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Abstract

Author: Tifanie Vansach 

Title: Chemical studies of Caribbean marine organisms 

Institution: Florida Atlantic University 

Dissertation Advisor: Dr. Lyndon West 

Degree: Doctor of Philosophy 

Year: 2019 

The projects described in this dissertation concentrated on investigating 

Caribbean species for qualitative and quantitative chemical differences.  Chapter one 

includes a brief update on the status of natural products as drugs, a discussion of the 

biodiversity of Caribbean marine organisms as well as a discussion about the chemistry 

of algae and sponges. 

In chapter two, an experiment to test for possible effects of warmer, more acidic 

water and how that will impact coral reef organisms was conducted.  Six common 

Caribbean coral reef sponge species were grown in seawater for 24 days ranging from 

values experienced at summer-maxima (temperature = 28 ºC; pH = 8.1) to those 

predicted for the year 2100 (T = 31 ºC; pH = 7.8). For each species, attachment rates, 

growth, and survival were similar between temperature and pH levels.  Only two 

metabolite concentrations varied significantly between treatments but were similar to 

baseline levels. 
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In chapter three, a chemical survey of Florida Keys algae was performed using 

MeOH extraction and HP-20 SPE with varying Me2CO:H2O solutions.  1H NMR 

spectra were collected for each fraction and analyzed for interesting signals.  A 

Laurencia sp. was extracted and found to contain the known compound isodactylyne 

(61) with the structure determined using spectroscopic analyses.  

In chapter four, a Laurencia obtusa specimen was investigated to determine the 

compound causing oxygenated signals between 4.50 – 4.80 ppm in the 1H NMR spectra 

observed in chapter three.  A large scale extraction and fractionation was performed 

and the compound was determined to be 1-O-palmitoyl-2-O-myristoyl-3-O-(6-sulfo-α-

D-quinovo-pyranosyl)-glycerol (63). 

In chapter five, the isolation and structural elucidation of a new compound, 

furocaespitanenone (64) and two known compounds (10R)- and (10S)-10-O-methyl-

furocaespitanelactol 65 and 66,  from a Laurencia sp. collected off of the Florida Keys 

using MeOH extraction and HP-20 column chromatography is described.  A potential 

biosynthesis of 64 from furocaepsitane (68) is proposed. 
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Chapter I: Introduction
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1.1 Natural products drug discovery 

Throughout human history, natural remedies have been used to treat disease, 

improve health, and shape traditional medicinal practices.  Modern scientific advances 

have led to the discovery and isolation of pure bioactive compounds derived from plants 

and animals or micro-organisms, commonly referred to as natural products.  Natural 

products have played an invaluable role within the drug discovery and development 

process and provided an overwhelming contribution to the current pharmacopeia 

(Newman and Cragg, 2009).  From the 1940’s to 2014, 49% of FDA-approved cancer 

therapeutics are natural products or based on natural product scaffolds (Newman and 

Cragg, 2016).  Exploration for novel natural product structures that can yield new 

medicines or pharmacological tools has expanded beyond the terrestrial ecosystem to 

include the world’s oceans and diverse marine life forms. 

Oceans cover the majority of Earth’s surface and remain a vast source of 

organismal and chemical biodiversity.  The marine environment covers a wide thermal 

range with temperatures from below the freezing point in Antarctic waters to as high as 

350°C in deep hydrothermal vents.  The ocean environment also exhibits a vast pressure 

range (1-1000 atm), nutrient range (oligotrophic to eutrophic) and varied light regimes 

(photic and non-photic zones).  Due to this extensive variability, the ocean is home to 

unmatched speciation at all phylogenetic levels, from microorganisms to mammals.  

Despite the fact that the biodiversity in the marine environment far exceeds that of the 

terrestrial environment, research of marine natural products is still in its infancy.  The 

development of new diving techniques, manned submersibles, remotely operated 

vehicles, and improved technologies for mapping has increased our capacity to collect 
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marine samples.  Marine organisms have evolved in habitats which are often more 

competitive and self-limiting compared to their terrestrial counterparts.  This increased 

evolutionary pressure has resulted in organisms that produce chemically diverse 

compounds with a wide variety of possible ecological roles.  In many cases, compounds 

that protect invertebrate producers from predators, help to fight off fouling organisms 

and/or others competing for space have also attracted attention in pharmacological assays 

aimed at drug discovery.  Thus, organisms that thrive in spite of pronounced biotic 

pressures can, to some degree, be expected to contain metabolites that are of interest for 

drug discovery programs. 

While there is no direct correlation between defensive and biomedical potential of 

a compound, the fact that many cellular processes and structures, such as enzymes and 

receptors, are highly conserved implies that they must have been good targets for inter-

species chemical warfare.  For example, the production of a substance by one organism in 

order to affect a second organism in a detrimental manner- the broadest definition of 

antibiosis- is a very common phenomenon in the marine ecosphere and may provide a 

convincing rationale for the production of antimicrobial and antiviral agents by marine 

invertebrates that are constantly in contact with marine bacteria, fungi and viruses.  The 

rich diversity in chemical structures found in marine phyla may reflect the long period of 

time the organisms have had to perfect their chemical arsenal for protection (Faulkner, 

2000).  These compounds comprise a wide variety of chemical structures including 

acetogenins, alkaloids, peptides, polyketides, terpenes, steroids, and many compounds of 

mixed biogenesis. 
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The search for biologically active compounds over the last 50 years by marine 

natural products chemists has resulted in a large number of structurally and functionally 

diverse natural products with useful and sometimes sensational pharmacological activity.  

Compared with other natural sources, marine natural products show a high degree of 

pharmaceutical activity (Kong et al., 2010).  Exploration of the vast potential of marine 

organisms as sources of cancer chemotherapeutics started in the early 1950’s.  Beginning 

in 1945, Bergmann and Feeney (1951) isolated several unusual nucleosides 

spongothymidine (1) and spongouridine (2) from the sponge Cryptotethya crypta 

collected in Florida which served as the lead structures for the development of Ara-C 

(cytarabine, an antileukemia agent) and Ara-A (vidarabine, an antiviral agent), agents 

which received FDA approvals in 1969 and 1976 respectively.  

    

Spongothymidine (1)  Spongouridine  (2) 

In the late 1960s, marine organisms were realized as an important source of 

bioactive metabolites in the development of new classes of therapeutic agents. The 

discovery of prostaglandins (important mediators involved in inflammatory diseases, 

fever, and pain) in the gorgonian Plexaura homomalla by Weinheimer and Spraggins 

(1969) is considered to be a critical starting point for the search for “drugs from the sea”. 

The systematic investigation of marine environments as sources of novel anticancer 

agents began in the mid 1970’s. These searches involved the use of bioassay-guided 
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fractionation methods using in vitro cancer cell lines or classical organic natural products 

research that involved isolating the most abundant compounds, elucidating their 

structures, and hoping to find pharmacological activities.  

The number of compounds isolated from various marine organisms now exceeds 

32,000 (MarinLit, 2019).  There are currently six FDA approved drugs of marine origin. 

These include cytarabine (3) (Ara-C, arabinosylcytosine), vidarabine (4) (Ara-A, 

arabinosyladenine) and ziconotide (5) (Prialt™), a 25 amino acid peptide isolated from 

the marine mollusk Conus magnus, approved by the FDA in 2004 for use in alleviating 

chronic pain.  Trabectedin (6) (Yondelis™, ET-743) isolated from the marine colonial 

tunicate, Ecteinascidia turbinate, was approved for Orphan Drug designation from the 

European Commission (EC) and FDA for soft tissue sarcomas and ovarian cancer and its 

registration in 2007 in the European Union (EU) for the treatment of soft tissue sarcoma.  

At least thirteen marine natural products are currently in clinical trials (Gerwick and 

Moore, 2012).  Table 1 gives an overview of some compounds derived from marine 

organisms that are currently approved or in clinical development.  Marine natural 

products are expected to continue to be a major resource for drug discovery and chemical 

probe development over the next decade. 

   

Cytarabine (Ara-C) (3)  Vidarabine (Ara-A) (4) 
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Ziconotide (5) 

 

Trabectedin (6) 

Table 1. Selected drugs of marine origin approved or in development. 

Name Marine 
Organism 

Disease area Clinical Status 

Cytarabine (Ara-C) Sponge Cancer FDA approved 
Vidarabine (Ara-A) Sponge Antiviral FDA approved 
Ziconotide Cone Snail Pain FDA approved 
Eribulin Mesylate 
(E7389) 

Sponge Cancer FDA approved 

Omega-3-acid ethyl 
esters 

Fish Hypertriglyceridemia FDA approved 

Trabectedin (ET-
743) (EU registered 
only) 

Tunicate Cancer FDA approved 

Brentuximab vedotin Mollusk Cancer FDA approved 
Plitidepsin 
(Aplidine) 

Tunicate Cancer Phase III 

Zalypsis (PM00104) Nudibranch Cancer Phase II  
Marizomib 
(Salinosporamide A; 
NPI-0052) 

Bacterium Cancer Phase I 

Hemiasterlin 
derivative (E7974) 

Sponge Cancer Phase I  

Pseudopterosin Soft coral Wound healing Phase I 
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1.2 Marine biodiversity of the Caribbean 

The Caribbean consists of the coastlines of The Americas and chains of islands 

surrounding the Caribbean Sea in the western Atlantic Ocean (Figure 1).  The northern 

region is bordered by the Gulf of Mexico, the Straits of Florida and the Northern Atlantic 

Ocean, which lies to the east and northeast.  The southern border is the coastline of the 

South American continent.  Half of the waters in the Caribbean are deeper than 3,600 m, 

and 75% are deeper than 1,800 m.  The average seafloor depth is about 2,400 m, while 

the Cayman Trough, between Cuba and Jamaica, reaches more than 7,500 m 

(Miloslavich et al., 2010).  The Caribbean biogeographic region contains the highest 

richness of marine species in the Atlantic Ocean and is considered a global “biodiversity 

hotspot” for tropical reef species (Roberts et al., 2002).  Based on its geographical 

location, range and complexity of habitats, the Caribbean is home to the third largest reef 

system in the world.  The region is comprised of 38 countries and territories that are 

highly supported by tourism and subsistence relies heavily on the marine environment. 
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Figure 1. Map of the Caribbean (Serafy et al., 2015). 

1.3 Chemistry of sponges  

Sponges (phylum Porifera), are sessile filter feeders that use flagellated cells 

(choanocytes) to pump water through its body and are considered the oldest and simplest 

group of multicellular animals (Kingdom metazoans) (Colin and Arneson, 1995).  The 

animal nature of sponges was not recognized until the late eighteenth century due to their 

low level of cellular organization and lack of nervous, circulatory, and digestive systems 

(Bergquist, 1978).  Fossil evidence of sponges dates back before the Cambrian times (500 

million years ago) where it is evident that sponges were widespread inhabitants of ocean 

reefs (Bergquist, 1978). Today, sponges comprise a significant proportion of the 
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epifaunal biomass with an estimated 15,000 species still in existence (Hooper and Van 

Soest, 2002).  

The taxonomy of sponges is extremely difficult due to their high plasticity and the 

fact that the anatomical and morphological characteristics used to differentiate sponge 

species are susceptible to environmental factors (Colin and Arneson, 1995).  The phylum 

Porifera is divided into three classes, the Demospongiae, the Calcarea and the 

Hexactinellida, based on the chemical composition of their skeletal support.  The 

Demospongiae is the largest and most diverse class of sponges and has a skeleton 

composed of siliceous spicules and spongin fibers.  This class is divided into eleven 

orders of which Poecilosclerida is one of the largest.  This order ranges in habitat from 

tidal waters to a depth of >5000 m (Bergquist, 1978).  The Calcarea contain spicules of 

crystalline calcium carbonate and are found in shallow tropical waters.  The 

Hexactinellida, or glass sponges, have a framework entirely composed of siliceous 

spicules and their habitat typically ranges in depths from 450 to 6,000 m (Bergquist, 

1978; Downey et al., 2012). 

Sponges, among the first marine invertebrates studied by natural product 

chemists, have proven to be a source of novel compounds, of which many have been 

found to exhibit biological activity (Cragg et al., 1999).  Although being sessile in nature 

and relatively undefended, sponges have been subject to ecological pressure and evolved 

novel chemical defenses against predation and encroachment (Bergquist, 1978).  Many 

sponges exist in a symbiotic relationship with microorganisms.  The sponge provides the 

microorganism with a protected environment for growth, while the microorganism may 

supply the sponge with an accessible food source.  An additional benefit from this 
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symbiotic relationship is that the microorganism may also produce chemicals that protect 

the sponge.  Due to this relationship, there is uncertainty to whether natural products 

isolated from sponges are in fact produced by the sponge itself or attributed to a 

microorganism (Faulkner et al., 1994).  Recent cellular localization studies have 

experimentally attributed a number of biologically active natural products to symbiotic 

microorganisms (Bewley and Faulkner, 1998).  

1.4 Chemistry of seaweeds 

Seaweeds are macroalgae that are photosynthetic, nonvascular plants that contain 

chlorophyll a and, unlike flowering plants, have no roots, stems, leaves, or vascular 

tissue.  The major groups of algae are classified based on their pigmentation, cell wall 

composition, and type(s) of photosynthetic storage reserves (Graham and Wilcox, 2000).  

The phyla Chlorophyta (green) and Rhodophyta (red algae) are classified under the 

kingdom Plantae, while brown algae are classified under the kingdom Chromista.  

Numbers range from about 900 species of green, 997 brown and 2,540 red algae 

worldwide and the coast of Florida is home to 693 taxa, which includes 224 green, 102 

brown and 367 red algae (Dawes and Mathieson, 2008).  

Macroalgae have been used for hundreds of years as food, animal feed, remedies, 

and fertilizers.  Examples of their commercial uses include food, fertilizers, cosmetic 

products, and extracts of agar, alginates, and carrageenans from various red and brown 

macroalgae (Graham and Wilcox, 2000).  Over the last 50 years, macro-algae have been 

a source of a wide variety of structurally unique and biologically active secondary 

metabolites (Carroll et al., 2019). 
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Chlorophyta are the second most abundant and widely distributed algae in the 

tropical oceans.  Natural products reported from green algae are not as frequent as 

compared to red and brown algae (Faulkner, 1984).  However, early studies of tropical 

and some temperate green algae have been found to contain biologically active 

compounds, presumably due to the increased feeding pressure by herbivores (Faulkner, 

1984).  Natural products reported from this phylum generally include sesquiterpenoids, 

diterpenoids, pigments, sterols, and brominated aromatic compounds.  Some of these 

green algal natural products have shown antimicrobial and antifungal activity as well as 

other potent biological effects, including inhibition of cell division in fertilized sea urchin 

eggs, cytotoxicity to cancer cells in vitro, and ichthyotoxicity (Faulkner, 1984).  

Initial chemical studies of the genus Caulerpa were concerned with the isolation 

of toxins and pigments.  The red pigment caulerpin (7) has been found in >80% of the 

genus Caulerpa (Aguilar-Santos, 1970).  A characteristic feature of algal metabolites 

isolated in early studies was the presence of a 1,4-diacetoxybutadiene moiety found in 

more than half of the compounds (Faulkner, 1984).  The simplest of these compounds 

was flexilin (8), isolated from Caulerpa flexilis in 1978 (Blackman and Wells, 1978).  

The related 1,4-diacetoxybutadienes, caulerpenyne (9) and rhipocephalin (10) were 

subsequently isolated from Caulerpa prolifera (Amico et al., 1978) and Rhipocephalus 

phoenix (Sun and Fenical, 1982), respectively. Rhipocephalin (10) was found to be 

extremely unstable and if the alga was stored frozen for four days, no 1,4- 

diacetoxybutadiene could be isolated.  The compound rhipocephenal (11) was the major 

compound isolated from the stored sample. Other early examples of metabolites isolated 

from C. prolifera include a number of linear triterpenoid squalene derivatives including 
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12-14 (De Napoli et al., 1982) and brominated aromatic hydroquinones cyclocymopol 

(15) and cyclocymopol methyl ether (16) isolated from Cymopolia barbata (Mcconnell et 

al., 1982). 

  

Caulerpin (7)    Flexilin (8) 

  

Caulerpenyne (9)    Rhipocephalin (10) 

 

Rhipocephenal (11) 

 

Squalene-6S,7S-epoxide (12) 

 

Trans-hexamethyltetracosa-hexaen-3-ol (13) 
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Squalene-10S,11S-epoxide (14) 

   

Cyclocymopol (15)   Cyclocymopol methyl ether (16) 

Natural products chemists have extensively studied Phaeophyta (brown algae) and 

the many classes of metabolites they contain.  The classes of compounds range from 

simple lipids that act as chemical messengers to more complex polymeric phenolics, such 

as phlorotannins, diterpenoids, prenylated quinones, and hydroquinones (Faulkner, 1984).  

