeOH 222, 204 822, 837, 465 

B16-3 A. sceptrum 0.1% TFA 252, 222 836, 674 

A3-2 P. laughlini 80% MeOH 

210,240, 260, 280, 

300, 360 411, 364, 449, 522 

A3-2 P. laughlini 100% MeOH 220, 260, 360 292, 572, 356, 822, 837 

A5-2 E. ferox 80% MeOH 222, 280, 300, 360 598, 816, 614, 600 

A5-2 E. ferox 100% MeOH 220, 280, 340 598, 356, 479 

A5-2 E. ferox 0.1% TFA 222 598, 515, 610 

A8-1 P. weibbergi 80% MeOH 222, 260, 280 

600, 1072, 614, 586, 

447 

A8-1 P. weibbergi 100% MeOH 

220, 300,360, 380, 

400 356, 640, 1297 

B15-3 M. laevis 80% MeOH 

222, 280, 236, 260, 

290 

817, 408, 572, 598, 614, 

239 

B15-3 M. laevis 100% MeOH 222 356, 670 

B15-3 M. laevis 0.1% TFA 222 1297, 625 

A7-6 A. complanata 100% MeOH 222 356, 933, 610, 479, 392 

A7-6 A. complanata 0.1% TFA 220 625, 639, 1297 

A5-1 E. ferox 100% MeOH 220, 280, 300 620, 356, 734 
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Figure 27: Isolates sharing a 100% sequence homology with the strain Micromonospora 

aquatica isolated from sediments.  Physical appearance of isolates growing on agar and liquid 

media are also represented. Bioactivity results for all extracts evaluated for each individual 

actinomycete are represented. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28: Isolates sharing a 100% sequence homology with Micromonospora aquatica 

associated with different sponge species. Physical appearance of isolates growing on agar and 

liquid media are also represented. Bioactivity results for all extracts were also evaluated for each 

individual actinomycete. 
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Figure 29: Number of bioactive fractions from 10 Micromonospora echinospora strains isolated 

from sediment and sponge samples. All sponge isolates represented different morphology, 

dependent on its source of isolation. 
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DISCUSSION 

 

Diversity of culturable actinomycetes in sponges and sediments of Puerto Rico 

 

 A total of 180 actinomycetes were isolated from approximately 50 samples consisting of 

sediments and sponges from Puerto Rico. Four out of the 30 known actinomycete families, with 

7 out of the more than 110 genera, were present within these 180 isolates (Fig. 5). Strains of 

Micromonospora, commonly isolated from marine sediments and terrestrial habitats 

(Goodfellow and Williams 1983), were unsurprisingly the dominant genus among our library of 

isolates (representing more than 77%)  (Fig. 5). The next most frequently found genera following 

Micromonospora sp., are the Verrucosispora sp., Solwaraspora sp., Streptomyces sp., 

Salinospora sp., Rhodococcus sp. and Microbacterium sp. respectively. These results indicate a 

limited diversity of actinomycetes in sediments and sponges of Puerto Rico. Nevertheless, 

thislimited diversity could be attributed to the stringent salt-requiring conditions that were used 

to specifically isolate obligate, salt-requiring actinomycetes. These seven genera were distributed 

randomly among the sampled sponges, showing no indication of a symbiotic relationship 

between host and symbiont. There was no evidence for a uniform community of culturable 

actinomycetes in all sites for one sponge species, which disregards hypothesis (3). As an 

example, the sponge Plakortis lita yielded actinomycetes from site A and C but none for sites B 

and M. Moreover, the actinomycetes isolated from P.  lita appeared in all other sponges collected 

showing no evidence of species specificity. This random assortment is observed in all sponge 

specimens and suggests that most actinomycetes were not associated with one particular sponge 

species.  
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 Despite the random distribution of actinomycetes between sponge species, an interesting 

pattern was observed when comparing the total number of isolates in the four sites. There were a 

higher number of culturable actinomycetes isolated from samples collected on coral reefs closer 

to the mainland than those collected from Mona Island (Fig. 6A, 6B ). This trend is consistent 

with the theory that a lower frequency of actinomycete isolates would be expected from sites 

farther away from land relative to those that are closer to a sedimentation source (Walker and 

Colewell, 1975) if most of these actinomycetes are terrestrially derived.  This theory is supported 

by the fact that some terrestrial actinomycetes tolerate salt treated media and are capable of 

creating gas vesicles that could allow them to float for hundreds of miles when deposited from 

rivers into the ocean (Van Keulen et al., 2005). It is difficult to determine if they are 

autochthonous to the marine environment or true symbionts of marine sponges because they 

have a varied tolerance to salt concentrations (Jensen et al., 1991). Alternatively, actinomycete‟s 

use of recalcitrant polymers as an energy source, which are in higher concentrations closer to 

land, could be an explanation for this pattern (Goodfellow and Williams, 1983). Despite having 

low yields of actinomycetes, Mona Island (Site M) exhibited the highest diversity with a 

Shannon Index of 1.61 (Table 7). Mona Island is remote from any sources of terrestrial runoff 

suggesting that the actinomycetes isolated from there could represent marine species and is in 

agreement with hypothesis (4).  

