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Research directed toward renewable, non-destructive sources of bioactive marine derived 

compounds, is becoming more important everyday. Marine soft corals known as sea 

whips are a prolific source of such biologically active compounds. One particular 

orgamsm, Eunicea fusca, possesses diterpene arabinose glycosides with potent 

antiinflammatory activity that rival the industry standard indomethicin. Fuscocide B is 

known to inhibit phorbol myristate acetate (PMA)-induced ear edema in murine models, 

is a minor secondary metabolite and it is therefore difficult to acquire in large quantities. 

Alternatively, fuscol and eunicol, are known to have similar antiinflammatory activity 

and are major secondary metabolites which are structurally similar to fuscocide B and are 

also produced by E. fusca. We have found that fuscol and eunicol can be extracted from 

the holobiont, and Symbiodinium (Symbiodinium sp.) cells isolated from E. fusca. 

Similarly, diterpene glycosides, known as pseudopterosins, have been isolated from the 

the holobiont, and purified Symbiodinium of Pseudopterogorgia elisabethae. 
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Pseudopterosins are also known to possess anti-inflammatory and analgesic properties 

superior to that of existing drugs. 

Since many chemically unique metabolites demonstrating bioactive properties have been 

introduced into pre-clinical and clinical trials I-III5 and the supply issue has been duly 

highlighted, it has become advantageous to determine the source of these compounds in 

each of the above mentioned species and determine if a renewable, non-destructive 

source can be maintained. Data has been presented suggesting that the actual source of 

the pseudopterosins is not the coral, but actually the dinoflagellate symbiont associated 

with Pseudopterogorgia elisabethae. Therefore, we have examined cryopreservation of 

the dinoflagellate symbionts, induction of terpene biosynthesis in the dinoflagellate 

symbionts, as well as various cell culture techniques in order to better understand the 

ecological role of terpene hiosynthesis in the symbionts and the host corals. The data 

obtained in the following studies reveals a bacterial source for the production ofbioactive 

secondary metabolites from Eunicea fusca and lends support to a possible bacterial 

producing trend in gorgonians. 
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CHAPTER I 

INTRODUCTION 

Marine Natural Products 

For many years the vast biochemical diversity of the ocean had been widely 

ignored. It has been only more recently that researchers have moved from examining the 

bioactivity of terrestrial organisms and begun to focus on biologically active compounds 

from the marine environment. With advances in SCUBA, ROV and robotic technologies, 

marine environments that were previously unreachable by man are now being explored 

with the hopes of discovering compounds that may cure or prevent some of the world ' s 

most daunting diseases. While the search continues for new antiinflammatory, antiviral, 

anticancer, immunomodulatory and antibiotic compounds, this focus has led to the 

examination of novel marine sources for the next promising drug product. As the oceans 

cover more than 70% of the earth's surface it stands to reason that it can supply numerous 

bioactive and structurally unique compounds (Faulkner 1984). 

Natural products, or secondary metabolites, notably arise from an array of sessile 

marine organisms such as sponges, tunicates, soft corals, gorgonians and bryozoans 

(Faulkner 1993). These compounds are not directly involved with primary metabolism, 

but rather function to provide a defense necessary for continued survival of organisms 

with restricted mobility. It seems that these organisms produce natural products in an 



effort to deter other more mobile organisms from devouring, overgrowing or impeding 

their existence as they have fewer options for their own defense. Secondary metabolites 

are attributed to a range of defense mechanisms in the marine environment including 

fish-feeding deterrents, antifouling and ultraviolet radiation protection (Pawlik 1993). 

Additionally, these "agents of chemical warfare" are often found to be extremely potent 

to overcome the dilution effects of seawater and are therefore of great interest to 

researchers (Newmann and Cragg 2004). 

With researchers aware of the need for potent bioactive compounds and the search 

ensuing, the supply issue for replenishing such compounds for further research and 

clinical trails has become duly highlighted. It is simply not possible to continuously 

harvest marine organisms without destroying our only natural sources. It seems that in 

many cases alternative means for compound production will become necessary in the 

near future in order to prevent the decimation of our reefs and marine ecosystems. In 

addition, many deep water organisms are difficult to acquire, while the expeditions that 

lead to their discovery are often far too costly to maintain over time. The greatest hurdle 

to overcome is the small quantities at which these bioactive compounds can be recovered 

from their host organisms. For example, to obtain 1 gram of the anti-tumor agent 

Ecteinascidin 743 , approximately 1 metric ton of the source tunicate Ecteinascidia 

turbinata would have to be harvested and processed (Mendola 2000). With more than 28 

marine derived natural products in clinical trials the task of continuously providing these 

compounds for testing is becoming increasingly difficult (Newmann and Cragg 2004). 