Glombitza and his co-workers have done extensive work on phlorotannins from brown 

algae, which have resulted in the isolation of numerous phlorotannins including 

undecafuhalol octacosa-acetate (17) from Bifuracria bifurcata, the largest polymeric 

phenol to be reported (Koch et al., 1981).  The tropical brown alga Stypopodium zonale 

was found to contain atomaric acid (18) (González et al., 1974a), taondiol (19) (González 

et al., 1971), and epitaondiol (20) (Sanchez-Ferrando and San-Martin, 1995), together 

with stypodiol (21), epistypodiol (22), stypotriol (23), and sytpoldione (24) (Gerwick and 

Fenical, 1981).  Interestingly, S. zonale is avoided by herbivorous fish and was found to 

excrete a rust-colored compound.  This compound is toxic to fish and was determined to 

be the orthoquinone, stypoldione (24), which is produced by aerial oxidation of stypotriol 

(23).  Stypoldione (24) inhibits synchronous division of cells in the fertilized sea-urchin-

egg assay by inhibiting polymerization of tubulin (Jacobs et al., 1981).  



 

14 

An oxygenated cyclopentanoid kjellmanianone (25) was isolated from the brown 

algae Sargassum kjellmanianum and was found to have moderate antibacterial activity 

against the gram-positive organisms Escherichia coli K12 and Bacillus subtilis var. niger 

(Nakayama et al., 1980).  Although the structure was determined by X-ray analysis and 

the exciton chirality method, the authors did not determine whether the two methoxy 

groups were added during the extraction.  It was later determined by enantioselective 

synthesis that the previously assigned absolute stereochemistry was incorrect and that the 

isolated kjellmanianone was most likely a racemic mixture of enantiomers based on the 

optical rotation (Zhu et al., 1994).  

 

Undecafuhalol octacosa-acetate (17) 

 

Atomaric acid (18)  
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Taondiol (19)     Epitaondiol (20) 

   

Stypodiol (21)     Epistypodiol (22) 

  

Stypotriol (23)    Sytpoldione (24) 

  

(–)-Kjellmanianone (25)  

The order Dictyotales has also been studied and is found to contain diterpenes and 

some sesquiterpenes.  One diterpene family  that has been found is ‘xenicanes’, isolated 

from algal species belonging to the genera Dictyota and Dilophus and from the sea hare 

Aplysia depilans.  Dictyodial (26) was the first compound isolated by Moore and co-

workers from Dictyota crenulata (Finer et al., 1979).  Interestingly, the carbon skeleton 

of dictyodial was not new and had previously been observed in xenicin, isolated from the 
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soft coral Xenia elongate (Vanderah et al., 1977).  Further cyclization of the xenicane 

skeleton has produced numerous unusual diterpenes.  Examples of these include 

acetylcoriacenone (27) and isoacetylcoriancenone (28) from Pachydictyon coriaceum, 

which have a cyclobutenone ring fused to the nine membered ring (Ishitsuka et al., 1983). 

 

Dictyodial (26) 

    

Acetylcoriacenone (27)  Isoacetylcoriancenone (28) 

 Rhodophyta (red algae) have been found to contain a vast array of halogenated 

lipids, monoterpenes, sesquiterpenes and diterpenes (Faulkner, 1984).  The genus 

Laurencia and the opisthobranch molluscs who consume them are a source of 

halogenated lipids called ‘halogenated C1 lipids’.  A large number of these compounds 

contain an enyne functionality (Faulkner, 1984).  These metabolites are believed to be 

derived from (3E)- or (3Z) laurencenyne (29), both of which were isolated from 

Laurencia okamurai along with (3E)- and (3Z) neolaurencenyne (30) (Kigoshi et 

al.,1981).  A large majority of the compounds contain an eight-membered cyclic ring 

structure.  Examples include cis- and trans- rhodophytin (31) isolated from the alga 

Chondria oppositiclada (Fenical, 1974).  Laurencienyne (32) was the first halogenated 

C15 lipid to be isolated that contains two chlorines (Caccamese et al., 1980).  Other 

examples, such as laurepinnacin (33) and isolaurepinnacin (34), from Laurencia pinnata 
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contain both eight- and seven-membered ether rings (Fukuzawa and Masamune, 1981).  

A particular rare C15 lipid isolated from Laurencia nipponica is laureepoxide (35), which 

contains a tetrahydrofuran ring (Fukuzawa and Kurosawa, 1980).  

 

(3E)- or (3Z) Laurencenyne (29) 

 

(3E)- and (3Z) Neolaurencenyne (30) 

   

cis- and trans- rhodophytin (31)  Laurencienyne (32), 

  

Laurepinnacin (33)  Isolaurepinnacin (34) 

 

laureepoxide (35) 

Numerous halogenated monoterpenes have been isolated from a number of 

different genera of red algae including Plocaminum, Desmia, and Ochtodes (Faulkner, 

1984).  It should be noted that many of the reported structures have required structural 

reassignment due to difficulty in assigning the position of the halogenation and 
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differentiating between chlorine and bromine.  Differentiating chlorine-substituted 13C 

NMR signals from those containing Br, based primarily on 1H and 13C NMR chemical 

shifts is not reliable.  X-ray crystallography was the only unambiguous method for 

structural analysis (Faulkner, 1984).  A method has been developed that exploits the 

37Cl/35Cl isotope shift in 13C NMR (Sergeyev et al., 1995).  However, this method is one 

dimensional and requires a large sample size.  To overcome these deficits, a band-

selective, high-resolution 2D HSQC (bsHSQC) for the indirect detection of 35Cl/37Cl 

isotope shifts has been developed for sample limited applications (Wang et al., 2017).  

Halogenated monoterpenes from species of the genus Plocamium are divided into 

two structural groups and often found in the same specimen, such as violacene (36) and 

plocamene E (37) isolated from Plocamium violaceum (Faulkner, 1984).  Some of the 

most frequently encountered metabolites are halogenated sesquiterpenes and have been 

extensively studied by natural products chemists.  Examples include the aromatic 

sesquiterpenes 10-bromo-7-hydroxy-11-iodlaurene (38), ido-ether (39), 10-bromo-7,12-

dihydroxy-2(3)-laurene (40), and caraibical (41) isolated from Laurencia caraibica Silva 

(Izac and Sims, 1979; Izac et al., 1981).  Others include nidifocene (42), a chamigrene 

derivative, containing a spiro[5.5]undecane skeleton isolated from the alga Laurencia 

nidifica (Waraszkiewicz and Erickson, 1976) and also containing both a chlorine and 

bromine was re-assigned based on X-ray crystallography (Waraszkiewicz et al. 1977).  

The triterpenoids thyrsiferol (43) (Blunt et al., 1978), thyrsiferol 23-acetate (44) (Suzuki 

et al., 1985), and venustatriol (45) (Sakemi and Higa, 1986) are unusual squalene-derived 

tetracyclic ether metabolites isolated from the genus Laurencia.  These compounds have 

been found to be highly toxic with venustatriol (45) exhibiting potent antiviral activity, 
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while thyrisrol (43) and thyrsiferol 23-acetate (44) were found to possess potent in vitro 

cytotoxicity toward P388 murine leukaemia (ED50 = 10 and 0.3 ng/mL) (Suzuki et al., 

1985). 

     

Violacene (36)         Plocamene E (37) 

     

10-bromo-7-hydroxy-11-iodlaurene (38)   Ido-ether (39) 

     

10-bromo-7,12-dihydroxy-2(3)-laurene (40)  Caraibical (41) 

     

Nidifocene (42)   Thyrsiferol (43) 
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Thyrsiferol 23-acetate (44)  Venustatriol (45) 

Other non-halogenated metabolites include lipids, sterols and some unusual 

nucleosides.  Lipids include the antimicrobial metabolites (5Z,8E,10E)-11-fomylundeca-

5,8,10-trienoic acid (46) and (2Z,5Z,7E,11Z,14Z)-9-hydroxyeicosa-2,5,7,11,14 

pentaenoic acid (47) from Laurencia hybrida and the macrocyclic lactone eicosanoid 

from the marine alga L. hybrida, hybridalactone (48) (Higgs and Mulheirn, 1981).  

Sterols include acetylpinnasterol (49) and pinnasterol (50) isolated from L. pinnata 

(Fukuzawa, 1981).  These metabolites are the first marine phytosterols with ecdysone-

like structures and biological activity as molting hormones.  The nucleoside, 5΄-deoxy-5-

iodotubercidin (51) isolated from Hypnea valendiae shows strong inhibitory activity for 

adenosine kinase as well as in vivo muscle-relaxant/hypothermic action with an IC50 

value of 5 mM to isolated human adenosine kinase (Kazlauskas et al., 1983).  A number 

of aromatic indoles and phenols have also been isolated from red algae.  The first 

examples include the tryptophan and homoisoleucine derived compounds martensine A 

(52) and B (53), while fragilamide (54) contains an additional p-hydroxybenzyl group 

that were isolated from Martensia fragilis (Kirkup and Moore, 1983).   
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(5Z,8E,10E)-11-fomylundeca-5,8,10-trienoic acid (46) 

 

(2Z,5Z,7E,11Z,14Z)-9-hydroxyeicosa-2,5,7,11,14 pentaenoic acid (47) 

 

Hybridalactone (48) 

   

Acetylpinnasterol (49)   Pinnasterol (50) 

 

5΄-Deoxy-5-iodotubercidin (51) 



 

22 

    

Martensines A (52)   Martensines B (53) 

 

Fragilamide (54) 

1.5 Climate change effects on marine organisms 

Ocean acidification will greatly impact coral reefs worldwide (Hoegh-Guldberg et 

al., 2007; Guinotte and Fabry, 2008) with the varied effects of more acidic waters ranging 

from bleaching and reduced calcification rates of some organisms (Anthony et al., 2008) 

to increased mortality of coral reef fish (Munday et al., 2009).  Most research on ocean 

acidification on coral reefs have focused on corals and fishes (Przeslawski et al., 2008) 

although many other organisms live on coral reefs and are essential to reef health.  

Sponges are an ecologically important group on coral reefs (Diaz and Rützler, 2001), 

outnumbering corals on some reefs (Wilkinson and Cheshire, 1989).  Sponges are 

consumed by fish and sea turtles (Randall and Hartman 1968; León and Bjorndal, 2002), 

provide refuge to juvenile animals (Butler et al., 1994), help consolidate loose rubble 

(Wulff, 1984), and filter suspended particulate matter transferring energy from the 

pelagic to the benthic zone (Reiswig, 1971; Lesser, 2006).  Sponges can also aggressively 
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compete for space with neighboring organisms (Porter and Targett, 1988; Aerts, 1998), 

while some species excavate under live coral tissue affecting coral health (Rützler, 2004; 

López-Victoria et al., 2006).  

Algae are also an important part of the marine environment.  Marine algae 

provide shelter for adult fish and nurseries for juvenile fish and invertebrates in shallow 

areas (Beck et al., 2003).  They are also an essential food source on coral reefs for 

herbivores and chemically protected plants serve as food and shelter for small, less 

mobile mesograzers (Hay, 1997).  In fact, a survey of different algae in the Florida Keys 

revealed that 39 (22 calcified, 17 non-calcifying) out of 70 total produce secondary 

metabolites as anti-feeding deterrents for herbivorous fish (Paul and Hay, 1986).  

Secondary metabolites are not incidental but are brought about by specifically 

organized and controlled biosynthetic gene pathways that are well integrated into an 

organism’s metabolism.  One of the unique features of secondary metabolism is the high 

“degree of freedom” of its components.  A certain constituent can vary qualitatively 

(structurally) and quantitatively (in concentration) or may even disappear without 

disastrous consequences for growth and development of the producing organism.  In fact, 

the degree of freedom (in the chemical sense) of secondary metabolism is the mechanistic 

basis for chemical variation, and consequently the prerequisite for diversification under 

selective pressure of a competitive and continuously changing environment.  Whether or 

not a certain compound, pattern of compounds, or population of the organism producing 

it will survive in nature, depends mainly on its capability and flexibility to withstand 

selection pressure in a competitive environment.  Scientists are a long way from 
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understanding how secondary metabolites are synthesized and diversified, how these 

processes are regulated, and how they are adapted to the needs of the environment.  

1.6 Research objectives 

The first aim of the research aims was to identify novel natural products isolated 

from tropical marine sponges and macroalgae collected in the Caribbean and off the coast 

of Florida.  Specifically, an in-house chemical screening approach using polymeric HP-

20 that allows for the isolation of polar metabolites, which have previously been 

unreported due to limitations in traditional fractionation techniques using silica gel was 

employed.  Furthermore, the second aim of the research was to investigate the effects of 

climate change on natural products production and to determine whether coral reef 

sponges and algae could be negatively affected from changing water temperature and 

acidity levels, which could ultimately impact ecological processes and community 

interactions.  

To test for possible effects of climate change on natural products production in 

sponges, in a collaborative project with Dr. Alan Duckworth at the Blue Ocean Institute, 

six common Caribbean coral reef sponge species - Aiolochroia crassa, Aplysina 

cauliformis, Aplysina fistularis, Ectyoplasia ferox, Iotrochota birotulata and 

Smenospongia conulosa - were grown for 24 days in seawater ranging from values 

experienced at summer-maxima (temperature = 28 ºC; pH = 8.1) to those predicted for 

the year 2100 (T = 31 ºC; pH = 7.8).  For each species, growth, survival, attachment, and 

metabolite biosynthesis were evaluated.  

The study of natural products from tropical marine macroalgae has been 

somewhat neglected over the last 30 years and longer.  In addition, since a majority of the 
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reported natural products of macroalgae are isolated by extraction, partition with organic 

solvents followed by classic chromatography using silica gel, this has led to a high 

number of lipid-soluble compounds being isolated.  The goal here was to screen algae 

using an in-house chemical screening approach for the identification of natural products 

using polymeric HP-20 to identify extracts of interest for the identification of novel 

marine natural products with the potential for new medicines and/or pharmacological 

tools or those that could be used as chemical indicators of climate change.  
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Chapter II: Effects of water temperature and pH on growth and metabolite 

biosynthesis of coral reef sponges 

 
 
 
 
 
 
This chapter is a portion of a report on a collaboration between Alan R. Duckworth 
from the Blue Ocean Institute, Stony Brook University and Lyndon M. West and 
contains the account of select portions from the following publication:  

Duckworth, A. R.; West, L. M.; Vansach, T.; Stubler, A.; Hardt, M. Effects of 
Water Temperature and pH on Growth and Metabolite Biosynthesis of Coral Reef 
Sponges. Mar. Ecol. Prog. Ser. 2012, 462, 67-77. 
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2.1 Introduction 

Global warming and ocean acidification will continue to impact coral reefs 

worldwide (Hoegh-Guldberg et al., 2007; Guinotte and Fabry, 2008) with varied effects 

ranging from bleaching and reduced calcification rates of some organisms (Anthony et 

al., 2008) to increased mortality of coral reef fish (Munday et al., 2009).  Most research 

examining effects of climate change and ocean acidification on coral reefs has focused on 

corals and fishes (Przeslawski et al., 2008).  However, many other organisms such as 

sponges are ecologically important to coral reefs (Diaz and Rützler, 2001).  Sponges are 

consumed by fish and sea turtles (Randall and Hartman, 1968; León and Bjorndal, 2002), 

provide refuge to juvenile animals (Butler et al., 1994), help consolidate loose rubble 

(Wulff, 1984), and filter bacteria and phytoplankton from reef water (Reiswig, 1971; 

Lesser, 2006).  Sponges can also aggressively compete for space with neighboring 

organisms (Porter and Targett, 1988; Aerts, 1998) and some species excavate under live 

coral tissue affecting coral health (Rützler, 2004; López-Victoria et al., 2006).  If 

changing water temperature and acidity levels negatively affect coral reef sponges, it 

could impact these ecological processes and community interactions.  

The effects of warmer and more acidic waters on marine sponges are largely 

unknown.  Millions of years ago, mass extinctions of calcifying sponges occurred during 

periods of ocean acidification and global warming (Kiessling and Simpson, 2011).  

However, most coral reef sponges today are not calcifying species; instead they have a 

skeleton composed of silica spicules and/or spongin fibers (i.e. demosponges) so effects 

would likely differ.  Numerous studies have also found a relationship between water 

temperature and sponge growth and survival.  Seasonal patterns of water temperature, for 
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example, are positively correlated with sponge growth for some tropical species (e.g. 