 Actinomycetes were isolated from all collected sponges except for Svenzea zeai, 

Amphimedom complanata, and Plakortis simplex (Fig. 4A). Environmental factors are not 

influencing the actinomycete community in these sponge species as each was collected at all four 

sites. It is possible that metabolites of these sponge species may inhibit or reduce the abundance 

of actinomycetes in the sponge. For example, S. zeai produces two sterol-like compounds known 
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as parguesterol A and parguesterol B that have reported minimum inhibition concentrations of 

7.8 and 11.2 µg/mL respectively against Mycobacterium tuberculosis (Wei et al., 2007). These 

compounds exhibited strong bioactivity against this gram positive bacteria although they formed 

only 0.7% and 0.9% of the crude methanol-chloroform extract. 

Other sponges that are a prominent producer of antibiotic compounds are those belonging 

to the genus Plakortis. Indeed, P. simplex and P. angulospiculatus are well known for their 

ability to produce cyclic peroxides that are cytotoxic against gram positive bacteria and could be 

inhbiting our yield of culturable actinomycetes from the sponge P.simplex (Gunasekera et al., 

1990; Cafieri et al., 1999). Furthermore, methoxylated fatty acids biosynthesized by the sponge 

Amphimedon complanata are also reported to be moderately bioactive against the gram positive 

bacteria Staphylococcus aureus and Streptococcus faecalis (Carballeira and Pagán, 2001; 

Carballeira and Alicea, 2001). These compounds could be distributed throughout the mesohyl 

tissue of the sponge and thus inhibiting the proliferation of actinomycetes in this species (Fig. 

4A). Another possibility is that actinomycetes could be present within the tissue of the sponge 

but when homogenized, the sponge‟s secondary metabolites are released from cells and absorbed 

into the agar plate, preventing gram positive bacteria to grow.   

While some sponges did not yield any actinomycetes in the four sites, some sponges were 

not found at all the sites (Fig. 4A). For example the sponge Desmapsamma anchorata was not 

found around Mona Island. This sponge is considered an undefended species (Pawlik et al., 

2008), and it may be absent from the Mona Island collections because of the large number of 

spongivorous fishes that occur there. Another sponge not found at every site was Petrosia 

weinbergi, but this was likely the result of its general rarity on Puerto Rican reefs.  
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The sponge Scopalina ruetzleri was present in all four habitats and, following the 

previous pattern, had the lowest yield of actinomycetes in Mona Island. This sponge has a very 

distinct growing morphology when compared to the rest of those sampled. S. ruetzleri is thinly 

encrusting, which makes it very difficult to collect. However, several actinomycetes were 

isolated from this sponge despite its remarkably thin mesohyl layer (Fig. 7B). This indicates that 

regardless of morphology, Caribbean sponges have an enormous potential to harbor a diverse 

community of actinomycetes.  

 The largest number of actinomycetes were isolated from Prosuberites laughlini and these 

isolates were representative of six phylotypes and four genera, also the largest numbers 

associated with any of the collected sponges (Table 6, Fig. 7A). The actinomycetes Salinospora 

arenicola and Verrucosispora sp., within the Micromonosporaceae, were isolated from P. 

laughlini for the first time in this study. However, no actinomycetes were isolated from the Mona 

Island collection of this sponge, consistent the trend of reduced numbers of actinomycetes with 

increased distance from land. The absence of actinomycetes in P. laughlini from Mona Island 

indicates that the actinomycete community within its mesohyl could be influenced by 

environmental factors such as high runoff sedimentation rates. When the four P. laughlini 

individuals collected from site A were dissected for the homogenization step, pouches of 

sediment were observed within the mesohyl matrix. The uptake of sediment by sponges is a 

process known to enhance structural support (Taylor et la.,2007), and the fact that high number 

of actinomycetes were isolated from the site A sedimdnet sample suggests that the high number 

of actinomycetes isolated from P. laughlini at that site could have been derived from the up 

taken sediment. In contrast, no actinomcyetes were isolated from the Mona Island sediment 

sample, nor the P. laughlini collected from there (Fig. 6B).  
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 Although the distribution among sponges of isolated actinomycetes appeared random, 

several unusual strains were confined to one species. This was observed between the two 

Streptomycetes sp. M18-3 and B18-2 species. From the data shown in Fig. 12, these two 

actinomycetes are distantly related but are present in two sponges of the same species (A. 

sceptrum) that live under different environmental conditions. No other sponges or sediment 

samples harbor Streptomycete strains associated with these isolates. This suggests that if the 

appropriate growing conditions are established to grow more Streptomycete strains from this 

sponge, we could see an ubiquitous presence of these strains in the sponge Agelas sceptrum.  

 Conforming to hypothesis (1), sponges were responsible for most of the actinomycetes 

isolated when compared to sediments. Not only do sponges harbor a larger number of 

actinomycetes than sediments, they also exhibit a more diverse bacterial community. Seven 

actinomycete genera were isolated from sponges, compared with only four genera that were 

isolated from sediment samples. In addition to this higher diversity of genera, the highest variety 

of phylotypeswere also isolated from sponges (14 observed OTUs; 19 OTUs expected) (Table 5). 