Invertebrates aside, it has frequently been reported that marine bacteria found in sediment 

samples, mainly from the actinomycetes family, provide an array of antibiotic 
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compounds and medicinally applicable. The orgamsms can often be collected and 

cultured without damaging the marine ecosystem. In addition, reports from the Hamann 

group at the University of Mississippi and the Hill group at the Center of Marine 

Biotechnology at Maryland, have been examining the microbial population of deep water 

Indonesian sponges and the associated antimalarial compounds (Peng et a!, 2003). The 

fermentation of these microbes may allow for the continued production of the metabolites 

without continued collection of the host sponge Haliclona sp. Although mariculture of 

sponges and tunicates is underway in an effort to alleviate the strain that overcollecting 

will place on our marine ecosystems, these organisms are still subjected to diseases and 

natural disasters which may ultimately cause a supply shortage in times of need (Proksch 

2002). Ideally, bacterial-derived compounds provide the most feasible stage for further 

development of possible drug candidates and therefore bacteria from other sources are 

also being examined. 

Marine Microorganisms 

Marine microorganisms are most simply defined as any manne orgamsm that 

cannot be seen with the human eye. More specifically, microorganisms have more 

recently been classified by a new system that relies on 16S rRNA sequences to establish 

phylogenetic relationships (Woese and Fox, 1977). Based on phylogenetic relationships 

marine microorganisms can be divided into three distinct groups: eukaryotes which differ 

from prokaryotes in that they possess a nuclear envelope and membrane bound organelle; 

archaebacteria which are prokaryotes that have unique physical characteristics including 
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the absence of peptidoglycan in cell walls and ether-linked, rather than ester-linked 

membrane lipids; and eubacteria which are almost exclusively unicellular organisms with 

evolved nutritional strategies that can utilize more than one nutritional souce in a given 

environment (Fenical and Jensen, 1993). Futhermore, microorganisms can also be 

divided into groups based on nutritional requirements: autotrophs, which are primary 

producers who generate organic molecules from carbon dioxide, and heterotrophs, which 

use preformed organics acquired from their environment as an energy source (Fenical and 

Jensen, 1993). As these organisms have evolved to exist in diverse marine environments 

their production of metabolites has also become of interest. 

Marine microorganisms have demonstrated the ability to produce a variety of 

biologically active compounds that interest researchers today. The production of these 

metabolites is attributed to the organism's need to compete for space and nutrition in the 

marine environment (Burgess et al , 1999), although the compounds may be important to 

the symbiotic relationship shared with an invertebrate host (Holmstrom et al, 2002). 

Sessile organisms are specifically in need of potent chemical defenses that can combat 

the diluting effects of the water column and defend from would be predators. The 

extreme potency of these compounds makes them valuable in medicinal and industrial 

applications. 

Bacteria 

More than 15,000 metabolites are reported to have been isolated from marine 

organisms with a great portion of those compounds coming from various sponges 

(Salomon et al. 2004, Hentschel et al , 2001). Marine sponges have now been recognized 

as being the most prolific sources of chemically diverse classes of compounds with a 
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variety of biological activities (Kuniyoshi and Higa, 2001). Sponges contain large 

amounts of bacteria which can comprise up to 40% ofthe animal ' s biomass (Hentschel et 

a! , 2001 ). Reports indicate that metabolite production initially ascribed so ley to the host 

animals is now often found to be a result of secondary metabolite production from the 

associated symbiotic or nonobligate microorganisms (Stierle, Cardellina and Singleton 

1998; Bewley, Holland and Faulkner 1994; Kobayashi and Ishibashi 1993). 

Of particular interest is the search for antimicrobial agents for multidrug resistant 

pathogens and anticancer compounds. Drug-resistant infections kill more Americans 

than AIDS and breast cancer combined and the biotech companies are fighting back 

(Langreth and Herper 2006). Although most of the big pharma have abandoned the 

search for new antibiotic research, a few remain and are eagerly looking for the next new 

weapon against drug-resistant bacteria. Recently approved for use in 2005, Tygacil , a 

broad range antibiotic is projected to bring in $90 million in sales for Wyeth this year 

alone (Langreth and Herper 2006). Another antibiotic renowned for remedying virulent 

nosocomial infections is Zyvox. Zyvox, the first new class of antibiotic approved for use 

in 35 years is projected to make Pfizer an estimated $780 million in sales this year alone 

(Langreth and Herper 2006). So not only is antimicrobial research important research but 

it has become financially viable research as well. Another research topic in the forefront 

today is anticancer treatments. According to the American Cancer Society, 

approximately 1.4 million people were diagnosed with cancer in 2005 . As search on 

Google™ reveals there are 132,000 web-pages dedicated to new cancer treatments. 

Because the research community as a whole is focusing on these diseases, it only makes 

sense that they would also be in the forefront of marine natural products research. In a 
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report by Dr. John Blunt and associates (2006), approximately 61% of all biological 

testing carried out on marine natural products extracts and isolated compounds focused 

antibiotic and anticancer testing. 