McMurray et al., 2008; Leong and Pawlik, 2010; Duckworth and Wolff, 2011).  In 

contrast, high water temperatures such as 31-33°C can exclude coral reef sponges from 

neighboring habitats (Pawlik et al., 2007), disrupt their symbiotic relationship with 

microbes causing death (Webster et al., 2008), and promote disease outbreaks decimating 

sponge populations (Smith, 1941).  The pH level can also influence sponge abundances, 

with low pH seawater caused by sulphur springs restricting distributions of some marine 

species (Southward et al., 1996).  Some freshwater sponges, in contrast, grow and survive 

in waters ranging across 3 orders of magnitude in acidity (Jewell, 1939).  However, 

freshwater sponges live in habitats that experience greater environmental variability than 

the relatively constant oligotrophic conditions of coral reefs.  These studies suggest that 

rising water temperatures and lowering levels of pH could influence the growth and 

survival of coral reef sponges.  

All living organisms produce an enormous variety of organic molecules for a 

large variety of functions.  Primary metabolites, such as lipids, proteins, and 

carbohydrates, are the fundamental molecules of biological function. Secondary 

metabolites are molecules that are not directly involved in the growth, development or 

reproduction of an organism; however these offer a competitive advantage for survival of 

a species in a continuously changing environment.  The ecological roles of secondary 

metabolites can be difficult to identify, but often they include defense against predation, 

encroachment, and fouling (Pawlik, 1993). 

In sponges, metabolite biosynthesis has been correlated with or influenced by 

several factors including water temperature.  This relationship can vary between species, 
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with high water temperature correlated with both low (e.g. Abdo et al., 2007) and high 

metabolite concentration (e.g. Page et al., 2005).  The influence of pH on sponge 

metabolite biosynthesis is unknown but considering the possible effects of pH on sponge 

growth and abundance, it could impact metabolite concentrations.  It has been shown in 

sponges that if concentrations of secondary metabolites are too low the organism can lose 

a defensive advantage (Lindel et al., 2000).  Therefore, changing levels of water 

temperature and pH could influence an organism’s ability to defend itself.  

The present collaborative study investigates the effects of water temperature and 

pH on the growth, survival, attachment and metabolite biosynthesis of several coral reef 

sponges: Aiolochroia crassa (Hyatt, 1875), Aplysina cauliformis (Carter, 1882), Aplysina 

fistularis (Pallas, 1766), Ectyoplasia ferox (Duchassaing & Michelotti, 1864), Iotrochota 

birotulata (Higgin, 1877) and Smenospongia conulosa (Pulitzer-Finali, 1986).  All six 

species are demosponges, and represent several gross morphologies: A. cauliformis and I. 

birotulata have an upright, rope morphology, A. fistularis is a tube sponge, E. ferox is 

thickly encrusting, and A. crassa and S. conulosa have a massive shape.  Crude organic 

extracts (i.e. all secondary metabolites combined) from these sponge species have been 

found to prevent predation, overgrowth and fouling (Pawlik et al., 1995; Engel and 

Pawlik, 2000; Kelly et al., 2003).  Ecological roles have also been suggested for several 

secondary metabolites isolated from these sponges.  For example, zooanemonin and N-

methyl-aerophobin-2 have antifouling properties (Hattori et al., 2001; Diers et al., 2004), 

fistularin-3 is likely a precursor molecule for hemifistularin-3 which prevents fouling 

(Diers et al., 2004), while histamines deter fish predation (Lindel et al., 2000).  All six 

sponge species are commonly found on Caribbean coral reefs at shallow depths (<20 m), 
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including the north shore of Jamaica where this study occurred.  Shallow water sponges 

were examined because they will be most affected by rising sea surface temperatures.  

Water temperature on Jamaican coral reefs currently averages 28.1 ºC (Leichter and 

Genovese, 2006), and will likely increase to 31 ºC by the end of this century (Sheppard 

and Rioja-Nieto, 2005) due to global warming caused by increased emissions of 

greenhouse gases such as CO2.  As our oceans absorb more CO2, the average pH of 

tropical seas is predicted to decrease from 8.1 to 7.8 by 2100 (Orr et al., 2005).  
 
2.2 Results and discussion 

2.2.1 Growth 

Alan R. Duckworth from the Blue Ocean Institute, Stony Brook University 

conducted the growth studies described below.  For each sponge species, growth was 

unaffected by water temperature or pH and there was no significant interaction term 

(Table 2).  Growth varied greatly among the 6 sponge species (Figure 2), being highest 

(as a percentage of initial weight) after 4 weeks for A. cauliformis (0.5 g or 42.1% 

increase), followed by A. crassa (0.9 g; 39.4%), I. birotulata (0.5 g; 31.5%), S. conulosa 

(0.9 g; 28.9%), A. fistularis (0.5 g; 20.1%) and lastly E. ferox (<0.1g; 0.1%).  For all 

species, variation in growth was generally low within treatments, being about ±10% of 

mean final weight.  
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Table 2. Summary of two-way ANOVAs testing effects of water temperature and pH on 
growth, survival and attachment of six coral reef sponges, Aiolochroia crassa, Aplysina 
cauliformis, Aplysina fistularis, Ectyoplasia ferox, Iotrochota birotulata, and 
Smenospongia conulosa.  F-ratios shown under each factor and interaction.  Probability: 
ns = not significant; * < 0.05; ** < 0.01. DF = 1,8 for all analyses.  Survival and 
attachment analyses not shown for species where all sponges survived or attached by end 
of experiment. 

Species Measurement Temperature pH Temperature*pH 

A. crassa Growth 0.52ns 0.01 ns 0.03 ns 

 Survival 0.64 ns 0.07 ns 0.64 ns 

A. cauliformis Growth 2.23 ns 0.31 ns 0.34 ns 

A. fistularis Growth 1.52 ns 0.00 ns 0.05 ns 

E. ferox Growth 0.57 ns 0.59 ns 3.23 ns 

 Attachment 16.00** 4.00 ns 4.00 ns 

I. birotulata Growth 0.98 ns 0.35 ns 0.14 ns 

 Attachment 7.00* 0.14 ns 0.14 ns 

S. conulosa Growth 4.92 ns 2.92 ns 0.00 ns 

 Survival 0.08 ns 2.08 ns 0.75 ns 

 Attachment 0.70 ns 0.00 ns 2.56 ns 
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Figure 2. Mean weights of coral reef sponges (Aiolochroia crassa, Aplysina cauliformis, 
Aplysina fistularis, Ectyoplasia ferox, Iotrochota birotulata, and Smenospongia 
conulosa) grown under differing levels of water temperature and pH. The horizontal line 
on each graph represents the mean initial weight. 

2.2.2 Sponge survival 

Alan R. Duckworth from the Blue Ocean Institute, Stony Brook University 

conducted the survival studies described below.  All explants of A. cauliformis, A. 

fistularis, E. ferox, and I. birotulata survived regardless of treatment.  Final explant 

survival for A. crassa and S. conulosa was similar among temperature and pH levels 

(Table 2), averaging 78% and 82% respectively.  The dead sponges were covered in a 

grayish microbial film, which did not infect neighboring explants.  The necrotic sponges 
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typically died within 1 day of first observation of the microbial film.  For both species, 

most explants died during the first 10 days of the experiment.  

2.2.3 Sponge attachment 

Alan R. Duckworth from the Blue Ocean Institute, Stony Brook University 

conducted the attachment studies described below.  Rates of attachment varied greatly 

among the 6 sponge species, attachment was fastest for A. fistularis with all sponges 

attached within 7 days, and slowest for E. ferox where <15% of explants had attached by 

day 24 (Figure 3). For E. ferox and I. birotulata, final sponge attachment varied 

significantly between temperatures (Table 2), fastest at 31 ºC (Figure 3).  A. cauliformis 

also attached fastest at 31 ºC (Figure 3).  In contrast, sponge attachment was similar 

between temperature levels for A. crassa, A. fistularis and S. conulosa (Table 2, Figure 

3).  Even though an artificial substrate was used, the fast attachment rates for some 

species suggest that it did not interfere with the attachment process.  



 

34 

Aiolochroia crassa

0

20

40

60

80

100
Ectyoplasia ferox

Iotrochota birotulata

Smenospongia conulosa

days
0 5 10 15 20 25

Aplysina cauliformis

%
 a

tta
ch

ed

0

20

40

60

80

100

31 ºC, 7.8
31 ºC, 8.1
28 ºC, 7.8
28 ºC, 8.1

Aplysina fistularis

days
0 5 10 15 20 25

0

20

40

60

80

100

 

Figure 3. Mean sponge attachment over time of coral reef sponges (Aiolochroia crassa, 
Aplysina cauliformis, Aplysina fistularis, Ectyoplasia ferox, Iotrochota birotulata, and 
Smenospongia conulosa) grown under differing levels of water temperature and pH. 

2.2.4 Metabolite analysis in Aiolochroia crassa 

The concentrations of three metabolites were analyzed by the author from A. 

crassa: N,N'-dimethylhistamine (55), N-methyl-aerophobin-2 (56), and ianthelline (57).  

For all three metabolites, final concentrations were similar between temperature and pH 

levels, and there was no significant interaction term (Table 3).  Concentrations of N,N'-

dimethylhistamine were similar between laboratory sponges and wild conspecifics, while 

concentrations of N-methyl-aerophobin-2 and ianthelline were lower in laboratory 
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sponges (Figure 4).  Concentrations given in mg per g. dry weight of sponge (hereafter: 

mg · g sponge-1) varied greatly among metabolites.  For example, mean concentration of 

N-methyl-aerophobin-2 (8.3 mg · g sponge-1) was almost 4 times higher than for N,N'-

dimethylhistamine (2.1 mg · g sponge-1).  The ianthelline concentration averaged 5.9 mg 

· g sponge-1. 

Table 3. Summary of two-way ANOVAs testing effects of water temperature and pH on 
metabolite concentrations in four coral reef sponges, Aiolochroia crassa, Aplysina 
cauliformis, Aplysina fistularis, Ectyoplasia ferox, Iotrochota birotulata, and 
Smenospongia conulosa.  F-ratios shown under each factor and interaction.  Probability: 
ns = not significant; * < 0.05. DF = 1,8 for all metabolites. 

Species Metabolite temperature pH temperature

*pH 

Aiolochroia crassa N,N'-dimethylhistamine 0.98 ns 0.82 ns 0.65 ns 

 N-methyl-aerophobin-2 2.85 ns 0.01ns 0.21ns 

 ianthelline 2.42ns 1.10 ns 0.99 ns 

Aplysina cauliformis fistularin-3 3.33 ns 0.32 ns 0.88 ns 

 metabolite 1 3.62 ns 2.82 ns 0.02 ns 

Ectyoplasia ferox zooanemonin 11.08* 0.21 ns 2.27 ns 

 metabolite 2 0.07 ns 0.84 ns 0.66 ns 

Iotrochota birotulata N-tele-methylhistamine 0.05 ns 3.62 ns 8.46* 
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Figure 4. Mean concentrations of three metabolites biosynthesized by Aiolochroia crassa 
under differing levels of water temperature and pH.  The grey horizontal bars show the 
range in metabolite concentration from three wild conspecifics.  

2.2.5 Metabolite analysis in Aplysina cauliformis 

The concentrations of two metabolites were analyzed for A. cauliformis, with 

fistularin-3 (58) identified and the second, hereafter metabolite 1, was not identified.  

Final metabolite concentrations were not significantly affected by water temperature and 

pH (Table 3, Figure 5), averaging 13.0 and 3.7 mg · g sponge-1 for fistularin-3 and 

metabolite 1, respectively.  Metabolite concentrations in laboratory sponges were similar 
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to that found in wild conspecifics (Figure 5).  For metabolite 1, concentrations ranged 

greatly among wild but not laboratory A. cauliformis.  

 

Figure 5. Mean concentrations of two metabolites biosynthesized by Aplysina cauliformis 
under differing levels of water temperature and pH.  The grey horizontal bars show the 
range in metabolite concentration from three wild conspecifics.  

2.2.6 Metabolite analysis in Ectyoplasia ferox 

 The concentrations of two metabolites were analyzed for E. ferox: zooanemonin 

(59) and the second metabolite (hereafter metabolite 2), was not identified.  Zooanemonin 
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sponges grown at 28 ºC (Figure 6); mean concentration of 1.9 mg. g sponge-1 compared 

to 1.5 mg · g sponge-1 for explants grown at 31 ºC.  Concentrations of metabolite 2 did 

not vary significantly between treatments (Table 3), averaging 1.3 mg · g sponge-1.  For 

both metabolites, concentrations in laboratory sponges mostly fell within the range found 

in three wild sponges (Figure 6). 

 

Figure 6. Mean concentrations of two metabolites biosynthesized by Ectyoplasia ferox 
under differing levels of water temperature and pH.  The grey horizontal bars show the 
range in metabolite concentration from three wild conspecifics.  

2.2.7 Metabolite analysis in Iotrochota birotulata 

For I. birotulata, concentrations of the metabolite N-tele-methylhistamine (60) 

varied significantly between treatments (Table 3).  The Tukey-Kramer Multiple 

Comparison test determined that metabolite concentration differed only between I. 

birotulata grown at 28 ºC and pH = 8.1 (mean = 2.9 mg · g sponge-1) and sponges at 28 

ºC and pH = 7.8 (2.2 mg · g sponge-1) (Figure 7).  However, mean concentrations of N-
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tele-methylhistamine in all four treatments fell within or close to the range found in three 

wild I. birotulata (Figure 7). 
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Figure 7. Mean concentrations of N-tele-methylhistamine biosynthesized by Iotrochota 
birotulata under differing levels of water temperature and pH.  The grey horizontal bar 
shows the range in metabolite concentration from three wild conspecifics.  

2.2.8 Discussion 

Final sponge size and survival for each species were similar between current and 

predicted values (year 2100) of water temperature and pH for Jamaican coral reefs.  

Growth and survival may have been unaffected by higher water temperature because the 

studied species occur in habitats and/or depths that episodically experience high 

temperatures.  In Jamaica, A. fistularis, E. ferox and I. birotulata have been recorded 

from depths of <3 m in lagoons and harbors (Hechtel, 1965; Lehnert and Van Soest, 

1998) where water temperatures reach 31 ºC (Wade, 1972).  All three species plus A. 

crassa and A. cauliformis have also been found 1-5 m deep on coral reefs throughout the 

Caribbean region (e.g. Schmahl, 1990; Sullivan and Chiappone, 1992; Zea, 2001; Diaz, 

2005).  At these shallow depths, water temperature can exceed 31 ºC on summer days and 

stay above 30 ºC  for several weeks (Kaufmann and Thompson, 2005).  Depth patterns 

N-tele-methylhistamine (60)
N

N
NH2
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are poorly documented for S. conulosa, but in Jamaica it is common at depths of 8-10 m 

(Stubler, unpublished data) where water temperature can exceed 30 ºC during summer 

(Leichter and Genovese, 2006).  Perhaps, if the sponge species were grown at elevated 

temperatures for >24 days, which was the duration of this experiment, it may have 

resulted in significant differences between temperature regimes.  Overall, the lack of 

relationship (over 24 days) between water temperature and sponge growth agrees with 

findings for some other coral reef sponge species (e.g. Hoppe, 1988; Duckworth and 

Wolff, 2011) though not all (e.g. Reiswig, 1973; McMurray et al., 2008). 

Although the studied sponges can survive and grow in waters at 31 ºC in aquaria 

or in the field, it does not necessarily indicate that future temperature increases will have 

no effect on sponge survival.  Water temperature at shallow depths can rise >2 ºC  above 

mean values for short periods during summer (Kaufmann and Thompson, 2005).  This 

corresponds to a predicted temperature of 33 ºC, a level that can rapidly breakdown the 

symbiotic relationship between a coral reef sponge and its microbes, causing necrosis 

(Webster et al., 2008).  Microbes, for example, play an essential role in energy transfer 

for A. crassa, A. cauliformis, A. fistularis and E. ferox (Weisz et al., 2008).  High water 

temperatures can also increase the severity of disease outbreaks which can devastate 

sponge populations (Ayling, 1981; Maldonado et al., 2010).  

In contrast to growth and survival, high water temperature did promote the rate of 

sponge attachment for A. cauliformis, E. ferox and I. birotulata.  The fast attachment rate 

for A. fistularis (<7 days) likely obscured any differences between temperature levels.  