It is intriguing to note that sponges harbor actinomycetes in sites where sediment samples 

yielded none. This could be a reasonable observation for site M that is isolated from nutrient 

input and is therefore under oligotrophic conditions. Sponges are known to be a nutrient rich 

environment for bacteria and if sediments are not receiving enough nutrient input from sinking 

POM, it is more likely for bacteria to thrive in nutrient rich conditions offered by the sponges 

(Muller et al., 1981). In addition, POM and associated bacteria from river run-off around Puerto 

Rico are more likely to be consumed by the sponges given their significant biomass, advanced 

filtering ability and their three-dimensional infrastructure can filter any organic particulate before 

it reaches the sediment. This is a likely scenario for a spur and groove coral reef infrastructure, as 
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was observed in site B, where sponges are abundant on the crest of the spur, having accessibility 

to the descending POM, before they are deposited within the sediments that accumulate at the 

grooves of the reef.  

 

Discovery of frigocyclinone derivatives in Streptomyces sp. M17_15 

  

The closest relative to Streptomyces sp. M7_15 searched through GenBank was 

Streptomyces sp. KS30 with a supporting 98% sequence homology of a partial sequence of the 

16S rRNA gene (Fig. 12). This suggests the possibility that Streptomyces sp. M7_15 is a new 

phylotype with the ability to produce new compounds, and in fact eight new compounds related 

to frigocylinone were isolated from the EtOAc extract of the fermentation broth (Fig. 16). Since 

frigocyclinone was previously isolated from a Streptomyces griseus species associated with soils 

of Antarctica, its partial 16S rNRA sequence was used to compare its genomic information to the 

16S rRNA gene of Streptomyces sp. M7_15. Intriguingly, when the neighbor-joining tree was 

analyzed, these two strains were grouped into two separate clusters, showing a significant distant 

relationship to one another (Fig. 12). Therefore, it could be assumed that Streptomyces sp. 

M7_15 is a new actinomycete phylotype that has evolved similar biosynthetic genes to the 

Antarctic strain S. griseus. One argument against this assumption is that the 16S rRNA gene is 

used as a general classification tool of a highly conserved gene that reveals no information 

concerning the biosynthetic capabilities of the organism to produce secondary metabolites. In 

order to make an assertive argument that supports that these two strains are two different species, 

producing similar compounds, it would be necessary to sequence the PKS genes responsible for 

the production of these compounds and establish a phylogenetic relationship between them.  
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Frigocyclinone belongs to the angucyclinone group of antibiotics, which constitutes more 

than one hundred compounds (Rohr and Thierke, 1992). In fact compound 1 shares almost the 

same structural features as angucyclinone SM 196 A (3) isolated from Streptomyces sp. (DSM 

4769) (Grabley et al., 1991) and angucyclinone PM070747 isolated from Saccharopolyspora 

taberi (Pérez et al., 2009). Despite the abundance of angucyclinones, frigocyclinone is currently 

the only angucyclinone to have a C-linked aminodeoxysugar attached to the anthraquinone 

moiety (Fig 16). As expected, this new angucyclinone isolated and characterized by Brunter et 

al. (2005), exhibits potent antibiotic activity against Bacillus subtilis and Staphylococcus aureus. 

In addition, frigocyclinone showed an inhibition zone of 1 mm at a concentration of 1 mg/mL 

against Mycobacterium smegmatis. This compound also showed cytotoxicity against human 

rhabdomyosarcoma SJCRH30 cells with an EC50 value of 5.16X10
5
 µM. In agreement with 

frigocyclinone, compounds 2-9 had the same unusual C-linked aminodeoxysugar to the carbon at 

position C-12 (Table 19) 

The aromatic polyketides biosynthesized by a type II PKS are divided into 

anthracyclines, angucyclines, and tetracyclines. Derivatives of these can undergo further 

oxygenation, glycosylation and dehydration and show a wide range of biological activities 

(Olano et al., 2009). The derivatives of frigocyclinone isolated in this study provide examples of 

many such modifications of the angucyclinone moiety. Nevertheless, some modifications to the 

angucyclinone unit suggested by the structures elucidated in this study are extremely rare. For 

example, the biosynthetic precursor of 6 must have undergone a Baeyer-Villiger oxygenation 

reaction that has only been reported once in an angucyclinone derivative. For example, 

urdamycin L isolated from the soil bacteria Streptomyces fradiae, is the only compound 

previously isolated possessing a lactone moiety in ring A (Rix et al., 2003). Our study shows 
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evidence for the first time that the seven membered lactone is a consequence of a Baeyer-Villiger 

reaction. According to the short communication by Rix et al. (2003) the ε lactone is a 

biosynthetic intermediate precursor between compound UWM 6 and urdamycin L, rabelomycin, 

and urdamycin A that is catalyzed by the protein oxygenase UrdM. Rix et al. (2003) states that 

the formation of the ε lactone is a precursor of the overall hydroxylation at position C-18. 

Considering the proposed biosynthetic scheme by Rix et al. (2003) and comparing it with all 

frigocyclinone derivatives, it is possible to consider that compound 1 could be the biosynthetic 

precursor that undergoes a Baeyer-Villiger reaction following the acquisition of the two 

deoxysugars that eventually yields metabolite 9 (Fig. 30).  

 

 

 

 

 

 

 

 

Figure 30: Suggested biosynthetic sequence stipulated by Rix et al. (2003) for Urdamycin A.  