In the marine environment these compounds serve to function as protective agents 

for the microorganism and possibly the host animal from other opportunistic marine 

microbes. These compounds produced by marine organisms are ultimately affected by 

the dilution effects of seawater and therefore must be extremely potent in order to 

overcome that dilution en route to its target (Newman and Cragg 2004). The 

Mediterranean sponge Aplysina aerophoba concealed some 238 different bacterial 

species, of which 27 of those species produced compounds with significant antimicrobial 

activity (Hentschel 2001 ). The Porifera Homophymia sp. laid host to a strain of 

Pseudomonas sp. which produced compounds with significant antimicrobial and 

cytotoxic activities. Complex antibiotics have been discovered from bacteria recovered 

from sea mud and the water column itself. Streptomyces griseus, recovered from shallow 

sea mud in Japan produced aplasmomycin, which demonstrated significant anti

plasmodium activity, is effective against Gram-positive bacteria and mycobacteria 

(Okami 1986). Gutingimycin 2 is a trioxacarcin derivative isolated a Streptomyces strain 

recovered from sediment in the Gulf of Mexico. Gutingimycin 2 exhibited strong 

antibacterial activity against a range of test organisms (Maskey et al, 2002). A cultured 

Nereus strain of Streptomyces aureoverticillatus isolated from marine sediment (source 

not given) produced a macrocyclic lactam, aureoverticillactam, possessing moderate 

activity against human tumor cell lines (Blunt et al, 2006). 
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Fungi 

Fungi are heterotrophic eukaryotes which obtain nutrients osmotrophically 

through the absorption of dissolved organic substances. Fungi are generally divided into 

two main groups: higher fungi , which include the classes Ascomycetes, Basidiomycetes 

and Deuteromyces (fungi imperfecti), and the lower fungi , or Phycomycetes (Fenical and 

Jensen 1993). The higher fungi are known to be responsible for wood decomposition in 

the marine environment, as well as being responsible for diseases in sponges and 

seaweed. The lower fungi are believed to be responsible for various invertebrate diseases 

(Fenical and Jensen 1993). Fungi are severe pathogens in the marine environment but are 

just now becoming extensively studied as sources of secondary metabolites. Marine 

fungi, often isolated from algal or driftwood origins, have proven most recently to 

possess a variety of bioactive compounds. Exserohifum rostratum, a fungal strain 

associated with a marine cyanobacterial mat in Hawaii produced cytotoxic cyclic 

dipeptides rostratins A-D (Tan et al, 2004). The peribysins A-D, from a strain of 

Periconia byssoides are eremophilane sesquiterpenoids from which a new class of 

furanofurans has been discovered (Yamada et al, 2004). These compounds are potent 

inhibitors of the adhesion of HL-60 myeloid leukemia cells to human umbilical vein 

endothelial cells, as well as displaying cytotoxicity toward a variety of cancer cell lines 

with some selectivity for the CCRFCEM (human, Caucasian, peripheral blood, leukemia, 

acute lymphoblastic) leukemia cell line (McDonald et al, 2004). A Cladosporium species 

from Japan was isolated from the brown alga Actinotrichia fragilis which produced two 

cytotoxic macrolides, sporiolides A and B. Sporiolide A demonstrated moderate 
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antifungal activity while both sporolides were active against Micrococcus luteus 

(Shigemori et al, 2004). 

Microalgae 

Marine microalgae are considered to be photoautotropic eukaryotes which include 

Bacillariophyta (diatoms) and Dinophyta (dinoflagellates). Some researchers also 

include the cyanobacteria (blue-green algae) under this description, but that is still a 

matter of some debate. Microalgae are the main producers of organic carbon compounds 

in our oceans and are a necessity in the food chain because they can convert carbon 

dioxide into organic materials which are used by other microorganisms, invertebrates and 

fish (Fenical and Jensen, 1993). They can be arranged in three distinct groups: free

living, symbiotic and parasitic. In addition to the various bacteria and fungi that have 

been identified as producers of bioactive compounds, certain marine microalgae have 

also been identified as secondary metabolite producers. Dinoflagellates are known to 

produce a variety of bioactive compounds, including the more sought after antitumor and 

antimicrobial compounds. For instance, the pelagiomycins are a class of phenazine 

antibiotics derived from Pelagiobacter variabilis, which was isolated from a macroalgae 

from Palau. The activity of pelagiomycin A showed activity against both Gram-negative 

and Gram-positive bacteria including B. subtilis, Enterococcus hirae, E. coli, Klebsiella 

pneumoniae, S. aureus and Shigella sonnei (Imamura et al. 1997). Bifurcaria bifurcate 

acquired off the coast of Morocco, possessed two cytotoxic trihydroxylated diterpenes 

based on 12-hydroxygeranylgeraniol (Culioli et al, 2004). The Japanese alga Eisenia 

bicyclis produces eckol and dieckol, as well as a phloroglucinol derivative, which inhibit 

glycation and a-amylase (Okada et al, 2004). Ultimately these compounds may be used 
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to treat complications of diabetes. A symbiotic dinoflagellate from an acoel flatworm 

species produced symbioimine which inhibited osteoclastogenesis of the murine 

momocytic cell line RA W264. This compound has the potential to be developed into an 

antiresorptive for the prevention of osteoporosis in postmenopausal women (Kita et al, 

2004). D. pfafjii collected off the coast of Brasil showed strong anti-HSV -1 activity in in 

vitro studies (Barbosa et al, 2004). The brown algae Ecklonia cava collected from the 

Korean coast produced compounds that are inhibitiors of HIV -1 reverse transcriptase and 

protease (Ahn et al, 2004). As these organisms are responsible for the production of a 

wide range of bioactive compounds the culturability of these microalgae is also being 

examined to address the supply issue of said compounds (Shimizu 1993). As 

dinoflagellates produce a wide variety of bioactive compounds, the culturabilty of these 

microalgae will continue to be examined by researchers (Shimizu 1993). 