Positive relationships between temperature and sponge attachment rates have been found 

previously (Barthel and Theede, 1986; Rosell and Uriz, 1992) and may result from 
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warmer water promoting secretion of the basal lamella by basopinacocytes.  Attachment 

of sponge fragments to loose rubble helps consolidate coral reefs (Wulff, 1984), so future 

temperature increases may promote this process to some degree.  Faster attachment rates 

may also result in fewer sponge fragments being lost off the reef.  Attachment rates 

varied greatly among the six coral reef species, and it may result in part from their 

general morphology.  Fragments of branching (e.g. A. cauliformis) and tubular coral reef 

sponges (e.g. A. fistularis) are generally more successful in reattaching than massive 

species (e.g. S. conulosa) (Wulff, 2006).  The one exception to this general relationship 

was the massive sponge A. crassa that quickly attached, probably because explants were 

cut using a sharp scalpel and so experienced less internal damage than being macerated 

by storm damage as witnessed in Wulff’s (2006) study.  

Seawater pH did not influence sponge attachment for any of the six species, 

although a similar study found that fewer explants of the temperate sponge Cliona celata 

attached to scallop shells when pH = 7.8 than at pH = 8.1 (Duckworth, unpublished data).  

This study also found that survival of C. celata was lower at pH = 7.8.  Cliona spp. are 

boring sponges that preferentially settle in a carbonate rich environment (Rosell and Uriz, 

1992) so its response to low pH likely differs from the non-boring sponges examined 

here.  Previous studies suggest that the response of sponges to changing pH levels will 

vary between species and could have negative impact on their distributions (Jewell, 1939; 

Southward et al., 1996).  Perhaps, seawater pH of 7.8 had little effect on growth, survival 

and attachment of the studied sponges because all may be considered “generalist” 

species, found in differing habitats and able to live in a variety of environmental 

conditions.  Coral reef sponges may also be less susceptible to low pH than other reef 
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invertebrates because of their simpler organization.  Low pH, for example, can kill or 

damage corals and sea urchins by causing high levels of carbonic acid in bodily fluids 

(e.g. blood) and tissues  (Fabry et al., 2008; Przeslawski et al., 2008), which sponges do 

not have.  Additionally lower pH values inhibit calcification/carbonate precipitation 

and/or favor carbonate dissolution. 

Although water temperature and pH had little influence on sponge growth and 

survival, both responses varied greatly among the six coral reef species.  The two species 

– A. crassa and S. conulosa – that experienced some mortality have a massive 

morphology, and thus required greater cutting of donor sponges to generate explants 

which leads to higher levels of initial damage.  This likely explains why most sponge 

deaths occurred during the first 10 days of the study, while they were still repairing their 

aquiferous systems.  Large differences in growth rates (ranging from 0.1 to 42.1%) are 

common between coral reef species (Reiswig, 1973; Hoppe, 1988; Leong and Pawlik, 

2010; Duckworth and Wolff, 2011) and may result from interspecific differences in food 

retention and skeletal structure (Reiswig, 1971; Duckworth and Battershill 2003; 

Duckworth et al., 2006).  Growth rates recorded here are comparable to wild conspecifics 

(Wilkinson and Cheshire, 1988; Wulff, 1991; Leong and Pawlik, 2010), indicating that 

sponges (except possibly E. ferox) were receiving sufficient food.  

Of the nine secondary metabolites examined in this study, only concentrations of 

zooanemonin from E. ferox and N-tele-methylhistamine from I. birotulata varied 

significantly between treatments.  Zooanemonin killed barnacles in a laboratory study at 

a concentration of 0.05 mg · g wet sponge-1 (Hattori et al., 2001); using wet to dry weight 

conversions for sponges (Ricciardi and Bourget, 1998) this corresponds to an estimated 
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value of 0.3 mg · g sponge-1.  In this study, final concentrations of zooanemonin in E. 

ferox varied significantly between temperatures, being 1.9 and 1.5 mg · g sponge-1 at 28 

and 31 ºC, respectively.  Although 20% higher at the lower temperature, both 

concentrations are well above a lethal level for barnacles.  In addition, mean 

zooanemonin concentrations at both temperatures fell within the range shown by wild E. 

ferox.  These results suggest that zooanemonin concentration in E. ferox would still be 

sufficiently high enough to prevent fouling at temperature levels predicted for 2100.  For 

N-tele-methylhistamine, mean concentration was almost 25% higher for I. birotulata 

grown at 28 ºC and pH = 8.2 than at 28 ºC and pH = 7.8.  Although seawater pH 

influenced metabolite biosynthesis at 28 ºC, it had little effect at the temperature 

predicted by the end of this century.  In addition, mean metabolite concentrations in all 

four treatments fell within or near the range found in three wild sponges.  Again this 

suggests that predicted values of pH and temperature will likely have little effect on N-

tele-methylhistamine biosynthesis and its ecological role in I. birotulata. 

The secondary metabolites isolated here are only some of metabolites 

biosynthesized in each species.  For example A. crassa and A. cauliformis have each had 

15 metabolites identified (Ciminiello et al., 1995; Ciminiello et al., 1999) while the major 

three and two metabolites, respectively, were examined in this study.  Secondary 

metabolites may also be rapidly biosynthesized in response to unpredictable events or 

triggers like predator damage (Thoms et al., 2006).  Effects of seawater pH and 

temperature on this “activated chemical defense” is only possible in presence of the 

“trigger”, which was not feasible to do in this study.  Final concentrations of two 

metabolites in A. crassa were lower in laboratory sponges than wild conspecifics, 
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indicating that growing sponges in aquaria can influence the biosynthesis of some 

metabolites.  Lower metabolite concentrations were probably not a damage response 

from being cut into explants (i.e. activated chemical defense) because sponge samples 

were collected and frozen 24 days after cutting.  These limitations mean that a complete 

analysis of the effects of warmer, more acidic waters on all secondary metabolites from 

each sponge species is not presently possible.  Considering the major secondary 

metabolites only, this study suggests that the ecological functions or roles of these 

metabolites will likely be little affected, if at all, from values of water temperature and 

pH predicted by 2100.  

Levels of water temperature and pH tested in this study had little effect on sponge 

growth, survival and major metabolite concentrations (when considering natural 

variation), with only attachment rates of some species faster at the higher temperature. 

Effects of warmer, more acidic water on marine invertebrates can vary between life 

stages (Kurihara, 2008), so responses of larvae or juvenile individuals of the studied 

species could differ from the results shown here by adult sponges.  If, however, predicted 

values of water temperature and pH have little impact on all life stages of coral reef 

sponges, while negatively effecting growth and survival of corals (Hoegh-Guldberg et al., 

2007), it is likely that sponges would become more important in providing ecological 

services such as creating habitat on coral reefs in the Caribbean.  

2.3 Experimental 

2.3.1 Species collection  

From the fore reef at Discovery Bay, Jamaica, a portion of 6-8 individuals of each 

species was collected, leaving at least two-thirds of each individual attached to the reef to 
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regrow (Duckworth, 2003).  A. crassa has several color morphs and in this study only 

purple-colored individuals were used.  Collected sponge pieces were transferred 

underwater to holding tanks with free-flowing water and cut using a sharp scalpel into 

smaller pieces or explants, approximately 1 cm3 for A. crassa, A. fistularis, E. ferox and 

S. conulosa, and 1.5 cm long for the two rope species (A. cauliformis and I. birotulata); 

explants were allowed to heal in free-flowing ambient water for 4 days before being used 

to allow for time to heal the cut surfaces.  Standardizing the size for each species prevents 

initial sponge size influencing growth, survival or metabolite biosynthesis (Becerro et al., 

1995; Duckworth et al., 1997).  Approximately 100 explants were cut for each sponge 

species, all with at least 1 side still covered in pinacoderm to aid survival and growth 

(Duckworth et al., 1997).  Additional sponge biomass was frozen and used to identify the 

major metabolites (see Compound isolation and elucidation).  This experiment was done 

at the Discovery Bay Marine Laboratory, Jamaica, with natural light coming through 

large windows.  Only A. cauliformis harbors photosynthetic symbionts (Erwin and 

Thacker, 2007). 

2.3.2 Tank setups 

Four treatments differing in water temperature (T) and pH were tested, based on 

mean values at Discovery Bay, Jamaica, of approximately 28 °C and 8.1 pH units 

(Leichter & Genovese 2006).  Treatment 1 (mean T = 30.8 °C, mean pH = 7.78) tests 

predicted conditions for the year 2100. Treatments 2 (T = 30.8 °C, pH = 8.14) and 3 (T = 

27.9 °C, pH = 7.78) test the individual effects of warmer water or lower pH.  Treatment 4 

(T = 27.9 °C, pH = 8.14) is the control using ambient conditions.  (For simplicity 

temperature and pH levels are given as 28 and 31 °C, and 7.8 and 8.1, respectively, 
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throughout the rest of this manuscript.)  Daily at 0800 and 1700 hrs, water temperature 

and pH in each tank was recorded using a pHep 5 pH/temperature tester (Hanna 

instruments); calibrated frequently using supplied buffers, the pHep 5 compensates 

automatically for temperature and is accurate to 0.05 pH.  pH was measured on the total 

scale, and like temperature, was stable over time in each treatment (1S.E. = 0.01).  Water 

samples collected for total alkalinity were lost in transit, and thus could not be analyzed.  

Measuring only one component of the carbonate system (i.e. pH) meant that we could not 

calculate pCO2 in the experimental treatments.  

Each of the four treatments had three replicate aquaria (130 x 50 x 8 cm), with 

each aquarium holding 52 l of seawater.  Seawater flowed through at a rate of 0.5 l min-1, 

which was sufficient to keep ammonia levels constant at 0.0 mg L-1, checked using 

ammonia test strips (Mardel).  Salinity was 34‰.  Air was pumped into each tank via 

three bubblers distributed lengthwise in the tank to provide sufficient oxygen and to mix 

the incoming water so temperature and pH were constant throughout the tank.  Water 

temperature was raised in treatments 1 and 2 using several 300W water heaters (Aqueon) 

per aquaria.  The pH was lowered in treatments 1 and 3 by bubbling CO2 into the flow of 

the incoming seawater of the 6 aquaria.  CO2 delivery was automated using pH 

controllers (Milwaukee SMS122) that turned on CO2 regulators (Milwaukee MA957) 

once the pH of the aquarium water exceeded 7.8.  The pH controllers were calibrated 

frequently using pH buffers. Although we could not calculate pCO2 in each treatment, 

bubbling CO2 is an efficient way to manipulate carbonate chemistry of seawater and 

generally results in pCO2 and total alkalinity values similar to that predicted for 2100 
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(Riebesell et al., 2010).  Because pCO2 values were not calculated, this study focuses 

effects of seawater pH (and temperature) on coral reef sponges.  

For each sponge species, five explants were grouped together and placed in each 

of the 12 aquaria.  Species location was randomized among aquaria and each species was 

>10 cm from neighboring species.  Within a species group, explants were separated by 

>3 cm.  Antagonistic interactions between and within species were unlikely because of 

the flow through water system and separation among explants.  It was not possible to use 

more aquaria to fully separate sponge species.  Sponges were grown under the 

experimental conditions for 24 days.  

2.3.3 Sponge monitoring 

For all 6 sponge species, explant survival was recorded every second day, with 

dead explants removed immediately.  Explant attachment to the aquarium floor was 

recorded weekly, determined by carefully touching the explant.  Sponge growth was 

determined by comparing final explant weight to mean initial weight, the latter calculated 

from weighing 20 extra explants of each species that were then discarded.  All explants 

were wet-weighed to the nearest 0.001 g. 

2.3.4 Extraction of material 

For A. crassa, A. cauliformis, E. ferox and I. birotulata chemical analysis was 

done using a 1H NMR quantification method (Page et al., 2005) on 3 randomly chosen 

explants from each aquarium, thus 9 explants were quantified per treatment.  These 

species were chosen because they represent both chemically defended and undefended 

species (Pawlik et al., 1995), and cover the range in sponge growth.  To determine 

possible laboratory effects on metabolite biosynthesis, three samples of each species were 
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collected (and quantified) from the fore reef at Discovery Bay at the end of the 

experiment (control samples).  For each explant approximately 5.0 g sample of each 

frozen specimen was lyophilized (48 h) to dryness and ground to a homogenous powder.  

Approximately 250 mg of the dry powdered sponge material was accurately weighed and 

extracted with 80% MeOH/H2O (4 mL, 10 min.) with stirring and filtered into a vial (20 

mL) containing 2.0 g Diaion® HP20ss.  The sponge material was re-extracted twice with 

MeOH (4.0 mL, 10 min) and filtered into the same vial containing HP20ss.  After the 

second MeOH extraction 1.0 mL of MeOH was added through the filter into the vial.  

The filtrate was then concentrated onto the HP20ss using a speed vacuum system.  The 

loaded HP20ss was eluted with H2O (8.0 mL) and then MeOH (2x8.0 mL) into a vial (20 

mL) and concentrated to dryness under reduced pressure.  

2.3.5 Selection of 1,3,5-trimethoxybenzene as internal standard 

1,3,5-trimethoxybenzene was chosen as the internal standard for quantification 

because of its stability and that its peaks did not overlap with any of the crude fraction 

signals we observed.  To make the stock solution 50 mg of Alfa Aesar 1,3,5-

trimethoxybenzene (Lot#: 10135396) was dissolved in 5.0 mL of Cambridge Isotopes 

Laboratories CD3OD (D, 99.8%) (Lot#: 9E-152).  1H NMR spectra were collected with 

10 µL, 20 µL, 30 µL, 40 µL, 50 µL, 70 µL and 100 µL of the stock solution spiked into 

CD3OD for a total volume of 500 µL, respectively.  The areas for the 6.06 ppm and 3.75 

ppm peaks were measured.  Sufficient area for quantification was found using 30 µL (1.8 

µmoles) of the stock solution. 
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2.3.6 1H NMR quantification 

For the 1H NMR analysis 30 µL (1.8 μmol) of a standard solution of 1,3,5-

trimethoxybenzene (50 mg) in deuterated MeOH (CD3OD, 5 mL) and 500 µL of CD3OD 

were added to the dry concentrated sample.  A 1H NMR spectrum for each extract was 

obtained on a Varian Mercury Plus spectrometer at 400 MHz with the following 

acquisition and processing parameters:  Temperature 16.7°C/290 K, relaxation delay 15.0 

s, pulse width 90.0 degrees, acquisition time 5.0 s, 32 scans, line broadening 0.5 Hz, total 

time 11 min, 31 s.  The integrals of 1H NMR resonances at δH 1.85 (qt, 2H), 2.55 (t, 2H), 

2.70 (t, 2H), 2.91 (s, 2H), 3.15 (s, 3H), 3.65 (t, 2H), 6.42 (s, 1H), 6.51 (s, 1H), and 6.53 

(s, 1H) for A. crassa (Figure 8); δH 2.93 (s, 3H), 3.51 (t, 2H), 3.63 (t, 2H), 3.73 (s, 6H), 

6.43 (d, 2H), and 7.62 (s, 2H) for A. cauliformis (Figure 9); δH 3.81 (s, 3H), 3.87 (s, 3H), 

4.50 (s, 2H), 7.40 (s, 1H), 8.17 (t, 1H), 8.83 (s, 1H), 8.95 (dd, 2H), and 9.24 (s, 1H) for E. 

ferox (Figure 10); and δH 2.55 (t, 2H), 2.74 (s, 2H), 7.37 (s, 1H), and 8.53 (s, 1H) for I. 

birotulata (Figure 11) were compared to the integral of the standard 1,3,5-

trimethoxybenzene resonance at δH 6.06 to determine the molar quantities of the analytes.  

For each sponge species, 1-3 major secondary metabolites were quantified with 

concentrations given in mg per g dry weight of sponge.  Although the ecological role is 

known for only some of the secondary metabolites, all examined metabolites provide 

information about the possible effects of environmental stress from warmer, more acidic 

water.  1H NMR spectra of the pure compounds and COSY NMR spectra for selected 

compounds are located in Appendix I Figures 48-56. 
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Figure 8. Representative 1H NMR spectrum of an Aiolochroia crassa extract.  Letters a-c 
represent the peaks integrated for each compound respectively: a: 55, b: 56, and c: 57. 
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Figure 9. Representative 1H NMR spectrum of an Aplysina cauliformis extract.  Letters a-
b represent the peaks integrated for each compound respectively: a: 58, and b: metabolite 
1. 
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Figure 10. Representative 1H NMR spectrum of an Ectyoplasia ferox extract.  Letters a-b 
represent the peaks integrated for each compound respectively: a: 58, and b: metabolite 2. 
 