 

Modifications to the angucyclinone moiety resulted in a wide variety of bioactivity 

profiles against the human rhabdomyosarcoma SJCRH30 cells for the frigocyclinone derivatives 

(Fig. 24, Table 19 ). One consistent pattern of bioactivity was observed among the 

frigocyclinone derivatives that had one C-linked aminodeoxysugar and another 
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aminodeoxysugar attached through an angular oxygen to the angucyclinone unit. For example, of 

all frigocyclinone derivatives, compounds 6-9 exhibited the strongest cytotoxicity against 

bacteria and human rhabdomyosarcoma SJCRH30 cells and all of these compounds exhibited 

two aminodeoxysugars attached to the angucyclinone moiety. These three metabolites registered 

EC50 values between 2.0 and 650 nM (Table 19). In contrast to compounds 6-9, compounds 2-5 

with only one aminodeoxysugar unit showed weak to no bioactivity against gram-positive 

bacteria and human rhabdomyosarcoma SJCRH30 cells. Moreover, compound 1, that lacks both 

aminodeoxysugars, shows no bioactivity in all the bioassays conducted. As indicated by their 

structures these bioactivity results suggest that the aminodeoxysugar subunit is important for 

biological activity. 

 

Discovery of dihydroquinone derivatives from Streptomyces sp. M18_3 

 

The strain Streptomyces sp. M18_3 was isolated from the sponge Agelas sceptrum 

collected in Mona Island (Table 4). During these studies a total of six related compounds were 

isolated from this organism. These compounds have all been previously isolated from different 

Streptomyces sp. strains. For example, compound WS9659A was previously isolated from 

Streptomyces sp. No. 9659 (Nakayama et al., 1989), naphthomevalin 1 from Streptomyces sp. 

(strain Gö 28) (Henkel and Zeeck, 1990), SF2415B3 from Streptomyces aculeolatus A80915, 

and chloro dihydroquinones 1-4 from Streptomyces sp. CNQ-525. Remarkably then, 

Streptomyces sp. M18_3 produces all the compounds previously obtained from five separate 

organisms. The phylogenetic analysis of the partial 16S rRNA sequence of Streptomyces sp. 

M18_3 shows a close relationship with the other Streptomyces spp. strains. Unlike strain 
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Streptomyces sp. M7_15, that was grouped on a different cluster than the Antarctic Streptomyces 

griseus, strain Streptomyces sp. M18_3, is grouped in the same clade as other Streptomyces sp. 

strains responsible for producing the same dihydroquinones, hence, indicating a close 

relationship to one another (Fig. 12). However, with no more than 98% sequence homology with 

the rest of the Streptomyces sp. strains we could assume that this strain is a new phylotype.  

 Despite producing known compounds, one of the metabolites produced by Streptomyces 

sp. M7_15  is interesting in that it does not follow the usual terpenoid dihydroquinone pattern. 

This metabolite is WSA9659 A1 (Fig.17) that apparently is the result of a different biosynthetic 

pathway compared with the other dihydroquinones.  The structure of metabolite WSA9659 A1 

shows one tertiary and one quaternary nitrogen atom, forming a heterocyclic ring within the 

anthraquinone moiety that is not seen in the other five dihydroquinones. There is evidence of 

some structural relationship to the rest of the compounds with the presence of some terpene 

subunits in its structure but has undergone a slightly different biosynthetic mechanism. The 

arrangement of the quaternary nitrogen between carbons C-6 and C-7 is evidence that a different 

biosynthetic pathway with different enzymes has been used to synthesize WSA9659 A1. All of 

these different compounds synthesized by one Streptomyces sp. strain is evidence of the 

remarkable biosynthetic machinery that has evolved within the genome of these organisms. 

The antibiotic profiles of these metabolites are fairly consistent with the reported 

literature. However, the bioassays against human rhabdomyosarcoma SJCRH30 cells of 

dihydroquinones 1-4 were not consistent with reported bioactivity for these compounds against 

human colon carcinoma (HCT-116) cells. According to Soria-Mercado and colleagues (year 

cited here – 2005?) the chloro dihydroquinones 1, 2 and 4 showed potent IC50 values that range 

between 0.90-2.40 µg/mL against human colon carcinoma (HCT-116) cells. However, in our 
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bioassay these chloro dihydroquinones were inactive against human rhabdomyosarcoma 

SJCRH30 cells. 

The fact that Streptomyces sp. M7_15 produces a series of compounds resulting from 

different biosynthetic pathways is noteworthy in that could provide valuable information to 

determine if this strain is significantly different from the terrestrial Streptomyces sp. strains. The 

strains Streptomyces sp. No. 9659, Streptomyces sp. (strain Gö 28), and Streptomyces 

aculeolatus A80915 have all been derived from terrestrial soils. Nevertheless, chloro 

dihydroquinones 1-3 have only been observed from Streptomyces sp. CNQ-595 a species that is 

considered to belong to a new genus tentatively called MAR4 which is unrelated to the 

previously mentioned terrestrial Streptomyces strains (Soria-Mercado et al., 2005). Since 

Streptomyces sp. M7_15 isolated from the sponge Agelas sceptrum produces these chloro 

dihydroquinones, it could suggest that this strain belongs to the new genus MAR4. To confirm 

this assumption the entire 16S rRNA gene should be sequenced and compared among strains 

belonging to this genus. If the entire genome is sequenced, different genomic signatures could be 

targeted and compared between terrestrial and marine strains of Streptomyces to link secondary 

metabolite functionality and if possible marine adaptation (Penn et al., 2009).  