Cnidaria: Gorgonians 

The phylum Cnidaria (Coelenterata) encompasses the classes Hydrozoa (hydras 

and freashwater jellyfish), Anthozoa (various corals and anemones) and Scyphozoa 

(marine jellyfish). Of these classes, Anthozoa contains two subclasses of particular 

interest to marine natural product chemists: Zoantharia and Octocorallia. The subclass 

Zoantharia represents mainly anemones, thorny deep water coral and hard stony corals. 

The subclass Octocorallia contains many softcorals, such as sea fans, sea whips, sea rods 

and octocorals. Each of these subclasses contain corals that are known for the production 

of various types of bioactive secondary metabolites. 

The order of scleractinian corals from the subclass Zoantharia represents mostly 

what researchers refer to as "reef building" or hermatypic corals (Barnes 1987). 
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Scleractinian coral secrete heavy, calcareous skeletons which are an important source of 

calcium carbonate in the ocean. These corals also contain symbiotic microalgae which 

are photoautotropic eukaryotes and require light for survival. Because of this, coral reefs 

are restricted to the Caribbean, the Indian Ocean and the tropical Pacific where the corals 

exist within the depth parameters of light penetration and more temperate waters (Faith 

2001 ). These coral reefs continue to prove to be excellent sources of bioactive secondary 

metabolites. 

One particular type of coral also prevalent in tropical coral reefs is of the order of 

Gorgonacea (gorgonian soft corals), which is one of the six orders of the Octocorallia 

subclass also including: Alcyonacea (fleshy soft corals), Telestacea (common fouling 

organisms), Stolonifera (mat-like soft corals), Pennatulacea (sea pens) and Coenothecalea 

(blue stony corals). Gorgonian octocorals represent approximately 38% of known fauna 

in the West Indies (Rodriguez 1995). Gorgonian corals, recognized by coral polyps with 

8 tentacles and 8 mesenteries (Faith 2001), are known to contain a large diversity of 

compounds including: actogenins, sesquiterpenoids, diterpenoids, prostanoids and 

sometimes functionalized steroids (Faulkner 1993). These soft corals also contain 

symbiotic microalgae which are believed to be species-specific strains of Symbiodinum 

microadriaticum, as well as associated symbiotic bacteria (Garson 1989). The 

diterpenoids, as a class of compounds, represent the largest percentage of natural 

products isolated from Gorgonians and account for 73 .5% of the approximately 290 

isolated metabolites reported from 1958 to 1994 (Rodriguez 1995). 

Gorgonians of the common Caribbean genus Eunicea were among the first 

invertebrates to be investigated chemically with over 15 documented species examined 
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(Rodriguez 1995). Eunicea fusca , a Caribbean gorgonian, is frequently observed with 

vegetative propagation and low sizes. The colonies are usually small, up to 0.5m in 

height. Each colony shows a disordered branching pattern with dichotomous trend. 

Polyp aperatures have a low calyx that is an enlargement of the lower lip or is sometimes 

absent. The middle layer contains spindle sclerites up to 2 mm in length. The axial layer 

of sclerites is composed of colorless or slightly violet spindles up to 0.2 mm in length, 

sometimes with prominent ornamentations. The surface layer contains clubs with smooth 

folds, sometimes fused, up to 0.18 mm in length (Saleh 2005). The genus Eunicea is 

common and abundant with many species varying only slightly in color and form 

(Rodriguez 1995). Consequently, taxonomic identification is often difficult without a 

complete chemical analysis of the specimen. 

Eunicia fusca , possesses diterpene arabinose glycosides with potent 

antiinflammatory activity that rival the industry standard manoalide (Jacobson and Jacobs 

1992a). Fuscocide B (Figure 3-1 ) is known to inhibit phorbol myristate acetate (PMA)

induced ear edema in murine models by 52% (Jacobson and Jacobs 1992a,b), is a minor 

secondary metabolite and it is therefore difficult to acquire in large quantities. 

Fusocoside B also selectively blocked the production of LTC4, but had no effect on the 

uptake of PGE2 in experiments using murine macrophage cells as a model for 

prostaglandin and leukotriene synthesis (Jacobson and Jacobs 1991). These drug 

characteristics are important for the design of new selective anti-inflammatory agents. 

Alternatively, fuscol (Figure 3-2), is known to have similar antiinflammatory activity and 

is a major secondary metabolite and the aglycone of fuscocide B and is also produced by 

E. jusca. Fusco! derivatives have also been isolated from other West Indies soft coral 
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species including: Lobophytum sp. collected from the Great Barrier Reef, Sinulara 

jlexibilis from off the coast of Okinawa, Japan and from off the Andaman and Nicobar 

island coasts of India (Dunlop and Wells 1979; Hamanda 1992; Rao and Trimurtulu 

1993). 