  

7.508.008.509.00

4.004.505.005.506.00

 

Compound 59 

Metabolite 2 

Standard 

 

 

 

a 

b b b 

b 

a a 

a 



 

53 

 

Figure 11. Representative 1H NMR spectrum of Iotrochota birotulata extract. 

2.3.6 Compound isolation and elucidation 

A. crassa  

0.5 g of freeze dried sponge material was extracted with 10 mL MeOH three 

times and dried onto HP-20.  The HP-20 was reconstituted with 15 mL distilled H2O and 

transferred into a 15mL SPE tube.  The H2O was allowed to flow through then 15 mL 

MeOH and 15 mL Me2CO were passed through to create the organic extract, TV4-17-04 

(76.5 mg).  Using the Beckman Coulter HPLC system, 20 mg was injected onto a 21.2 x 

250 mm Phenomenex Gemini C18 (5µ) column at a 5.0 mL/min flow rate with H2O and 

MeCN mobile phase.  The gradient was as follows: 0-2.5 min 20% MeCN, 2.5-17.5 min 

6.006.507.007.508.008.50

2.302.402.502.602.702.802.903.00

Compound 60
Standard
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20-48% MeCN, 17.5-42.5 min 48-58% MeCN, 42.5-47.5 min 58-90% MeCN and 47.5-

55.0 min 90% MeCN (Appendix I Figure 57).   

N-methyl-aerophobin-2 (56) and ianthelline (57) were identified by comparing 

their 1H and COSY NMR spectra and molecular weights to the previously published 

values respectively (Assmann et al., 1998; Litaudon and Guyot, 1986).   

A. cauliformis  

0.5 g of freeze dried sponge material was extracted with 10 mL MeOH three 

times and dried onto HP-20.  The HP-20 was reconstituted with 15 mL distilled H2O and 

transferred into a 15mL SPE tube.  The H2O was allowed to flow through then 15 mL 

MeOH and 15 mL Me2CO were passed through to create the organic extract, TV4-17-06 

(86.2 mg).  Using the Beckman Coulter HPLC system, 20 mg was injected onto a 21.2 x 

250 mm Phenomenex Gemini C18 (5µ) column at a 6.0 mL/min flow rate with H2O and 

MeCN mobile phase.  The gradient was as follows: 0-2.5 min 20% MeCN, 2.5-42.5 min 

20-90% MeCN, 42.5-52.5 min 90% MeCN and 52.5-60.0 min 90%-20% MeCN 

(Appendix I Figure 58). 

Fistularin-3 (58) was identified by comparing its 1H NMR spectrum and 

molecular weight to the previously published data (Gopichand and Schmitz, 1979).  

Metabolite 1 has a m/z 154 and its structure was unable to be assigned. 

E. ferox 

0.5 g of freeze dried sponge material was extracted with 10 mL MeOH three 

times and dried onto HP-20.  The HP-20 was reconstituted with 15 mL distilled H2O and 

transferred into a 15mL SPE tube.  The H2O was allowed to flow through then 15 mL 

MeOH and 15 mL Me2CO were passed through to create the organic extract, TV4-17-02 
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(90.3 mg).  Using the Beckman Coulter HPLC system, 20 mg was injected onto a 21.2 x 

250 mm Phenomenex Gemini C18 (5µ) column at a 5.0 mL/min flow rate with H2O and 

MeCN mobile phase.  The gradient was as follows: 0-2.5 min 20% MeCN, 2.5-42.5 min 

20-40% MeCN, 42.5-50.0 min 40% MeCN and 50.0-56.0 min 40%-20% MeCN 

(Appendix I Figure 59). 

Zooanemonin (59) was identified by comparing its 1H and 13C NMR spectra and 

molecular weight to the previously published data (Hattori et al., 2001).  Metabolite 2 

was unable to be successfully purified from 59 so its structure could not be fully 

characterized. 

I. birotulata 

0.52 g of freeze dried sponge material was extracted with 10 mL MeOH three 

times and dried onto HP-20.  The HP-20 was reconstituted with 15 mL distilled H2O and 

transferred into a 15mL SPE tube.  The H2O was allowed to flow through then 15 mL 

MeOH and 15 mL Me2CO were passed through to create the organic extract, TV4-13-02 

(70.9 mg).  Using the Beckman Coulter HPLC system, 20 mg was injected onto a 21.2 x 

250 mm Phenomenex Gemini C18 (5µ) column at a 5.0 mL/min flow rate with H2O and 

MeCN mobile phase.  The gradient was as follows: 0-2.5 min 20% MeCN, 2.5-42.5 min 

20-90% MeCN, 42.5-52.5 min 90% MeCN and 52.5-60.0 min 90%-20% MeCN.  The 

only major component was collected at 7.4-8.3 min (Appendix I Figure 60).    

N-tele-methylhistamine (60) was identified by comparing its 1H and 13C NMR 

spectra and molecular weight to the previously published values (Wishart et al., 2008).   
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2.3.7 Data analysis 

For each sponge species, final weight, survival, attachment, and metabolite 

concentration(s) were statistically analyzed using two-way ANOVAs, with temperature 

and pH as fixed-factors.  Mean values per aquaria of each sponge measurement (e.g. final 

weight) were used to avoid pseudoreplication, so each treatment had 3 replicates. 

Survival was only analyzed for species with dead explants.  When necessary, data was 

log-transformed to meet assumptions of ANOVA and Tukey-Kramer Multiple 

Comparison tests were used to determine which treatments differed significantly.  
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Chapter III: Chemical evaluation of marine organisms from the Florida Keys
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3.1 Introduction 

The West Laboratory has developed a strategy to increase the chances of 

discovering novel biologically active from marine organisms. This approach reduces the 

time required from the initial detection of novel bioactive compounds to the final 

structural elucidation.  Using a technique called cyclic loading and a polymeric 

chromatographic stationary phase; compounds are grouped with a high probability of 

exhibiting in vitro and in vivo activity by exploiting their amphiphilic nature.  The crude 

extracts of many marine organisms contain high concentrations of fats, proteins, salts, 

and steroids.  Generally biologically active components are found in relatively low 

concentrations in these crude extracts therefore their activity could be hidden by the non-

active components. Consequently just screening crude extracts has a high potential for 

false positives and negatives.  Also if multiple classes of compounds are present with 

varying activities within the extract, there may be interference effects resulting in the 

extracts to be deemed “non-specific” and not further pursued. 

Most biologically active compounds need to be able to travel throughout a target 

organism’s body in order to reach the intended sites of action.  They therefore need to be 

soluble in both hydrophilic and hydrophobic environments.  Consequently a majority of 

biologically active compounds are neither extremely polar nor non-polar in character and 

therefore possess intermediate polarity.  We have found through the usage of polymeric 

chromatographic resin Diaion HP-20 instead of traditional silica based supports (Silica 

gel, C18 etc.) that medium-polar biologically active secondary metabolites such as 

alkaloids, peptides, polyketides and terpenoids, can be efficiently separated from water-

soluble carbohydrates, salts, and non-polar fats and steroids that are found in high 



 

59 

concentrations (Figure 12). Thus, a discrete fraction of intermediate polarity can be 

generated with an increased probability of exhibiting biological activity while excluding 

a bulk of the crude extract. These pre-fractionated “enriched” materials can then be 

examined using NMR for the presence of novel chemistry or screened for biological 

activity.  

 
Figure 12.  Fractionation of crude extracts of marine organisms including sponges and 
soft corals using HP-20. 

Macroalgae have developed a large and complex array of secondary metabolites 

throughout time but they have not yet been exhaustively studied, unlike terrestrial plants 

which have been investigated many times.  It has been found that within plant species a 

given genotype can vary the quantity of defensive metabolites in response to herbivory 

(Haukioja, 1980) or changes in resource availability (Bryant et al., 1983; Waring et al., 

1985).  Chemically protected plants are dominant in the marine environment.  In fact, a 

survey of various algae in the Florida Keys found 39 (22 calcifying, 17 non-calcifying) 

out of 70 total specimens produced secondary metabolites as anti-feeding deterrents to 

herbivorous fish (Paul and Hay, 1986).  Diversity in secondary metabolites is not 
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incidental however, but their production is brought about by specifically organized and 

controlled biosynthetic gene pathways that are well integrated into their metabolism.   

For this project algal species were collected off the Florida Keys and investigated 

to find compounds that could be used to identify the effects of elevated CO2 levels and 

water temperature on the secondary metabolite composition of marine algae.  Several 

sponges were also collected and investigated, with one species containing an unknown 

peptide.   

 
3.2 Results and discussion 

3.2.1 Survey of Florida Keys algae 

Fourteen different algal samples were subjected to MeOH extraction and HP-20 

solid phase extraction (SPE) (Table 4).  Many primary metabolites were observed in the 

algal extracts unlike what has been found in the West Natural Products group studying 

soft corals and sponges where extracts predominantly contain secondary metabolites.  In 

Figure 13 the fraction mass distribution of the algal Me2CO:H2O solutions show that the 

most material comes off in the 40% Me2CO:H2O fraction and does not increase again in 

the 100% fraction as observed in Figure 12.  Photographs of each algal specimen and the 

1H NMR spectra of the Me2CO:H2O solutions are in Figures 14-27.  Even though many 

primary metabolites were observed, eight samples showed promising chemistry in their 

1H NMR spectra.  As indicated in Table 4, nine samples showed the presence of a 

common molecule, a glyceroglycolipid.  
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Table 4.  Summary of Florida Keys algal samples collected and extracted. 

Organism 
Code 

Potential genus 
assignment 

Algal 
Type 
(color) 

Glycolipid 
signal 

Additional 1H strong 
signals 

LJ1-001   Red Yes   
LJ1-003   Red Yes  Aromatic 
LJ1-008   Red Yes  Aromatic 
LJ1-010   Green No   
LJ1-011 Halimeda sp. Green No  Aromatic,  
LJ1-012 Laurencia obtusa Red Yes   
LJ1-013 Laurencia sp. Red Yes  Olefinic 
LJ1-014 Chaetomorpha sp. Green Yes   
LJ1-015   Red Yes  Olefinic 
LJ1-016 Penicillus sp. Green No   
LJ1-017 Acetabularia sp. Green No   
LJ1-018   Red Yes   
LJ1-019   Brown Yes  Aromatic 
LJ1-026   Green No   

 

 

Figure 13. Fraction mass distribution of algal extracts eluted through HP-20 SPE with 
varying Me2CO:H2O  solutions. 

The 40% and 75% fractions of LJ1-003 had interesting signals at δH 6.14 d, 5.60 

dd, 4.21 t, 4.00 m, 3.82 m, 3.70 m, and 1.90 s while the 100% fraction displayed the 

signals for the glyceroglycolipid and many different signals in the δH 3.30 – 4.50 region.  

The 40% fraction of LJ1-008 showed signals at δH 7.18 d, 7.09 d, 6.75 s, 4.0 m, and 3.26 
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d while the 100% fraction showed the signals for the glyceroglycolipid and many signals 

in the δH 3.30 – 4.50 region, similar to what was observed in the 100% fraction of LJ1-

003.  For fractions of LJ1-011, the 75% fraction yielded many signals in the δH 3.50-4.25 

region and a strong singlet at δH 1.90 and the 100% fraction showed many signals again 

in the δH 3.50-4.25 region and a strong singlet at δH 3.65.  For fractions of LJ1-012, the 

75% and 100% showed the signals for the glyceroglycolipid and also in the 100% show 

signals in the aromatic region at δH 7.72 m and 7.62 dd and in the δH 3.30-4.44 region.  

Interesting signals were observed in the 75% fraction for LJ1-013 in the δH 3.40-4.25 

region and in the 100% fraction at δH 6.17 dt, 6.04 m, 5.83 t, 5.62 d, 4.25 m, 4.14 m, 3.64 

s, and 3.46 t.  For fractions of LJ1-014, the 75% and 100% showed the signals for the 

glyceroglycolipid and also in the 100% show signals in the olefinic region at δH 6.25 m 

and 6.67 d and different signals in the δH 3.35-4.60 region.  For fractions of LJ1-015, the 

75% fraction showed signals in the δH 3.35-4.00 region and strong singlets at δH 2.90 and 

3.20.  The 100% fraction showed signals again in the δH 3.40-4.25 region, a strong singlet 

at δH 3.60, and in the olefinic region 6.20 m, 6.05m, 5.83 t, 5.62 d, 5.10 m, and 5.01 m.  

For fractions of LJ1-019, the 75% fraction showed signals in the δH 3.45-4.00 region and 

in the aromatic region at δH 6.71 d and 7.07 d.  The 100% fraction showed the signals for 

the glyceroglycolipid and also signals in the δH 3.35-4.25 region. 

 Samples LJ1-012 and LJ1-013 were chosen for further investigation with a large 

scale extraction due to their observed signals and quantities of material.  The results from 

LJ1-013 will be discussed later in this chapter.  The results from the additional 

investigation of LJ1-012 will be discussed in Chapter 4. 

  



 

63 

TV5-27-01

8.0 7.5 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
Chemical Shift (ppm)  

TV5-27-02

8.0 7.5 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
Chemical Shift (ppm)  

TV5-27-03

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
Chemical Shift (ppm)  

Figure 14. (a) Photo of LJ1-001. 1H NMR spectra of the (b) 40% Me2CO:H2O (145.5 mg) 
(c) 75% Me2CO:H2O (59.2 mg) and (d) 100% Me2CO (5.2 mg) fractions of LJ1-001 in 
CD3OD.  

(b) 

(a)   
LJ1-001 

(c) 

(d) 
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TV5-27-04

8.0 7.5 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
Chemical Shift (ppm)  

TV5-27-05

8.0 7.5 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
Chemical Shift (ppm)  

TV5-27-06

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
Chemical Shift (ppm)  

Figure 15. (a) Photo of LJ1-003. 1H NMR spectra of the (b) 40% Me2CO:H2O (101.1 mg) 
(c) 75% Me2CO:H2O (30.6 mg) and (d) 100% Me2CO (3.4 mg) fractions of LJ1-003 in 
CD3OD. 

(b) 

(a)   
LJ1-003 

(c) 

(d) 
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TV5-27-07-2

8.0 7.5 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
Chemical Shift (ppm)  

TV5-27-08

8.0 7.5 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
Chemical Shift (ppm)  

TV5-27-09-2

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
Chemical Shift (ppm)  

Figure 16. (a) Photo of LJ1-008. 1H NMR spectra of the (b) 40% Me2CO:H2O (82.6 mg) 
(c) 75% Me2CO:H2O (29.4 mg) and (d) 100% Me2CO (8.7 mg) fractions of LJ1-008 in 
CD3OD.  

(b) 

(c) 

(d) 

(a)  LJ1-008 
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TV5-28-01-bad

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5
Chemical Shift (ppm)  

TV5-28-02

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
Chemical Shift (ppm)  

TV5-28-03

8.0 7.5 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
Chemical Shift (ppm)  

Figure 17. (a) Photo of LJ1-010. 1H NMR spectra of the (b) 40% Me2CO:H2O (159.8 mg) 
(c) 75% Me2CO:H2O (52.4 mg) and (d) 100% Me2CO (5.7 mg) fractions of LJ1-010 in 
CD3OD.  

(b) 

(a)   
LJ1-010 

(c) 

(d) 
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TV5-28-04

8.0 7.5 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
Chemical Shift (ppm)  

TV5-28-05

8.0 7.5 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
Chemical Shift (ppm)  

TV5-28-06

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
Chemical Shift (ppm)  

Figure 18. (a) Photo of LJ1-011. 1H NMR spectra of the (b) 40% Me2CO:H2O (101.1 mg) 
(c) 75% Me2CO:H2O (30.6 mg) and (d) 100% Me2CO (3.4 mg) fractions of LJ1-011 in 
CD3OD.  

(b) 

(c) 

(d) 

(a)   
LJ1-011 
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TV5-26-01

8.0 7.5 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
Chemical Shift (ppm)  

 
TV5-26-03

7.5 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
Chemical Shift (ppm)  

Figure 19. (a) Photo of LJ1-012. 1H NMR spectra of the (b) 40% Me2CO:H2O (74.8 mg) 
(c) 75% Me2CO:H2O (10.2 mg) and (d) 100% Me2CO (6.4 mg)  fractions of LJ1-012 in 
CD3OD.  