 

 

Chemical profiles between Micromonospora aquatica strains associated to sponges and 

sediments of Puerto Rico. 

 

 According to the phylogenetic analysis of the partial gene sequence of the 16S rRNA 

gene from actinomycetes in this study, 77% of all isolates were classified as Micromonospora sp. 
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strains (Fig 5). Within the Micromonospora isolates, 10 different phylotypes were identified (Fig 

11). The dominant Micromonospora phylotype observed among our isolates belonged to 

Micromonospora aquatica totaling 70 isolates. These results seemed unusual at first, since the 

actinomycetes clearly displayed different growing morphologies yet were grouped together 

according to the phylogenetic analysis of their partial 16S rRNA gene sequence (Fig.27, Fig. 28). 

Since these different growing morphologies were only associated with those actinomycetes 

isolated from sponges (Fig. 28), the chemical profile of their extracts were analyzed and 

compared.  These data revealed that sponge-associated Micromonospora aquatica strains were 

found to produce a variety of diffusible pigments that were not observed from the sediment 

associated M. aquatica strains (Fig.27). Bioassay-guided fractionation revealed that these 

pigments consisted of compounds that were not only different from sediment associated M. 

aquatica strains, they were also bioactive against gram positive-bacteria (Fig. 29; Appendix A, 

B). In fact, all of the diffusible pigment-producing sponge associated Micromonospora aquatica 

isolates show bioactive fractions against gram-positive bacteria while those associated to 

sediments are inactive. Since the bioactive fractions were from those that produced diffusible 

pigments, it is reasonable to assume that these pigments are responsible for the bioactivity.   

 There are several theories that could be used to explain why the phylogenetic analysis of 

the 16S rRNA gene was not sufficient to distinguish genomic differences between sponge and 

sediment associated Micromonospora aquatica strains. The 16S rRNA gene is a highly 

conserved gene that for some bacterial isolates is not sufficient to distinguish different 

individuals at the species level. A 16S rDNA sequence-based study conducted by Koch et al. 

(1996) on the taxonomy of Micromonospora was found to disagree with general taxonomic 

characteristics used in systematics of bacteria. Consequently, Kasai et al., (2000) suggested using 
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a protein-encoding gene (gyrB) that was previously used by Yamamoto and Harayama (1998) to 

discriminate between closely related strains of Micromonospora. Their experiment worked and 

allowed them to reclassify the Micromonosopora genus into 14 different species with the gyrB-

based classification (Kasai et al., 2000). Applying the gyrB-based approach in future studies 

could reclassify the M.  aquatica isolates that represent different morphologies. Based on this 

approach, it is postulated here that several species M. aquatica strains associated with sponge 

and sediments could be distinguished.  

 Another explanation for the different growing morphologies of Micromonospora 

aquatica strains in sponges could be that they are all the same bacterial species but were exposed 

to lateral gene transfer with other bacteria of the mesohyl tissue of the sponge. This is not an 

unreasonable proposition, knowing that in some sponge species bacteria could account for 40% 

of the total biomass and may have as much as 10
9
 bacterial cells/mL of sponge tissue (Vacelet 

and Donadey, 1977).  Assuming that a cluster of M. aquatica cells was filtered from the water 

column and acquired through filtration by the sponge‟s mesohyl tissue, one cell could be in the 

vicinity of millions of other bacterial cells. If this is the case, these bacterial cells could evolve a 

unique genomic signature according to its new environment (Taylor et al., 2007). Perhaps even 

more importantly, this new competitive environment within the sponge could entice new 

bacterial symbionts to evolve new defensive strategies for survival. With such a highly dense 

community of neighboring bacteria, lateral gene transfer is a reasonable assumption for a future 

project to test. 

  

  

 

 



 108 

CONCLUSION 

In an effort to characterize the culturable actinomycete community of a few Caribbean 

sponges and sediments of Puerto Rico, 180 actinomycetes were isolated. Sponges exhibited more 

diversity of actinomycete phylotypes than did sediments with the presence of obligate marine 

and terrestrial actinomycete strains being found, which supports hypothesis (1) and (2). In 

addition, sponge actinomycetes characterized as the same phylotype as sediment associated 

actinomycetes based on simple molecular data, nevertheless showed a richer gamut of bioactive 

secondary metabolites than those isolated from sediments. Although reasons that determine the 

outcome of this pattern are beyond the scope of this study, 9 known antibiotic compounds and 8 

new antibiotic compounds were isolated from a mere two of the 180 sponge associated 

actinomycetes isolated supporting hypothesis (4). These results provide compelling evidence that 

the microbial community of sponges hold enormous potential for harboring new species of 

actinomycetes producing novel bioactive compounds.  

 Despite discovering such a variety of secondary metabolites, many questions addressing 

the ecological function, marine adaptation, and the source of the actinomycete population remain 

unknown. Further molecular techniques such as Fluorescent In Situ Hybridization (FISH) could 

be applied to determine where exactly these actinomycetes are localized within the sponge‟s 

mesohyl and determine if there is a symbiotic relationship between them. Molecular attempts to 

characterize the unculturable community of actinomycetes through Terminal Restriction 

Fragment Length Polymorphism (TRFLP) would also provide a complete description of the 

actinomycete population as it is believed that only 99% of bacteria are amenable to culture. 