Another gorgoman coral with potent anti-inflammatory activity IS 

Pseudopterogorgia elisabethae. The tricyclic diterpene glycosides isolated from this 

seawhip possess both antiimflammatory and analgesic properties. The pseudopterosins, 

as these compounds are collectively known (Figures 3-3 to 3-6 ), appear to inhibit 

eicosanoid biosynthesis by inhibition of both PLA2 and 5-lipoxygenase (Look et al. 

1986a,b). These compounds are known to only inhibit polymorphonuclear-

phospholipase A2 (PMN-PLA2) and not PLA2 from other sources. This cell type 

selectivity may be a function of the glycoside moiety and an example of novel drug 

targeting (Potts and Paulkner 1992). The most interesting part of this story is that 

pseudopterosin extracts are already in the cosmetics market and being used to prevent 

irritation as an additive in an Estee Lauder skin care product (Rouhi 1995). 

Research Goals 

The overall goal of this research was to determine the true source of terpene 

biosynthesis in a gorgonian coral and to develop a sustainable production method for the 

continued production of the bioactive secondary metabolites. Initially, based on previous 

research completed in our laboratory we believed the source of pseudopterosin 

production from Pseudopterogorgia elisabethae was actually produced from the 

symbiotic dinoflagellate cells (Mydlarz et al. 2003 and Boehnelin et al. 2005). Given this 

hypothesis the start of this research investigated the long term culturability of 
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dinoflagellates isolated from a gorgonian host and examined their longevity in synthetic 

cell culture media (See chapter II). Additionally, other techniques for preserving the 

dinoflagellate cells separate from their host were examined (See chapter V). The 

upregulation of terpene production in dinoflagellate cell preparations was also examined 

from the gorgonians P. elisabethae and Eunicea .fusca (See chapter III) . Some 

experiments were designed to possible identify the role these terpene play in the 

symbiotic relationship between the coral and its symbiotic algae (See chapter IV). 

Finally, after examining all of the evidence, the possibility of a bacterial producer was 

investigated (See chapter VI). 
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CHAPTER II 

DINOFLAGELLATE CELL CULTURE 

As it is well known that marine invertebrates play host to a wide variety of 

bioactive compounds which are often structurally diverse, focus has now shifted towards 

the interesting molecules these animals acquire from microorganisms found in their 

environments, either through their diverse diets or from symbiotic associations (Shimizu 

1993). Symbiotic dinoflagellates were actually the first symbiotic organisms recognized 

to be the actual producers of shellfish toxins (Shimizu 1993). Subsequently, 

dinoflagellates have been found to be the producers of the following important bioactive 

secondary metabolites: Saxitoxin which is a selective sodium channel blocker; 

ciguatoxins and braevatoxins which act as sodium channel activators and are important in 

neuromuscular diseases, macrolides such as the amphidinolides with antimicrobial and 

antitumor activity (Huang et al. 1984, Kobayashi et al. 1988, 1990 and Shimizu 1993). 

Although invertebrates can be a source of needed bioactive metabolite, culturable sources 

of such compounds are being sought after to eliminate the damaging effects over

collecting may have on marine reef ecosystems. With a new emphasis being placed on 

renewable, non-destructive sources of bioactive metabolites, scientists are paying strict 

attention to cell culture techniques that may provide a biomass reserve on demand and 

hopefully preserve the integrity of secondary metabolite biosynthesis. Herein lies the 

struggle. If indeed a symbiotic microorganism associated with an invertebrate of interest 
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can be isolated, can it then be maintained in culture while continuing to produce the 

bioactive compounds? Out of approximately 4000 such organisms of interest, only a 

very small number of those can even be cultured (Guillard and Keller 1984). 

The difficulty in culturing such organisms, particularly dinoflagellates, lies in the 

complex nature of their symbiotic association which is heavily dependant on nutrient 

transfer and uptake (Shimizu 1993). It has been speculated that the symbionts' 

metabolism is controlled solely by the conditions found within the host organism (Seibet 

and Schlichter 2001 ). This postulate assumes that the photosynthetic production of the 

dinoflagellate in hospite exceeds the photosynthetic production of isolated dinoflagellates 

in vitro (Battey 1992). Given this, studies have been completed to examine the ionic 

compositions of media in order to optimize the nutritional environment for certain 

dinoflagellates to exist in vitro. In one study the intracellular ion composition of two 

anemone species, Anemonia sulcata and Condylactis gigantea, was examined to identifY 

appropriate parameters for the ion concentrations in media to which the associated 

Symbiodinium sp. and Tetraselmis subcordiformis would be inoculated (Seibt and 

Schlichter 2001 , Lopez et al. 1991 , Go iran et al. 1997 and Kirst 1977). The study 

conducted by Seibt and Schlichter identified 5 major ions on which to focus, including: 

potassium, sodium, magnesium, calcium and chloride. The study results indicated that 

varying ion conditions caused a significant impact on the dinoflagellate ' s oxygen 

production ability and ability to fix carbon. Similarly, Goiran and associates (1997) 

examined transient sodium stress on dinoflagellates in vitro and found that isolation in 

seawater, presumably of a higher concentration of sodium than would be found within the 

host's plasma, caused a tremendous amount of stress on the cells. The ionic tension 
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placed on the isolated dinoflaglellate could arguably be the reason for poor culturability 

and/or long term culture health. It is also known that isolated dinoflagellates lack the 

metabolic products from host feeding and therefore require a nitrogen source as a 

supplement in media. Taguchi and Kinzie (200 I) showed that isolated dinoflagellates in 

culture much prefer ammonium as a nitrogen source over nitrate, even though this 

preference was not strongly pronounced in the respective growth rates. 