TV5-26-02

8.0 7.5 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
Chemical Shift (ppm)

(b) 

(c) 

(a) LJ1-012 

(d) 



 

69 

TV5-28-13

8.0 7.5 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
Chemical Shift (ppm)  

TV5-28-14

8.0 7.5 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
Chemical Shift (ppm)  

TV5-28-15

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
Chemical Shift (ppm)  

Figure 20. (a) Photo of LJ1-013. 1H NMR spectra of the (b) 40% Me2CO:H2O (106.3 mg) 
(c) 75% Me2CO:H2O (21.0 mg) and (d) 100% Me2CO (9.6 mg)  fractions of LJ1-013 in 
CD3OD.  

(b) 

(c) 

(d) 

(a)   
LJ1-013 
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TV5-28-10

8.5 8.0 7.5 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
Chemical Shift (ppm)  

TV5-28-11

8.0 7.5 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
Chemical Shift (ppm)  

TV5-28-12

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
Chemical Shift (ppm)  

Figure 21. (a) Photo of LJ1-014. 1H NMR spectra of the (b) 40% Me2CO:H2O (83.6 mg) 
(c) 75% Me2CO:H2O (26.3 mg) and (d) 100% Me2CO (14.2 mg)  fractions of LJ1-014 in 
CD3OD.  

(c) 

(d) 

(a)  LJ1-014 

(b) 
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TV5-28-07

8.0 7.5 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
Chemical Shift (ppm)  

TV5-28-08

8.0 7.5 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
Chemical Shift (ppm)  

Tv5-28-09

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
Chemical Shift (ppm)  

Figure 22. (a) Photo of LJ1-015. 1H NMR spectra of the (b) 40% Me2CO:H2O (121.1 mg) 
(c) 75% Me2CO:H2O (45.8 mg) and (d) 100% Me2CO (20.5 mg)  fractions of LJ1-015 in 
CD3OD.  

(b) 

(c) 

(d) 

(a)   
LJ1-015 
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TV5-28-16

8.0 7.5 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
Chemical Shift (ppm)  

TV5-28-17

8.5 8.0 7.5 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
Chemical Shift (ppm)  

TV5-28-18

9.0 8.5 8.0 7.5 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
Chemical Shift (ppm)  

Figure 23. (a) Photo of LJ1-016. 1H NMR spectra of the (b) 40% Me2CO:H2O (112.5 mg) 
(c) 75% Me2CO:H2O (59.2 mg) and (d) 100% Me2CO (5.7 mg)  fractions of LJ1-016 in 
CD3OD.  

(b) 

(a)  LJ1-016 

(c) 

(d) 
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TV5-26-01

8.0 7.5 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
Chemical Shift (ppm)  

TV5-26-05

8.0 7.5 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
Chemical Shift (ppm)  

TV5-26-06

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
Chemical Shift (ppm)  

Figure 24. (a) Photo of LJ1-017. 1H NMR spectra of the (b) 40% Me2CO:H2O (53.2 mg) 
(c) 75% Me2CO:H2O (5.3 mg) and (d) 100% Me2CO (2.7 mg)  fractions of LJ1-017 in 
CD3OD.  

(b) 

(c) 

(d) 

(a) LJ1-017 
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TV5-26-07

8.0 7.5 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
Chemical Shift (ppm)  

TV5-26-08

8.5 8.0 7.5 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
Chemical Shift (ppm)  

TV5-26-09

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
Chemical Shift (ppm)  

Figure 25. (a) Photo of LJ1-018. 1H NMR spectra of the (b) 40% Me2CO:H2O (79.9 mg) 
(c) 75% Me2CO:H2O (13.8 mg) and (d) 100% Me2CO (2.9 mg)  fractions of LJ1-018 in 
CD3OD.  

(b) 

(c) 

(d) 

(a)  
LJ1-018 
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TV5-26-10

8.0 7.5 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
Chemical Shift (ppm)  

TV5-26-11

8.0 7.5 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
Chemical Shift (ppm)  

TV5-26-12

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
Chemical Shift (ppm)  

Figure 26. (a) Photo of LJ1-019. 1H NMR spectra of the (b) 40% Me2CO:H2O (98.2 mg) 
(c) 75% Me2CO:H2O (17.1 mg) and (d) 100% Me2CO (6.0 mg)  fractions of LJ1-019 in 
CD3OD.  

(c) 

(d) 

(b) 

(a)  
LJ1-019 
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TV5-27-10

8.0 7.5 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
Chemical Shift (ppm)  

TV5-27-11

8.0 7.5 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
Chemical Shift (ppm)  

TV5-27-12

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
Chemical Shift (ppm)  

Figure 27. (a) Photo of LJ1-026. 1H NMR spectra of the (b) 40% Me2CO:H2O (130.0 mg) 
(c) 75% Me2CO:H2O (23.8 mg) and (d) 100% Me2CO (3.5 mg) fractions of LJ1-026 in 
CD3OD.  

(b) 

(c) 

(d) 

(a)   
LJ1-026 
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3.2.2 Isolation of known compound isodactylyne from Laurencia sp. 

To identify the signals of interest in the aromatic region in the 100% Me2CO 

fraction from LJ1-013, a Laurencia sp., a large scale extraction and fractionation was 

performed.  The 120 g wet wt. sample was extracted with two portions of MeOH and one 

portion of MeOH:CH2Cl2 (1:1) that were cyclically loaded in reverse order onto a HP-20 

column.  Me2CO:H2O solutions were then eluted to create three different fractions, 40, 75 

and 100%.  The 100% Me2CO fraction was further separated using a 10% stepwise 

gradient with hexane:EtOAc solutions on a silica column.  The hexane:EtOAc (70:30) 

fraction (20.6 mg) contained the compound of interest in high concentration.  Using 

preparative NP-HPLC isodactylyne (61) was isolated (Figure 28) and its purity was 

confirmed with 1H NMR.  1D and 2D NMR spectra were then obtained and a tentative 

structure was assigned (Figure 29, Appendix II Figures 61-65).   

Isodactylyne and its 3Z-isomer, dactylyne (62), had been previously isolated from 

the sea hare Aplysia dactylomela (Vanderah and Schmitz, 1976; McDonald et al., 1975).  

These papers only provided 1H NMR data but a newer publication (Suzuki et al., 1999) 

provided the 13C NMR data for dactylyne (Table 5).  When comparing our data with 

Suzuki et al. (1999)’s data, there is a discrepancy at C-13 in the 13C NMR shifts.  A 

comparison of the 1H NMR shifts shows a main difference in the coupling constants at H-

3 for the E and Z configurations for 61 and 62 respectively.  The isotopic pattern in the 

(+)-HRAPCIMS spectrum [M + H]+ at m/z 409/411/413 with a ratio of 0.7:1.5:1.1 

determined that the compound should contain two bromines and a chlorine (Appendix II 

Figure 66).  We believed the compound we isolated had a chlorine attached at C-13 while 

the known compound has a bromine attached to explain the observed 13C NMR shift 
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difference.  A thorough search for the 1JCH values with the same constituents as C-7 and 

C-9 was not conclusive.  Without any data to prove that the halogen at C-13 was not 

bromine and with the 1H NMR data matching the values reported by Vanderah and 

Schmitz (1976), the isolated compound was concluded to be isodactylyne (61).    

  

Figure 28.  Extraction and fractionation scheme of LJ1-013. 
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Figure 29.  Structures of isodactylyne (61) and dactylyne (62).  
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Table 5. 1H and 13C NMR shift comparison between 61 and 62 collected in CDCl3. 

Pos. 61 δC
a 62 δC

b Type 61 δH, J (Hz)c 62 δH, J (Hz)d 

1 77.3 77.2 CH 2.85, t (2.3) 3.18 dd (2.0, 1.0) 
2 82.0 82.6 C   

3 112.7 111 CH 5.65, ddd (16.2, 2.8, 1.5) 5.60, d (11.0, 2.0) 
4 140.7 140.1 CH 6.20, ddd (15.7, 8.4, 6.5) 6.12, m 

5 36.9 34.2 CH2 2.47, t (7.83) 2.20-3.00 m 
    2.62, dd (7.0, 1.6)  

6 79.9 79.9 CH 3.61, td (6.8, 6.8, 2.0) 3.71, ddd (8.0, 7.0, 2.0) 
7 54.6 54.8 CH 4.11, dt (4.4, 1.9, 1.9) 4.12, m 

8 39.0 39.2 CH2 2.68, dt (8.7, 4.1, 4.1) 2.20-3.00 m 
    2.82, t (2.0)  

9 46.3 46.1 CH 4.17, dt (4.2, 2.0, 2.0) 4.12, m 
10 79.7 79.4 CH 3.35, td (6.5, 6.5, 2.5) 3.37, dt (7.0, 2.0) 

11 35.5 35.5 CH2 2.38, t (7.0) 2.20-3.00 m 
    2.43, d (6.7)  

12 125.7 125.4 CH 5.75, dd (8.6, 7.0) 5.80, t (7.0) 
13 131.4 100.6 C   

14 29.7 29.5 CH2 2.47, q (7.3) 2.48, q (7.0) 

15 13.6 13.3 CH3 1.11, t (7.4) 1.14 t (7.0) 
aData collected at 100 MHz    

bData from Suzuki et al. (1999) collected at 100 MHz  

cData collected at 400 MHz   

dData from McDonald et al. (1975) collected at 220 MHz  
 
3.3 Experimental 

3.3.1 Algal samples extraction procedure 

A sample collection was performed off the Gulf side of Islamorada, FL on March 

8-9, 2012 (Figure 30).  To determine samples of interest, ~10.0 g (wet wt.) of each alga 

was extracted with 2x15 mL MeOH with 10 minutes of sonication.  The extracts were 

then dried onto 3.0 g HP-20 and eluted with 15mL each of H2O, Me2CO:H2O (40:60), 

Me2CO:H2O (75:25), and Me2CO.  The eluted fractions were then dried using a speed 

vacuum system and 1H NMR spectra were obtained in CD3OD (Figures 14-27) using a 
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Varian Mercury 400 Plus spectrometer.  All samples were pressed to create vouchers that 

were deposited in the Department of Chemistry and Biochemistry, Florida Atlantic 

University, Boca Raton, Florida. 

 

Figure 30.  Map of collection sites off of Islamorada, FL.  The red X’s mark where 
specimens were collected by hand while wading. 

3.3.2 Extraction and fractionation of Laurencia sp. 

The specimen of Laurencia sp. (120 g wet wt.) was extracted with MeOH (2 × 

500 mL) and MeOH:CH2Cl2 (1:1) (1x 500 mL).  The third, second, and then the first 

extract were poured through a column of HP-20 resin (3.5 × 26.0 cm) previously washed 

with MeOH, H2O, and Me2CO then equilibrated with MeOH.  The MeOH:CH2Cl2 (1:1) 

eluent and the second extract eluent were immediately evaporated to remove any 

remaining CH2Cl2.  The combined eluents were diluted with H2O (4.0 L) and passed 

again through the column. The column was eluted with 300 mL fractions of (1) 

Me2CO:H2O (20:80), (2) Me2CO:H2O (40:60), (3) Me2CO:H2O (75:25), and (4) Me2CO.  

Fraction 4 was dried down and 66.0 mg was dissolved in 5.0 mL hexane and loaded onto 
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a hexane conditioned silica gel column (2.0 x 17.0 cm).  A 10% EtOAc:hexane stepwise 

gradient was used until EtOAc:hexane (60:40) and then the column was washed with 

EtOAc.  The EtOAc:hexane (30:70) was fractionated using a NP-HPLC column 

(Phenomenex Luna Silica; 5 µm; 21.0 × 250 mm; EtOAc:hexane (20:80) isocratic over 

26.0 min, 8.0 mL/min) to afford the purified 61 at 17.5 min (7.5 mg). 
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Chapter IV: Chemical investigation of the rhodophyta Laurencia obtusa
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4.1 Introduction 

A specimen of Laurencia obtusa collected by hand off the Gulf side of 

Islamorada in the Florida Keys was found to contain oxygenated signals characteristic of 

glyceroglycolipids.  As seen from Table 4 in Chapter 3, these signals were observed in 

nine of the fourteen algae specimens screened using the chemical screening protocol 

utilized by the West Laboratory.  The collected sample is yellow olive green in color and 

its structure is thickly branched with small nodules (Figure 31).  A large scale extraction 

of the organism (160 g wet wt.) with MeOH and MeOH:CH2Cl2 (1:1) was performed and 

loaded onto an HP-20 column and batch eluted with increasing concentration of 

Me2CO:H2O solutions (Figure 32).  The 75% Me2CO:H2O fraction, displaying 

oxygenated signals between 4.50 – 4.80 ppm in the 1H NMR spectrum, was subjected to 

HPLC separation on a PRP-1 column to yield 6.2 mg of 63.  Analysis of the NMR and 

MS data allowed the compound to be determined as 1-O-palmitoyl-2-O-myristoyl-3-O-

(6-sulfo-α-D-quinovo-pyranosyl)-glycerol (63), previously isolated from the red alga 

Osmundaria obtusiloba off the Southeastern Brazilian coast (de Souza et al., 2012). 

 
Figure 31. Picture of Laurencia obtusa (LJ1-012) collected off the coast of Islamorada in 
the Florida Keys. 
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Figure 32. Extraction and fractionation scheme of LJ1-012. 

4.2 Results and discussion 

4.2.1 Results 

 The 160 g wet wt. sample of LJ1-012 (L. obtusa) was extracted with two portions 

of MeOH and one portion of MeOH:CH2Cl2 (1:1) that were cyclically loaded in reverse 

order onto a HP-20 column.  The 1H NMR spectrum of the Me2CO:H2O (75:25) fractions 

displayed the signals of interest (Figure 33).  A RP-HPLC separation was performed for 

the L. obtusa fraction to yield a diacyl glyceroglycolipid with undetermined fatty acid 

chain lengths and substitution at position 6 (Figure 34).  2D NMR COSY, HMBC, and 

HSQC experiments were used to determine the substructure (Figures 35-36).  Negative 

mode HRESIMS was used to determine the chain lengths and the substitution at position 

C-6 (Figure 37).  The [M - H]- peak at m/z 765.4839 was also observed by de Souza et al. 

(2012) and they determined their fatty acids to be myristic acid and palmitic acid.  The 

HPLC (PRP-1), MeCN in H2O

75%20% 100%40%

75%40% 100%

Laurencia obtusa
Islamorada (LJ1-012) 

160g (wet wt.) 

63 (6.2 mg)

MeOH (2x500mL), MeOH:CH2Cl2 (1:1) (1x500mL)
CC (HP-20), Me2CO in H2O
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unidentified fatty acid chains of 63 were confirmed as myristic acid and palmitic acid, 

due to their masses being observed in the collected HRESIMS spectrum.  
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Figure 33. 1H NMR spectrum of compound 63 in CD3OD.    
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Figure 34. Structure of a diacyl glyceroglycolipid with either amino, galacto, or sulfo 
sugar attached. 

 

Figure 35. gHSQC spectrum of compound 63 in DMSO-d6. 
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Figure 36. Key 2D NMR correlations of the isolated sulfoquinovosyl diacylglycerol (63). 

 

Figure 37. (–)-HRESIMS spectrum of 63. 

The discovery of a sulfoquinovosyl diacylglycerol (SQDG) follows closely to 

other group’s works that have studied algae from Brazil (de Souza et al., 2012), 

Dominica (Andersen and Taglialatela-Scafati, 2005), and Tonga (Northover, 2012) where 

they also found glyceroglycolipids present.  However, the functional group attached at 
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the 6 position of the sugar was different for some of the samples.  Comparison of the 1H 

NMR chemical shifts of the sugar portion of the compounds show that the moiety on the 

6-deoxy position does not change the 1H or 13C chemical shifts at position 6 (Table 6).  

Only changes in the NMR solvent cause the chemical shifts to change.  Avrainvilloside 

was proven to contain the amino group because the methyl 6-deoxy-6-amino-α-

glucopyranoside was isolated from their compound after acid hydrolysis and compared to 

a standard using optical rotation (Andersen and Taglialatela-Scafati, 2005).  The HR 

mass spectrum of avrainvilloside corresponded to the compound containing an amino 

group versus a sulfonic acid group as our collected mass spectrum indicated.   

Table 6. 1H and 13C NMR chemical shift comparison of different glyceroglycolipids. 