Indeed, there are many approaches to be attempted to uncover the exact roles of sponge 

associated actinomycetes with their metabolic counterparts that can provide a scientific initiative 
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for microbial ecology as well as for the elucidation of new drugs for the treatment of human 

ailments. 
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APPENDIX 

Appendix A. Number of bioactive fractions from Micromonospora aquatica associated with sponges of Puerto Rico. Bioactivity is 

represented by zones of inhibition (mm) against Bacillus subtilis, Escherechia coli, Micromonospora smegmatis, Candida kefyr, and 

Aspergillus niger. Bioactive fractions are marked in red 

Fraction Code Fraction  (% MeOH) B. subtilis (mm) E. coli (mm) M. smegmatis(mm) C. kefy (mm) A.s niger (mm) 

JV-2-68-2 C3-5 20 0 0 0 0 0 

JV-2-68-3 C3-5 40 0 0 0 0 0 

JV-2-68-4 C3-5 60 0 0 0 0 0 

JV-2-68-5 C3-5 80 0 0 1 0 0 

JV-2-68-6 C3-5 100 0 0 1.5 0 0 

JV-2-68-7 C3-5 0.05% ACN wash 0 0 0 0 0 

JV-2-68-9 A3-33 20 0 0 0 0 0 

JV-2-68-10 A3-33 40 0 0 0 0 0 

JV-2-68-11 A3-33 60 0 0 0 0 0 

JV-2-68-12 A3-33 80 0 0 0 0 0 

JV-2-68-13 A3-33 100 0 0 0 0 0 

JV-2-68-14 A3-33 0.05% ACN wash 0 0 0 0 0 

JV-2-68-16 B16-3 20 0 0 1 0 0 

JV-2-68-17 B16-3 40 0 0 0 0 0 

JV-2-68-18 B16-3 60 0 1.5 0 0 0 

JV-2-68-19 B16-3 80 4 5 5 0 0 

JV-2-68-20 B16-3 100 4 9 10 0 0 

JV-2-68-21 B16-3 0.05% ACN wash 2 1 3 0 0 

JV-2-68-23 A3-2 20 0 0 0 0 0 

JV-2-68-24 A3-2 40 0 0 0 0 0 

JV-2-68-25 A3-2 60 0 0 0 0 0 
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Cont.  Appendix A 

Fraction Code Fraction  (% MeOH) B. subtilis (mm) E. coli (mm) M. smegmatis(mm) C. kefy (mm) A.s niger (mm) 

JV-2-68-26 A3-2 80 1 1 0 0 0 

JV-2-68-27 A3-2 100 1 3 0 0 0 

JV-2-68-28 A3-2 0.05% ACN wash 0 0 0 0 0 

JV-2-69-2 A5-2 20 0 0 0 0 0 

JV-2-69-3 A5-2 40 0 0 0 0 0 

JV-2-69-4 A5-2 60 0 0 0 0 0 

JV-2-69-5 A5-2 80 1 1 0 0 0 

JV-2-69-6 A5-2 100 3 3 0 0 0 

JV-2-69-7 A5-2 0.05% ACN wash 4 4 0 0 0 

JV-2-69-9 A2-14 20 0 0 0 0 0 

JV-2-69-10 A2-14 40 0 0 0 0 0 

JV-2-69-11 A2-14 60 0 0 0 0 0 

JV-2-69-12 A2-14 80 0 0 0 0 0 

JV-2-69-13 A2-14 100 0 0 0 0 0 

JV-2-69-14 A2-14 0.05% ACN wash 0 0 0 0 0 

JV-2-69-16 C2-2 20 0 0 0 0 0 

JV-2-69-17 C2-2 40 0 0 0 0 0 

JV-2-69-18 C2-2 60 0 0 0 0 0 

JV-2-69-19 C2-2 80 0 0 0 0 0 

JV-2-69-20 C2-2 100 0 0 0 0 0 

JV-2-69-21 C2-2 0.05% ACN wash 0 0 0 0 0 

JV-2-69-23 B9-11 20 0 0 0 0 0 

JV-2-69-24 B9-11 40 0 0 0 0 0 

JV-2-69-25 B9-11 60 0 0 0 0 0 
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Cont. Appendix A 

Fraction Code Fraction  (% MeOH) B. subtilis (mm) E. coli (mm) M. smegmatis(mm) C. kefy (mm) A.s niger (mm) 

JV-2-69-26 B9-11 80 0 0 0 0 0 

JV-2-69-27 B9-11 100 0 0 0 0 0 

JV-2-69-28 B9-11 0.05% ACN wash 0 0 0 0 0 

JV-2-69-30 M15-1 20 0 0 0 0 0 

JV-2-69-31 M15-1 40 0 0 0 0 0 

JV-2-69-32 M15-1 60 0 0 0 0 0 

JV-2-69-33 M15-1 80 0 0 0 0 0 

JV-2-69-34 M15-1 100 0 0 0 0 0 

JV-2-69-35 M15-1 0.05% ACN wash 0 0 0 0 0 

JV-2-69-37 A3-27 20 0 0 0 0 0 

JV-2-69-38 A3-27 40 0 0 0 0 0 

JV-2-69-39 A3-27 60 0 0 0 0 0 

JV-2-69-40 A3-27 80 0 0 0 0 0 

JV-2-69-41 A3-27 100 0 0 0 0 0 

JV-2-69-42 A3-27 0.05% ACN wash 0 0 0 0 0 

JV-2-70-16 A8-1 20 0 0 0 0 0 

JV-2-70-17 A8-1 40 0 0 0 0 0 

JV-2-70-18 A8-1 60 0 0 0 0 0 

JV-2-70-19 A8-1 80 0 1 0 0 0 

JV-2-70-20 A8-1 100 0 1 0 0 0 

JV-2-70-21 A8-1 0.05% ACN wash 0 0 0 0 0 

JV-2-70-23 B15-3 20 0 0 0 0 0 

JV-2-70-24 B15-3 40 0 0 0 0 0 

JV-2-70-25 B15-3 60 0 0 0 0 0 
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Cont. Appendix A 