In addition to ion concentrations, temperature and irradiance have also proven to 

be important features in dinoflagellate cell culture. Zooxanthellae isolated from 

hermatypic corals have been examined in culture conditions with varying light and 

temperatures (Sakami 2000). Of the conditions tested it was determined that temperature, 

rather than light had a greater effect on growth rate of Strain P and that light intensity 

affected the photosystem II (PS 2) activity at most temperatures. Inversely, the Strain M 

growth rate was affected significantly by light intensity at all the temperatures examined. 

The marine dinoflagellate Prorocentrum micans has been cultured and can acclimate to 

moderate light intensity. Additional radiation with this particular species caused a 

significant inhibition of photosynthesis and a 30% reduction in growth rate (Lesser 

1996a). Photoinhibition is known in some species to be the result of damage to Rubisco 

(Lesser 1996a) and damage to PS2 in other systems, as is the case with Symbiodinium 

bermudense (Lesser 1996b ). It has been determined that excessive UV radiation leads to 

photoinhibition as a result of reduced photosynthetic electron transport combined with 

continued high absorption of excitation energy, which ultimately leads to the inactivation 

of PS2 (Osmond 1981 ). This damage is attributed to the fact that UV exposure causes 

activated oxygen species which have many cellular targets, including PS2 and Rubisco 
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(Asada and Takahashi 1987, Kyle 1987 and Ludlow 1987). Identifying hospitable 

culture conditions specific to each species may be essential for the successful long term 

culture of dinoflagellates. 

Over the years the importance of research with dinoflagellates has continued to 

grow. As publications continue to highlight the array of compounds produced by various 

species of dinoflagellates, studying these symbionts more closely is becoming necessary. 

In particular, little has been written regarding the isolation and culturing of symbiotic 

algae from Caribbean gorgonians. Some recently published data indicakd that 

dinoflagellate preparations from Pseudopterogorgia elisabethae and Pseudopterogorgia 

bipinnata actually have the ability to biosynthesize terpenes separately from the host 

corals (Mydlarz et al. 2003 and Boehnlein et al. 2005), which prompted the following 

studies. 

Evaluation of media composition and light: dark cycles on dinoflagellate growth 
rates in culture. 

Live E. fusca was collected by SCUBA and the dinoflagellate preparation 

immediately isolated. The corals were macerated in a blender with FSW and strained 

through cheese-cloth to remove large coralline particulate matter. The dinoflagellate 

cells were then centrifuged until they were clean and free of mucous. The clean cells 

were then subjected to a discontinuous Percoll™ gradient and further purified. The cells 

were then rinsed with FSW and counted with a hemocytometer. A total of 1.66 x I 06 

cells were placed in each test tube in one of four different media: ASP-8A, L1 , RE, F/2 

(McLaughlin and Zahl 1959, Provasoli 1957, Provasoli 1971 , Guillard 1975) and treated 

with a 1% v/v antibiotic/antimycotic mixture. The static cell cultures were counted bi-
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weekly with a hemocytometer and given a 1 ml media addition weekly for eight weeks. 

There were 4 replicates for each media and light cycle variation. An additional 

preparation of macerated holobiont tissue, the isolated dinoflagellate cells and individual 

media preparations were stored at -80°C for ion examination by Inductively Coupled 

Plasma (ICP) analysis by an outside laboratory (Envirodyne, Inc.). 
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Figure 2-1. Comparison of growth rates on a 14:10 Light: Dark cycle 
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Figure 2-2. Comparison of growth rate on a 10:14 Light: Dark cycle 

19 



The reported data (Figures 2-1 and 2-2) represent an average of the bi-weekly cell 

counts with the standard error calculated for each data point and displayed as error bars. 

Weeks 4 and 5 show a significant increase in growth from the previous weeks in both the 

14:10 light:dark cycle treatment and the 10:14 L:D cycle treatment. A slow initial 

growth acclimation period after the cells are inoculated into growth medium has often 

been observed in our lab while culturing dinoflagellate cells. Once this acclimation 

period is over a sharp increase in cell growth is also observed regularly. The data from 

this study indicated that dinoflagellate cell growth favored the 10:14 L:D cycle for all 

growth media except the F/2 for which little difference was seen with either light:dark 

cycle regime. The results from this study correlate with reports that an overabundance of 

radiation has been attributed to the detrimental effects on photosynthesis and 

zooxanthellae growth (Jokiel 1980, Jokiel and York 1984, Lesser and Shick 1989 and 

Lesser 1996a). 