Type Sulfo Sulfo Sulfo 
Not 

determined Amino 
Sample, 
NMR 
solvent 

Florida, 
DMSO-d6 

Florida, 
CD3OD 

Brazilian, 
CD3OD:CDCl3 

(1:1) 

Tongan, 
CD3OD 

Avrainvilloside, 
DMSO-d6 

Position 1H 13C 1H 13C 1H 13C 1H 13C 1H 13C 
1' 4.55 98.3 4.76 100.0 4.77 99.2 4.76 99.8 4.56 98.3 
2' 3.16 71.6 3.41 73.6 3.42 72.6 3.4 73.3 3.18 72.0 
3' 3.33 72.9 3.64 75.0 3.61 74.1 3.63 74.7 3.35 72.6 
4' 2.89 74.2 3.07 75.1 3.18 74 3.08 74.8 2.91 74.1 
5' 3.73 68.6 4.08 70.0 4.00 68.9 4.07 69.7 3.77 68.2 
6'a 2.89 54.4 3.37 54.3 3.26 53.5 3.35 54.0 2.87 54.5 

6'b 2.56   2.93   2.99   2.92   2.56   
 
4.2.2 Discussion 

Two glyceroglycolipids from algae and four glyceroglycolipids from plants have 

been previously isolated containing the unique 6-deoxy-6-aminoglucose moiety.  With 

varying chain lengths and the presence of olefins, the biological activities of these 

compounds range from not cytotoxic/unknown (Andersen and Taglialatela-Scafati, 

2005), to radical scavenging activities (Zou et al., 2009), antibacterial (Dai et al., 2001), 
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antimalarial (He et al., 2006), antileishmanial (Mishra et al., 2005), and antistress (Gupta 

et al., 2007).   

There have also been multiple reports of biological activity reported for SQDGs 

from algae around the world.  Table 7 shows the activities and source organisms for 

varying chain lengths and saturation levels of SQDGs.  The activities discovered show 

that SQDGs could have some potential as antiviral candidates.  It is also interesting to 

note how many unsaturated fatty acid containing SQDGs displayed activity.  El Baz et al. 

(2013) tested mixtures of SQDGs from multiple algal species against Breast cancer 

(MCF7) and human hepatocellular carcinoma (Hep 2) cell lines and found IC50 values in 

the sub µg/mL ranges especially against the MCF7 line.  Hossain et al. (2005) also found 

that SQDG mixtures from Sargassum horneri were able to induce cell differentiation and 

apoptosis and inhibit the growth of human colon carcinoma Caco-2 cells when associated 

with sodium butyrate.  The diversity of the phyla producing SQDGs being reported show 

that this is not a phylum specific function.  
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Table 7. Biological activities of sulfoquinovosyl diacylglycerols. 

Compound Lipid1 Lipid2 Activity Organism 

Confirmed SQDGs as 
part of a mixture 

16 14 Mixture showed moderate 
antiprotozoal activity against 
Entamoeba histolytica (3.9 µg/mL) 
Trichomonas vaginalis (8.0 
µg/mL) (Cantillo-Ciau et al., 2010) 

Lobophora 
variegata 

16 16 

16 18:1 

(2S)-1,2-di-O-palmitoyl-
3-O-(6′-sulfo-α-D-
quinovopyranosyl) 
glycerol 

16 16 
IC50 against HSV-2 15.6 µg/mL 
(Wang et al., 2007)  

Caulerpa 
racemosa 

(2S)-1-O-
eicosapentaenoyl-2-O-
myristoyl-3-O-(6-sulfo-α 
-D-quinovopyranosyl)-
glycerol 

20:5 14 

anti inflammatory, 36.5 µM nitric 
oxide inhibition in macrophage 
RAW264.7 cells (Banskota et al., 
2014) 

Palmaria 
palmata 

(2S)-1-O-
eicosapentaenoyl-2-O-
palmitoyl-3-O-(6-sulfo-α-
D-quinovopyranosyl)-
glycerol 

20:5 16 

anti inflammatory, 11.0 µM  nitric 
oxide inhibition in macrophage 
RAW264.7 cells (Banskota et al., 
2014) 

Palmaria 
palmata 

(2S)-1-O-
eicosapentaenoyl-2-O-
palmitoyl-3-O-(6-sulfo-α-
D-quinovopyranosyl)-
glycerol 

20:5 16 

IC50 inhibition of DNA polymerase 
α 0.25 µM, DNA polymerase β 3.6 
µM and HIV-reverse transcriptase 
type 1 11.2 µM (Ohta et al., 1998) 

Gigartina 
tenella 

(2S)-1-O-linoleoyl-2-O-
palmitoyl-3-O-(6-sulfo-α-
D-quinovopyranosyl)-
glycerol 

18:2 16 
IC50 against HSV1 6.8 μg/ml 
(Chirasuwan et al., 2009) 

Spirulina 
platensis 

1-O-palmitoyl-2-O-
myristoyl-3-O-(6-sulfo-α-
D-quinovopyranosyl)-
glycerol 

16 14 
EC50 against HSV1 42.0 μg/mL, 
against HSV2 12.0 μg/mL (de 
Souza et al., 2013) 

Osmundaria 
obtusiloba 

 
The presence of SQDGs in nine of the fourteen algae specimens and low levels of 

secondary metabolites found in most red, green and brown algae collected off the coast of 

Florida was an interesting finding and was not expected.  Typically, the chemical 

screening of tropical sponges and soft corals reveals high concentrations of secondary 

metabolites and low levels of primary metabolites.  This is opposite to what has been 
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found in the chemical screening of sponges in temperate environments such as New 

Zealand and South Africa (Dr. Lyndon West, unpublished).  Interestingly, this was not 

the first observation that tropical red, green, and brown algae produce high concentrations 

of glyceroglycolipids.  In 2012 Northover, working for Dr. Peter Northcote at Victoria 

University of Wellington, reported a similar result in his Master’s thesis screening algae 

from Tonga (Northover, 2012).  In his work, using a similar HP-20 fractionation protocol 

and NMR chemical screening method, 11 different red, green and brown algae were 

screened and found that all of the samples contained a common glyceroglycolipid.  The 

structure of the glyceroglycolipid was determined using NMR, however, the compound 

was not fully characterized due to the inability to assign its mass using positive mode 

MS.  The glycosyl moiety was assigned as 6-deoxy-6-aminoglucose based on the carbon 

chemical shift of position 6.  The presence of high concentrations of glyceroglycolipids 

in most Tongan (sub-tropical) and absence in New Zealand (temperate) algae was noted 

as interesting and posed a question about whether environmental factors play a role in 

primary metabolite production in algae specimens. 

It is believed these substituted glyceroglycolipids are produced exclusively in 

warm water climates since these compounds have not been observed in temperate water 

specimens (Northover, 2012).  This observation can be explained through several 

reasons.  One being that in the warmer regions phosphate levels are limited (Figure 38) 

and the organisms are instead using sulfonic acid in their lipids.  Okazaki et al. (2012) 

found that the plant Arabidopsis thaliana, when grown in phosphate depleted conditions, 

had a 4.5 fold increase in the concentration of SQDGs when compared to plants grown in 

phosphate sufficient conditions.   
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SQDGs are be located in the thylakoid membrane of the chloroplast and are 20-

40% of the total glyceroglycolipids in all three phyla (Khotimchenko, 2002).  Sato et al. 

(2003) showed a relationship between SQDG and the heat tolerance of photosystem II in 

the green alga Chlamydomonas reinhardtii.  Mutant SQDG deficient C. reinhardtii were 

not able to recover as fast or last as long as wild type C. reinhardtii when exposed to high 

temperatures (41°C).  They also showed that the structural integrity of the PSII complex 

was significantly changed in the mutant that subunits of the complex were not able to 

stay assembled when treated with high doses of the detergent dodecyl β-D-maltoside.  

 

Figure 38.  Annual phosphate levels in µmol/L on the ocean surface (Boyer et al., 2013). 

4.3 Experimental 

4.3.1 General experimental procedures 

All Nuclear magnetic resonance (NMR) spectra were recorded on a Varian 

Mercury 400 Plus.  All chemical shifts (δ) were referenced internally to the residual 

solvent peak (CD3OD: 1H, δ 3.31; 13C, δ 49.15; DMSO-d6: 1H, δ 2.50; 13C, δ 39.52).  

High resolution mass spectrometry (HRMS) was collected by the University of Florida 
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Department of Chemistry Mass Spectrometry Research and Education Center.  High 

Performance Liquid Chromatography (HPLC) was performed on a Shimadzu LC-20AT 

instrument with a Shimadzu SPD-M20A UV/vis photodiode array detector and a 

Shimadzu ELSD-LTII detector.  All solvents used for chromatography were HPLC grade, 

purchased from Fisher Scientific. 

4.3.2 Isolation of SQDG 

The specimen of L. obtusa (160 g wet wt.) was extracted with MeOH (2 × 500 

mL) and MeOH:CH2Cl2 (1:1) (1x 500 mL).  The third, second, and then the first extract 

were passed through a column of HP-20 resin (3.5 × 26.0 cm) washed with MeOH, H2O, 

and Me2CO then equilibrated with MeOH.  The MeOH:CH2Cl2 (1:1) eluent and the 

second extract eluent were immediately evaporated to remove any remaining CH2Cl2.  

The combined eluents were diluted with H2O (4.0 L) and passed again through the 

column.  The column was eluted with 300 mL fractions of (1) Me2CO:H2O (20:80), (2) 

Me2CO:H2O (40:60), (3) Me2CO:H2O (75:25), and (4) Me2CO.  Fraction 3 was 

concentrated to dryness and two 25.0 mg portions were fractionated by RP-HPLC using 

MeCN in H2O (Hamilton PRP-1, 7 µm, 2.12 × 25.0 cm, 30 min, 40-100% MeCN:H2O, 

10.0 mL/min) to afford pure SQDG 63 (6.2 mg). 
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Chapter V: Isolation and elucidation of a novel sesquiterpenoid from Laurencia sp.
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5.1 Introduction 

A specimen of Laurencia sp. was collected by hand using SCUBA off the 

Atlantic side of the Florida Keys during a research cruise on the R/V Bellows in 2010.  

The collected sample of Laurencia sp. was pink in color and is filamentous and 

branching (Figure 39).  The freeze-dried organism was screened for secondary 

metabolites using the chemical screening protocol outlined in Chapter 3 and was 

identified to contain interesting signals by NMR.  In a large-scale extraction, the 

methanolic extract of the organism (211 g wt. wet) was fractionated on polymeric HP-

20 after cyclic loading (step gradient elution from 40% H2O in Me2CO to 100% 

Me2CO).  The 75% Me2CO:H2O  and the Me2CO fraction were then subjected to HPLC 

separations on a PRP-1 column to yield a new compound furocaespitanenone (64) and 

two known compounds (10R)- and (10S)-10-O-methyl-furocaespitanelactol 65 and 66 

(Figures 40-41). 

 

Figure 39. Picture of Laurencia sp. collected by hand using SCUBA off the Atlantic 
side of the Florida Keys. 
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Figure 40. Structures of compounds 64-66. 

 

Figure 41. Extraction and isolation scheme of 64-66 from Florida Keys Laurencia sp. 

5.2 Results and discussion 

5.2.1 Results 

The isotopic pattern in the (−)-HRESIMS spectrum of 64 [M + HCOO]- at m/z 

351/353/355 (see Appendix III Figure 74) was indicative of one bromine and one 

chlorine atom and is consistent to the molecular formula, C12H16O2BrCl.  Initial 

inspection of the NMR data revealed the presence of a ketone (δC 208.0), a 

trisubstituted double bond [δH 7.27 (1H, s); δC 158.4 (CH), δC 149.9 (C)], and three 
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carbons resonating at δC 72.6, 63.1, and 69.0 implied their direct bonding to oxygen or 

halogen atoms (Table 8).  Absorptions at 1702 and 3396 cm-1 in the IR spectrum 

confirmed the presence of the carbonyl and hydroxyl group, respectively.  This data 

accounted for two of the four double bond equivalents as required by the molecular 

formula and indicated a bicyclic compound.  A detailed analysis of the 1H–1H COSY 

and HMBC correlations permitted assignment of the planar structure of 64.  Cross 

signals in the 1H–1H COSY spectrum from H-2/H2-3, H2-3/H-4, H-4/H2-5, and H2-

5/H2-6, as well as HMBC correlations from H3-12 to C-1, C-2, and C-6 established the 

cyclohexane ring (Figure 42).  

Table 8. 13C (100 MHz), 1H, and HMBC (500 MHz) NMR data for compound 64 in 
CD3OD. 

Pos. δC, type   δH, mult. (J in Hz) HMBC 

1 72.6,a C   H-2, H-6ax, H3-12 
2 63.1, CH  4.49, dt (12.5, 3.8, 3.8) H-3ax, H3-12 
3 40.9, CH2 ax 2.00, m H-2 

  eq 2.35, m  
4 36.5, CH  2.58, tt (12.8, 12.8, 3.7, 3.7) H-3ax 
5 29.0, CH2 ax 1.58, quind (12.6, 12.6, 12.6, 12.6, 3.5)  

  eq 1.79, dq (13.4, 3.4, 3.4, 3.4)  
6 43.8, CH2 ax 2.19, dt (12.7, 4.0, 4.0) H3-12 

  eq 2.42, dq (13.7, 3.0, 3.0, 3.0)  
7 149.9,a C   H-3ax, H-8 
8 158.5, CH 7.27, s H-10a 

9 69.0, CH  4.87b H-8 
10 46.0, CH2 a 2.78 dd (18.3, 6.1) H-8 

  b 2.20 dt (16.7, 3.0, 3.0)  
11 208.0,a C   H-10a, H-10b 
12 24.6, CH3   1.73, s H-2 

a13C NMR chemical shifts were obtained from an HMBC experiment  
b1H NMR chemical shift was obtained from an HSQC experiment 
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Figure 42. Selected 2D NMR correlations for furocaespitanenone (64). 

A comparison of the spectroscopic data with those of previously reported 

compounds bearing similar structural features indicated that it was related to the 

halogenated sesquiterpene caespitol (67), previously isolated from the red algae 

Laurencia caespitosa (Estrada et al., 1987) and the sea hare A. dactylomela (Wessels et 

al., 2000) (Figure 43).  The structure of caespitol (67) was determined by 1D and 2D 

NMR and the absolute configuration was determined by application of the exciton 

chirality method (Chang et al., 1989).  A comparison of the 13C NMR data of the C-1 to 

C-6 part of the molecule and of CH3-15 of caespitol (67) with those of comparable 

atoms in compound 64 showed them to be in good agreement and indicated major 

differences in the C-7 to C-11 part of the molecule (González et al., 1974b).  This 

suggested that compound 64 was a degraded sesquiterpenoid.  

 

Figure 43. Structure of caespitol (67). 

The second ring, a cyclopentenone system, was elucidated with cross signals in 

the COSY spectrum from H-8/H-9 and H9/H2-10.  HMBC cross signals from H-8 to C-

7, C-9, and C-10.  The ketone was positioned at C-11 through HMBC correlations 

between the resonances of H-10a and H-10b and C-11.  An allylic coupling observed in 



 

100 

the COSY spectrum between H-4 and H-8 and an HMBC correlation observed between 

the H-3 and C-7 supported this assignment.  4-Hydroxy-2-methyl cyclopnten-2-one was 

prepared as a starting material to create a cyclopentene-1, 3-dione derivative (Dias et 

al., 2005).  The reported 1H and 13C NMR shifts collected in CDCl3 show agreement of 

the ring assignment, δH 7.20(m, 1H), 4.94 (m, 1H), 2.80 (dd, J 18.7, 6.0 Hz, 1H) , 2.31 

(br s, 1H) , 2.30 (dd, J 18.7, 1.8 Hz,1H), 1.80 (t, J 1.6 Hz, 3H)  and δC 206.3, 156.6, 

143.5, 68.4, 44.5, 10.0.  This established that 64 contains an unprecedented 2-(4-

methylcyclohexyl)-cyclopent-2-enone carbon skeleton. 

The relative configuration of 64 was determined by NOE correlations observed 

in a NOESY experiment (Figure 44) and comparison of the NMR data to caespitol (67). 

The equatorial orientation of the bromine on C-2 was indicated by the coupling 

constants of the halomethine proton H-2 (dt, 12.5, 3.8 Hz).  In addition, the chemical 

shifts of C-1 (δC 70.4) and C-2 (δC 62.7) were consistent with the expected values for 

vicinal carbons bearing diequatorial halogens in cyclohexane rings (González et al., 

1979).  NOE correlations observed between H-2 and H-6ax, H-3eq and H-4 were 

consistent with this assignment (Brito et al., 2006; Lhullier et al., 2010; González et al., 

1979).  Finally NOE enhancement between H3-12, H-3ax, H-5ax and H-6eq, implied their 

diaxial orientation, thus concluding the configuration of the stereogenic centers in the 

cyclohexane ring (Figure 44). 
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Figure 44. Selected NOE correlations observed for furocaespitanenone (64). 