Fraction Code Fraction  (% MeOH) B. subtilis (mm) E.coli (mm) M. smegmatis (mm) C.  kefyr (mm) A. niger (mm) 

JV-2-70-26 B15-3 80 1 1 0 0 0 

JV-2-70-27 B15-3 100 3 6 3 0 0 

JV-2-70-28 B15-3 0.05% ACN wash 3 3 3 0 0 

JV-2-70-30 A7-6 20 0 0 0 0 0 

JV-2-70-31 A7-6 40 0 0 0 0 0 

JV-2-70-32 A7-6 60 0 0 0 0 0 

JV-2-70-33 A7-6 80 0 0 0 0 0 

JV-2-70-34 A7-6 100 4 7 6 0 0 

JV-2-70-35 A7-6 0.05% ACN wash 4 7 6 0 0 

JV-2-70-37 A5-1 20 0 2 0 0 0 

JV-2-70-38 A5-1 40 0 0 0 0 0 

JV-2-70-39 A5-1 60 0 0 0 0 0 

JV-2-70-40 A5-1 80 0 0 0 0 0 

JV-2-70-41 A5-1 100 0 0 0 0 0 

JV-2-70-42 A5-1 0.05% ACN wash 0 0 0 0 0 
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Appendix B. Number of bioactive fractions from Micromonospora aquatica associated with sediments of Puerto Rico. Bioactivity is 

represented by zones of inhibition (mm) against Bacillus subtilis, Escherechia coli, Micromonospora smegmatis, Candida kefyr, and 

Aspergillus niger. Bioactive fractions are marked in red. 

Fraction Code Fraction (%MeOH) B. subtilis (mm) E. coli (mm) M.  megmatis (mm) C. kefyr (mm) A. niger (mm) 

JV-2-70-2 A1-60 20 0 0 0 0 0 

JV-2-70-3 A1-60 40 0 0 0 0 0 

JV-2-70-4 A1-60 60 0 0 0 0 0 

JV-2-70-5 A1-60 80 1 3 0 0 0 

JV-2-70-6 A1-60 100 0 0 0 0 0 

JV-2-70-7 A1-60 0.05% ACN wash 0 0 0 0 0 

JV-2-70-9 A1-55 20 0 0 0 0 0 

JV-2-70-10 A1-55 40 0 0 0 0 0 

JV-2-70-11 A1-55 60 0 0 0 0 0 

JV-2-70-12 A1-55 80 0 0 0 0 0 

JV-2-70-13 A1-55 100 0 0 0 0 0 

JV-2-70-14 A1-55 0.05% ACN wash 0 0 0 0 0 

JV-2-79-2 A1-53 20 0 0 0 0 0 

JV-2-79-3 A1-53 40 0 0 0 0 0 

JV-2-70-4 A1-53 60 0 0 0 0 0 

JV-2-70-5 A1-53 80 0 0 0 0 0 

JV-2-70-6 A1-53 100 0 0 0 0 0 

JV-2-70-7 A1-53 0.05% ACN wash 0 0 0 0 0 

JV-2-70-16 A1-21 20 2 0 0 0 0 

JV-2-70-17 A1-21 40 0 0 0 0 0 

JV-2-70-18 A1-21 60 0 0 0 0 0 

JV-2-70-19 A1-21 80 0 0 0 0 0 
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Cont. Appendix B 

Fraction Code Fraction (% MeOH) B. subtilis (mm) E. coli (mm) M. smegmatis (mm) C. kefyr (mm) A.niger (mm) 

JV-2-70-20 A1-21 100 0 0 0 0 0 

JV-2-70-21 A1-21 0.05% ACN wash 0 0 0 0 0 

JV-2-78-2 A1-1 20 0 0 0 0 0 

JV-2-78-3 A1-1 40 0 0 0 0 0 

JV-2-78-4 A1-1 60 0 0 0 0 0 

JV-2-78-5 A1-1 80 0 0 0 0 0 

JV-2-78-6 A1-1 100 0 0 0 0 0 

JV-2-78-7 A1-1 0.05% ACN wash 0 0 0 0 0 

JV-2-78-9 A1-12 20 0 0 0 0 0 

JV-2-78-10 A1-12 40 0 0 0 0 0 

JV-2-78-11 A1-12 60 0 0 0 0 0 

JV-2-78-12 A1-12 80 0 0 0 0 0 

JV-2-78-13 A1-12 100 0 0 0 0 0 

JV-2-78-14 A1-12 0.05% ACN wash 0 0 0 0 0 

JV-2-78-16 A1-28 20 0 0 0 0 0 

JV-2-78-17 A1-28 40 0 0 0 0 0 

JV-2-78-18 A1-28 60 0 0 0 0 0 

JV-2-78-19 A1-28 80 0 0 0 0 0 

JV-2-78-20 A1-28 100 0 0 0 0 0 

JV-2-78-21 A1-28 0.05% ACN wash 0 0 0 0 0 

JV-2-78-23 A1-35 20 0 0 0 0 0 

JV-2-78-24 A1-35 40 0 0 0 0 0 

JV-2-78-25 A1-35 60 0 0 0 0 0 

JV-2-78-26 A1-35 80 0 0 0 0 0 
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Cont. Appendix B 