An examination of intra- and extra-cellular ion content of the holobiont and the 

dinoflagellate cells allowed us to more closely study the correlation between the ion 

concentrations in hospite and in vitro (Table 2-1 ). It is important that the dinoflagellates 

be cultured in medium that posseses compatible intracellular ion compositions to that 

present in the symbiotic relationship with the host organism. While intracellular 

concentrations often appear fairly low as compared to that of widely used media, it is 

important to provide critical ions for the photosynthetic capabilities of the symbionts to 

be maintained. 

20 



Table 2-1. Ion comparison of biological samples from E. fusca with culture media 
Parameter Holobiont Dino FSW RE Ll ASP-8A F/2 

Calcium 17 0.33 300 290 270 200 0.19 
(mg/L) 
Magnesium 11 2.5 1100 760 990 510 1.4 
(mg/L) 
Potassium 63 19 390 400 350 310 5.1 
(mg/L) 
Sodium (mg/L) 270 130 8000 6200 6700 6400 55 
Chloride 62 NO 18000 21000 1800 9400 6 
(mg/L) 
ND - No analyte detected (ICP analysis perform by Envirodyne, Inc.) 

The macerated dinoflagellate preparation was tested in an effort to estimate the 

ion concentration found in the cells alone. The holobiont preparation was tested to 

determine the ion concentration present within the intact animal. The FSW was 

examined to determine what the external ion composition may be present in which the 

intact animal would be exposed to in situ. The media concentrations tested demonstrated 

what the dinoflagellate cells would be exposed to, once inoculated into that particular 

growth media. From these results (Table 2-1) and the growth rate data, it is clear that the 

F/2 medium simply does not posses adequate amount of these essential ions to maintain 

sufficient cell growth in culture. The F/2 medium recipe also does not call for a vitamin 

supplement which may inhibit healthy cell growth as well. TheRE medium possesses 

the highest amount of chloride ion, while coupled with a large amount of sodium. The 

RE, Ll and ASP-8A media have fairly similar essential ion concentrations overall. It 

appears that media with similar ion concentrations to FSW are the idea candidates for 

dinoflagellates isolated from gorgonians. The cells must rely on the nutrients in the water 

column rather than the nutrients provided to them via the host organism. 
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Upon further examination of the media components, the data reflects that while 

there are certain ions required for growth, it may actually be the vitamin supplements 

associated with each particular media or the lack thereof which influence the greatest cell 

growth. One particular component present in the RE medium, which is not used in the 

other three, is iron. Iron is often missing in many oligotrophic reef ecosystems where 

tropical reefs thrive (Karako-Lampert et al, 2005). While this component is not 

necessary for growth, it may have a contribution to the significant dinoflagellate growth 

seen here. Another interesting observation is that the RE medium contains a large 

amount of cyancobalamin, or vitamin B 12. Again, although vitamin enrichment is not 

reported to be necessary for the culturing of dinoflagellate cells, it may indeed increase 

their growth over time (Bigelow Phytoplankton Culturing Manual, 2004). 

COMPARISON OF caL COWTS AT ANAL TIME POINT 
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Figure 2-3. Comparison of cell counts at the final time point 

Given the significantly lower cell counts seen with the F/2 medium as compared 

to the other treatment media it appears that F/2 is not the ideal medium choice for 
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culturing dinoflagellates isolated from gorgonian coral (Figure 2-3). By comparison, the 

cells grown in RE and L 1 media far surpassed the growth of cells inoculated into F /2 

medium. ASP-8A medium also seems to be an acceptable medium for growing 

dinoflagellates isolated from gorgonian corals, although the growth rates were not 

significantly different from the L 1 medium. The best choice of growth medium for 

dinoflagellate cells isolated from a gorgonian appears to be the RE medium as it provides 

the greatest increase in cell growth in the shortest time frame (Figure 2-3). 

This data shows for the first time that symbiotic algae isolated from a gorgonian 

can be continuously cultured. Although at this time we no longer believe that these 

dinoflagellate cells are the actual producers of the associated terpenes (See chapter VI), 

we do believe that the importance of the algal culturabilty transfers to other gorgonian 

corals. The culturability of these dinoflagellates may indeed be useful in continuing 

ecological studies to examine the relationship between symbionts and their host. 
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CHAPTER III 

INDUCTION OF TERPENE BIOSYNTHESIS IN DINOFLAGELLATES 

While there is a substantial body of literature describing the structural diversity of 

bioactive terpenes of marine origin, little is known about their biosynthetic origin, their 

ecological role or factors controlling their level of expression. In terrestrial organisms, 

the induction of terpene biosynthesis has been examined in multiple systems. For 

instance, methyl jasmonate (MeJA) and salicylic acid (SA) are known to stimulate a 

prophylactic defense and resistance mechanism in uninfested plants during insect 

wounding on neighboring plants (Farmer et al. 1990, Shulaev et al. 1997). These defense 

activities have been shown to produce mainly terpenoid products (Piel et al. 1998). 

Terpene biosynthesis has been studied in the leaves of Vilis vinifera after 

treatment with MeJA, which caused a strong up-regulation of de novo terpene 

biosynthesis (Hampel et al. 2005). MeJA is known to exact various effects when 

exogenously applied to plants, including both inhibition and induction, in the form of 

morphological and physiological changes (Sembdner and Parthier, 1993). It is believed 

that MeJA plays an integral role in the intracellular signal-transduction cascade operative 

in the inducible defense mechanisms that plants have evolved against pathogens and by 

means of which plant cells counteract stressors in general (Creelman and Mullet 1997). 