Due to the lack of NOE correlations between the two ring systems the absolute 

configuration at C-9 of the cyclopent-2-enone ring was determined by using electronic 

circular dichroism (ECD).  A potential energy scan was collected using Gaussian 09 

(Frisch et al., 2009) to determine the local energy minimum by varying the dihedral 

angle at the C-4 to C-7 bond due to the ability of the cyclopentenone ring to rotate 

around this bond (Figure 45).  Using the structure found at the global minimum with a 

dihedral angle of 0°, a Time Dependent Density Functional Theory (TDDFT) 

calculation was performed at the CAM-B3LYP 6-311G* level of theory to predict the 

ECD spectrum and compared to the measured CD spectrum (Figure 46).  The predicted 

spectrum with the hydroxyl group in the R configuration matched the experimental 

spectrum so the configuration of 64 was proposed to be (1S*, 2S*, 4S*, 9R)-

furocaespitanenone. 
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Figure 45. Potential energy scan of 64 calculated using Gaussian 09 (Frisch et al. 2009). 

 

Figure 46. Calculated and measured ECD spectra of 64. 
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The isotopic pattern in the (+)-HRESIMS spectrum of a mixture of 65 and 66 

[M + H]+ at m/z 337/339/341 was indicative of one bromine and one chlorine atom 

corresponding to the molecular formula, C13H18O3BrCl.  Analysis of the 1H NMR 

spectrum revealed doubled signals for the methyl singlets at δH 1.63, 1.64, 3.17, and 

3.19 and suggested a mixture of epimers.  A comparison of the spectroscopic data with 

those of previously reported degraded sesquiterpenoids revealed 65 and 66 were the O-

methyl-furocaespitanelactol epimers at C-10 (Lhullier et al., 2010).  

5.2.2 Discussion 

Brito et al. (2006) questioned the source of furocaespitanelactol (67) since it 

was first isolated as a natural product by them from A. dactylomela.  A few years later 

furocaespitanelactol and its methyl epimers (65-66) were isolated from a Brazilian 

Laurencia catarinensis (Lhullier et al., 2010) showing that the alga was more than 

likely the producer of the lactol.  When furocaespitane (68) was first isolated, 

González, et al. (1973) oxidized it using m-chloroperbenzoic acid to form the lactol to 

confirm their structural assignment (Figure 47).  Lhullier et al. (2010) then tried to 

prove that 65-66 were just isolation artifacts by subjecting 67 to stirring with silica gel 

and MeOH for 4 days but the lactol did not convert.  Therefore, in the organism it is 

most likely that furocaespitane is oxidized and directly converted to 65-66.  The 

proposed biosynthesis of 64 is that furocaespitane is oxidized and an intramolecular 

aldol reaction occurs to produce the 4-hydroxycyclopentenone ring.  Kalaitzakis et al. 

(2014) showed that this reaction can physically occur in a single pot reaction as long as 

a furan ring is at least substituted with a methyl group in the alpha position. 
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Figure 47. Synthetic preparation of furocaespitanelactol (67) from furocaespitane (68) 
(González, et al., 1973) and the failed conversion of furocaespitanelactol to 65 and 66 
(Lhullier et al., 2010).  Proposed biosynthetic preparation of 64 from furocaespitane. 

5.3 Experimental 

5.3.1 General Experimental procedures 

Optical rotations were measured on a Jasco P-2000 polarimeter (c g/100 mL) at 

589 nm.  Ultraviolet (UV) spectra were obtained on a Perkin-Elmer Lambda 850 

UV−vis spectrophotometer.  Infrared (IR) spectra were obtained on a Thermo Scientific 

Nicolet iS5 FT-IR spectrophotometer (iD5 ATR).  Electronic circular dichroism (ECD) 

spectra were recorded at room temperature on a JASCO J-810 spectropolarimeter.  All 

nuclear magnetic resonance (NMR) spectra were recorded on Varian Mercury 400 Plus 

and Varian Unity Inova 500 spectrometers.  All chemical shifts (δ) were referenced 

internally to the residual solvent peak (CD3OD: 1H, δ 3.31; 13C, δ 49.15).  Nuclear 

Overhauser effect (NOE) correlations were detected with nuclear Overhauser effect 

Spectroscopy (NOESY) experiments with a 0.2 s mixing time.  High resolution mass 

spectrometry (HRMS) was performed on an Agilent 6530 LC-QTOF-MS Accurate 



 

105 

Mass Spectrometer at the International Forensic Research Institute of Florida 

International University.  High Performance Liquid Chromatography (HPLC) was 

performed on a Shimadzu LC-20AT instrument with a Shimadzu SPD-M20A UV/vis 

photodiode array detector and a Shimadzu ELSD-LTII detector.  All solvents used for 

chromatography were HPLC grade, purchased from Fisher Scientific. 

5.3.2 Plant material 

A specimen of Laurencia sp. was hand collected using SCUBA off the Florida 

Keys at a depth of 7 m in May 2010.  A pressed voucher specimen of the alga has been 

deposited in the Department of Chemistry and Biochemistry, Florida Atlantic 

University, Boca Raton, Florida (DTB1-027). 

5.3.2 Extraction and isolation 

The specimen of Laurencia sp. (211 g wet wt.) was extracted with MeOH (3 × 

800 mL) and sonication then the extracts were partially evaporated to lower their 

volumes. The third, second, and then the first extract were passed through a column of 

HP-20 resin (3.5 × 26.0 cm) previously washed with MeOH, H2O, and Me2CO then 

equilibrated with MeOH.  The combined eluents were diluted with H2O (4.0 L) and 

passed again through the column. The column was eluted with 600 mL fractions of (1) 

Me2CO:H2O (40:60), (2) Me2CO:H2O (75:25), and (3) Me2CO.  Fraction 1 was 

concentrated to dryness and multiple 50 mg portions were fractionated by RP-HPLC 

using MeCN in H2O (Hamilton PRP-1, 7 µm, 2.12 × 25.0 cm, 26 min, 45-100% 

MeCN:H2O, 8.0 mL/min) and then a Prep TLC plate was run using hexane:EtOAc 

(80:20) to afford 64 (4.7 mg).   Fraction 2 was concentrated to dryness and multiple 40 

mg portions were fractionated by RP-HPLC using MeCN in H2O (Hamilton PRP-1, 7 
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µm, 2.12 × 25.0 cm, 26 min, 45-100% MeCN:H2O, 8.0 mL/min) to afford 64 (3.2 mg) 

and the mixture of 65 and 66 (4.3 mg).  This portion of 64 was further purified by RP-

HPLC using MeCN in H2O (Hamilton PRP-1, 10 µm, 1.0 × 25.0 cm, 26 min, 60-100% 

MeCN:H2O, 5.0 mL/min) to yield (3.0 mg). 

Furocaespitanenone 64:  

amorphous, white solid; [α]D
22 + 2.0 (c 0.3, MeOH); UV (MeOH) λmax (log ε) 200 

(2.9), 220 (3.4) nm; IR (FT-IR) νmax 1702, 2853, 2923, 3396 cm-1; ECD spectrum, see 

Figure 46; 1H and 13C NMR, see Table 8; HRESIMS m/z 350.9989 [M + HCOO]− 

(calcd for C13H18O4BrCl−, 351.004 Δ - 4.34 ppm) 

5.3.3 Computational calculation 

 Geometries of the minima were optimized at the DFT/B3LYP/6-31G* level of 

theory with a MeOH solvent simulated using the conductor like polarizable continuum 

model (CPCM) using the Gaussian 09 program package (Frisch et al. 2009).  The 

DFT/TDDFT calculations were performed by the CAM-B3LYP functional employing 

the 6-311+G (d,p) basis set with a MeOH solvent simulated using CPCM to create the 

computational ECD spectra.   
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Chapter VI: Conclusion
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Climate change and resultant temperature fluxes have a global effect on 

ecosystems across the planet and in the oceans leads to increased surface temperatures 

and acidity, ultimately impacting marine habitats.  Warmer, more acidic waters 

resulting from increased emissions of greenhouse gasses will impact coral reef 

organisms, but the effects remain unknown for many dominant groups like sponges.  To 

test for possible effects, six common Caribbean coral reef sponge species were grown 

for 24 days in seawater ranging from values experienced at summer-maxima 

(temperature = 28 ºC; pH = 8.1) to those predicted for the year 2100 (T = 31 ºC; pH = 

7.8). For each species, growth and survival were similar between temperature and pH 

levels.  Sponge attachment rates, which are important for reef consolidation, were 

similar between pH values for all species, and highest at 31 ºC for E. ferox, I. birotulata 

and A. cauliformis.  Secondary metabolites, responsible for deterring predation and 

fouling, were examined for A. crassa, A. cauliformis, E. ferox and I. birotulata, with 1-

3 major metabolites quantified from each species.  Final metabolite concentrations 

varied significantly between treatments only for zooanemonin from E. ferox and N-tele-

methylhistamine from I. birotulata, but these concentrations were similar to that found 

in wild conspecifics.  These findings suggest that the ecological roles and physiological 

processes of the six reef sponge species will be little affected by mean values of water 

temperature and pH predicted for the end of the century. 

 A chemical investigation of multiple algal species collected off of the Florida 

Keys for potential climate change secondary metabolite biomarkers found that many of 

the collected species do not produce many secondary metabolites.  This was not 

expected by us since typically tropical sponges and soft corals reveals high 



 

109 

concentrations of secondary metabolites and low levels of primary metabolites.  From 

nine of the fourteen algae specimens, including red, green and brown algae, there was 

one common set of oxygenated signals between 4.50 – 4.80 ppm in the 1H NMR 

spectra, determined to be from a SQDG.  Interestingly, Northover (2012) reported 

similar results screening from Tonga algae but did not fully characterize the 

glyceroglycolipid responsible in his findings.  The commonality with the tropical algae 

suggests there may be environmental factors causing this trend and should warrant 

further investigation into why it is happening. 

 A Florida Keys Laurencia sp. lead to the isolation of a new compound (1S*, 

2S*, 4S*, 9R)-furocaespitanenone with an unprecedented 2-(4-methylcyclohexyl)-

cyclopent-2-enone carbon skeleton.  The structure and relative configuration of the 

cyclohexane ring were established using 1D and 2D NMR experiments.  The absolute 

configuration of the hydroxyl at C-9 was established by comparing the experimental 

and predicted ECD spectra.  The discovery of this compound shows that even though 

many Caribbean species have been previously investigated, new specimens and areas 

should be investigated for potential new chemistry. 

 

  



 

110 

Appendices 

 



 

111 

Appendix I 

Effects of water temperature and pH on growth and metabolite biosynthesis of coral 

reef sponges 

Figure 48. 1H NMR spectrum of 55 (400 MHz, CD3OD). .......................................... 113 

Figure 49. 1H NMR spectrum of 56 (400 MHz, CD3OD). .......................................... 114 

Figure 50. 1H NMR spectrum of 57 (400 MHz, CD3OD). .......................................... 115 

Figure 51. 1H NMR spectrum of 58 (400 MHz, CD3OD). .......................................... 116 

Figure 52. 1H NMR spectrum of metabolite 1 (400 MHz, CD3OD). .......................... 117 

Figure 53. 1H-1H gCOSY NMR spectrum of metabolite 1 (400 MHz, CD3OD). ....... 118 

Figure 54. 1H NMR spectrum of 59 and metabolite 2 (400 MHz, CD3OD). ............... 119 

Figure 55. 1H-1H COSY NMR spectrum of 59 and metabolite 2 (400 MHz, CD3OD).

.................................................................................................................... 120 

Figure 56. 1H NMR spectrum of 60 (400 MHz, CD3OD). .......................................... 121 

Figure 57. HPLC fractionation of Aiolochroia crassa crude extract using a 21.2 x 250 

mm Phenomenex Gemini C18 (5µ) column at a 5.0 mL/min flow rate with 

H2O and MeCN mobile phase.................................................................... 122 

Figure 58. HPLC fractionation of Aplysina cauliformis crude extract using a 21.2 x 250 

mm Phenomenex Gemini C18 (5µ) column at a 6.0 mL/min flow rate with 

H2O and MeCN mobile phase.................................................................... 122 

Figure 59. HPLC fractionation of Ectyoplasia ferox crude extract using a 21.2 x 250 

mm Phenomenex Gemini C18 (5µ) column at a 5.0 mL/min flow rate with 

H2O and MeCN mobile phase.................................................................... 123 



 

112 

Figure 60. HPLC fractionation of Iotrochota birotulata crude extract using a 21.2 x 250 

mm Phenomenex Gemini C18 (5µ) column at a 5.0 mL/min flow rate with 

H2O and MeCN mobile phase.................................................................... 123 

 
  



 

113 

 

Figure 48. 1H NMR spectrum of 55 (400 MHz, CD3OD). 
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Figure 49. 1H NMR spectrum of 56 (400 MHz, CD3OD). 
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Figure 50. 1H NMR spectrum of 57 (400 MHz, CD3OD). 
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Figure 51. 1H NMR spectrum of 58 (400 MHz, CD3OD).  
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Figure 52. 1H NMR spectrum of metabolite 1 (400 MHz, CD3OD).  

T
V

4-
A

P
C

-C
O

M
P

1-
1H

7.
5

7.
0

6.
5

6.
0

5.
5

5.
0

4.
5

4.
0

3.
5

3.
0

2.
5

2.
0

1.
5

C
he

m
ic

al
 S

hi
ft

 (
p

p
m

)



 

118 

 

Figure 53. 1H-1H gCOSY NMR spectrum of metabolite 1 (400 MHz, CD3OD). 
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Figure 54. 1H NMR spectrum of 59 and metabolite 2 (400 MHz, CD3OD). 
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Figure 55. 1H-1H COSY NMR spectrum of 59 and metabolite 2 (400 MHz, CD3OD). 
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Figure 56. 1H NMR spectrum of 60 (400 MHz, CD3OD). 
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Figure 57. HPLC fractionation of Aiolochroia crassa crude extract using a 21.2 x 250 
mm Phenomenex Gemini C18 (5µ) column at a 5.0 mL/min flow rate with H2O and 
MeCN mobile phase. 

 

Figure 58. HPLC fractionation of Aplysina cauliformis crude extract using a 21.2 x 250 
mm Phenomenex Gemini C18 (5µ) column at a 6.0 mL/min flow rate with H2O and 
MeCN mobile phase.  
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Figure 59. HPLC fractionation of Ectyoplasia ferox crude extract using a 21.2 x 250 mm 
Phenomenex Gemini C18 (5µ) column at a 5.0 mL/min flow rate with H2O and MeCN 
mobile phase. 

 

Figure 60. HPLC fractionation of Iotrochota birotulata crude extract using a 21.2 x 250 
mm Phenomenex Gemini C18 (5µ) column at a 5.0 mL/min flow rate with H2O and 
MeCN mobile phase.  
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Appendix II 

Chemical evaluation of marine organisms from the Florida Keys 
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Figure 61. 1H NMR spectrum of 61 (400 MHz, CDCl3). 
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Figure 62. 13C NMR spectrum of 61 (100 MHz, CDCl3). 
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Figure 63. 1H-1H COSY NMR spectrum of 61 (400 MHz, CDCl3). 
  

8 7 6 5 4 3 2 1
F2 Chemical Shift (ppm)

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

F
1 

C
he

m
ic

al
 S

hi
ft

 (
pp

m
)



 

128 

 

Figure 64. HSQC NMR spectrum of 61 (400 MHz, CDCl3).  
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Figure 65. HMBC NMR spectrum of 61 (400 MHz, CDCl3). 
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Figure 66. (+)-HRAPCIMS spectrum of 61. 
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Figure 67. 1H NMR spectrum of 64 (500 MHz, CD3OD). 
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Figure 68. 13C NMR spectrum of 64 (100 MHz, CD3OD). 
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Figure 69. 1H-1H gCOSY NMR spectrum of 64 (500 MHz, CD3OD). 
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Figure 70. gHSQCAD NMR spectrum of 64 (500 MHz, CD3OD). 
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Figure 71. gHMBC NMR spectrum of 64 (500 MHz, CD3OD). 
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Figure 72. NOESY NMR spectrum of 64 (500 MHz, CD3OD). 
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Figure 73. (+)-HRESIMS spectrum of 64. 
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Figure 74. UV spectrum of 64. 

 

Figure 75. IR spectrum of 64. 
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Appendix IV 

Letter permission from Inter Research for including material from: Duckworth, A. R.; 
West, L. M.; Vansach, T.; Stubler, A.; Hardt, M. Effects of Water Temperature and pH 
on Growth and Metabolite Biosynthesis of Coral Reef Sponges. Mar. Ecol. Prog. Ser. 
2012, 462, 67-77. 
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