Fraction Code Fraction (%MeOH) B. subtilis (mm) E. coli (mm) M. smegmatis (mm) C. kefyr (mm) A. niger (mm) 

JV-2-78-27 A1-35 100 0 0 0 0 0 

JV-2-78-28 A1-35 0.05% ACN wash 0 0 0 0 0 

JV-2-78-30 A1-40 0.05% ACN wash 0 0 0 0 0 

JV-2-78-31 A1-40 20 0 0 0 0 0 

JV-2-78-32 A1-40 40 0 0 0 0 0 

JV-2-78-33 A1-40 60 0 0 0 0 0 

JV-2-78-34 A1-40 80 0 0 0 0 0 

JV-2-78-35 A1-40 100 0 0 0 0 0 

JV-2-78-37 A1-51 0.05% ACN wash 0 0 0 0 0 

JV-2-78-38 A1-51 20 0 0 0 0 0 

JV-2-78-39 A1-51 40 0 0 0 0 0 

JV-2-78-40 A1-51 60 0 0 0 0 0 

JV-2-78-41 A1-51 80 0 0 0 0 0 

JV-2-78-42 A1-51 100 0 0 0 0 0 
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Appendix C. Physical Properties of Frigocyclinones 

Frigocyclinone derivative (1): Red powder, [α]
25

D 480 (c 0.9, DMSO); UV (Pyridine) λmax (log ε) 

318 (3.6), 290 (3.44), 415 (3.21); 
1
H NMR (500 MHz, Pyridine-d4) and 

13
C NMR (500 MHz,), 

see Table 9 Pyridine-d4; HRESIMS (+) m/z 349.1071 (calcd for C21H17O5 349.1076 ∆ = -1.4 

ppm). 

Frigocyclinone derivative (2): yellow powder, [α]
25

D 480 (c 1.8, DMSO); UV (Pyridine) λmax 

(log ε) 315 (3.44), 280 (3.12), 422 (3.0); 
1
H NMR (500 MHz, Pyridine-d4) and 

13
C NMR (500 

MHz,), see Table 10 Pyridine-d4; HRESIMS (+) m/z 446.1976 (calc for C27H28NO5 446.1967 ∆ 

= 1.6 ppm). 

Frigocyclinone derivative (3): reddish-yellow powder, [α]
25

D 432 (c 1.0, DMSO); UV (Pyridine) 

λmax (log ε) 328 (3.19), 299 (4.9), 445 (3.13); 
1
H NMR (500 MHz, Pyridine-d4) and 

13
C NMR 

(500 MHz,), see Table 11 Pyridine-d4; HRESIMS (+) m/z 462.1917 (calc for C27H28NO5 

462.1917 ∆ = -0.0 ppm). 

Frigocyclinone derivative (4): yellow powder, [α]
25

D 288 (c 1.5, DMSO); UV (Pyridine) λmax 

(log ε) 280 (3.21), 429 (2.98), 301 (2.91); 
1
H NMR (500 MHz, Pyridine-d4) and 

13
C NMR (500 

MHz,), see Table 12 Pyridine-d4; HRESIMS (+) m/z 480.2027 (calc for C27H28NO5 480.2022 ∆ 

= 1.0 ppm). 

Frigocyclinone derivative (5): yellow powder, [α]
25

D 288 (c 1.5, DMSO); UV (Pyridine) λmax 

(log ε) 440 (3.44), 285 (3.36), 404 (3.28); 
1
H NMR (500 MHz, Pyridine-d4) and 

13
C NMR (500 

MHz,), see Table 12 Pyridine-d4; HRESIMS (+) m/z 498.2124(calc for C27H28NO5 498.2128 ∆ = 

-0.8 ppm). 
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Frigocyclinone derivative (6): yellow powder, [α]
25

D 288 (c 1.5, DMSO); UV (Pyridine) λmax 

(log ε) 440 (3.44), 285 (3.36), 404 (3.28); 
1
H NMR (500 MHz, Pyridine-d4) and 

13
C NMR (500 

MHz,), see Table 12 Pyridine-d4; HRESIMS (+) m/z 498.2124(calc for C27H28NO5 498.2128 ∆ = 

-0.8 ppm). 

Frigocyclinone derivative (7): purple oil, [α]
25

D 806 (c 3.5, DMSO); UV (Pyridine) λmax (log ε) 

367 (3.18), 281 (314), 298 (3.00); 
1
H NMR (500 MHz, Pyridine-d4) and 

13
C NMR (500 MHz,), 

see Table 13 Pyridine-d4; HRESIMS (+) m/z 655.3253 (calc for C35H47N2O10 655.3231 ∆ = 3.44 

ppm). 
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