MeJA is presumed to interact with receptors in the cell which activate a signaling 
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pathway resulting in changes in transription, translation, and other responses (Creelman 

and Mullet 1997). MeJA has also been shown to mimic fungal elicitation and mechanical 

wounding in the Norway Spruce with respect to terpenoid resin biosynthesis (Martin et 

al. 2002). In addition, Taxol® biosynthesis has been induced in Taxus canadensis cell 

cultures treated with MeJA (Ketchum et al. 1999a). 

Other plant signaling factors such as gibberellins and SA have been used to 

induce the growth of trichomes, a response to insect damage in Arabidopsis (Traw and 

Bergelson 2003). SA is known to up-regulate defense genes in plants when they 

undergo an attack by a predator. Although SA is considered to be a signaling molecule 

that induces genes related to defense responses, it has been shown to inhibit nod gene 

expression. Nod genes produce nod factors which are important in the signalling 

between the host plant and its roots. Studies involving nod genes indicate that the 

induction mechanism is quite different from that of the jasmonates in that SA inhibits nod 

gene expression and molecules from the jasmonate family induce such genes (Rosas et al. 

1998). Gibberellins are a group of tetracyclic diterpenes which are essential regulators 

that influence growth and development processes during the plant life cycle. These 

processes include shoot elongation, the expansion of leaves, flowering and seed 

germination (Kende and Zeevaart 1997). These hormones work with auxins to promote 

rapid elongation and division of stem tissue, as well as expansion activity (Wright 1993). 

In fact , they are known to play an important role in breaking dormancy after inhibition of 

water by the seed coat and ultimately signal germination activities (Reinoso et al. 2002). 
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Previous results from a senes of experiments directed at exammmg the 

inducibility of terpene biosynthesis in the gorgonian P. elisabethae have revealed positive 

terpene induction capabilities (Thornton and Kerr 2002). In one study, colonies of P. 

elisabethae were shaded from UV/visible light and analysis of pre- and post-treatment 

coral clippings demonstrated that the blocking of this radiation increased the 

pseudopterosin content by approximately 100% (Thornton and Kerr 2002). More 

recently, the Kerr Laboratory has discovered that a dinoflagellate preparation from P. 

elisabethae and Pseudopterogorgia bipinnata possess the ability to biosynthesize 

diterpenes previously ascribed solely to the host coral (Mydlarz, et al. 2003, Boehnlein et 

al. 2005). The dinoflagellate symbiont of gorgonians has been identified as belonging to 

the genus Symbiodinium. 

Given the historical success of the induction of secondary metabolites through 

elicitation with plant signaling molecules and given this newly discovered source of 

terpene biosynthesis, we have examined the inducibility of terpene biosynthesis in two 

gorgonian corals and, rather than examining the terpene content of the holobiont (coral 

and all associated microorganisms), we have described the terpene content ofthe isolated 

dinoflagellate preparation. Specifically, we investigated the effects of reduced 

UV/visible radiation and MeJA on pseudopterosin biosynthesis in a dinoflagellate 

preparation, and the addition of MeJA, SA and gibberellic acid (GA) on fuscol 

biosynthesis on the dinoflagellate preparation of E. fusca. Eunicea fusca , possesses 

diterpenes with anti-inflammatory potencies similar to that of the industry standard 

indomethicin. Fuscoside B (1) (Figure 3-1) was shown to inhibit phorbol myristate 

acetate (PMA)-induced ear edema in murine models (Jacobson and Jacobs 1992). It 
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inhibits leukocyte infiltration into PMA-treated tissue and selectively inhibits leukotriene 

C4 biosynthesis with no effect on prostaglandin E2 synthesis. Furthermore, it is not 

metabolized after prolonged exposure to cells (Jacobson and Jacobs 1992). Fusco! (2) 

(Figure 3-2), the aglycone of fuscoside B, is a major metabolite of E. fusca (Gopichand 

and Schmitz 1978) and exhibits similar anti-inflammatory activity (Jacobson and Jacobs 

1992). The coral Pseudopterogorgia elisabethae is a source of a family of diterpene 

glycosides known as the pseudopterosins (e.g. 3 - 6 in Figure 2) (Look et al. 1986, 

Roussis et al. 1990). These represent a second group of potent anti-inflammatory and 

analgesic agents which are used as anti-irritants in cosmetic applications (Roussis et al. 

1990). 

Figures 3-1, 2 and 3-6. Fuscocide B, Fusco! and Pseudopterosins A-D 
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As it has previously been reported that terpene biosynthesis is inducible in the P. 

elisabethae holobiont (Thornton and Kerr, 2002) and The Jacobs and Kerr Laboratories 

subsequently demonstrated that a dinoflagellate preparation free of gorgonian cells is a 

source of pseudopterosin biosynthesis (Mydlarz et a! , 2003). To more rigorously address 

the issue of terpene biosynthesis inducibility in these marine systems we conducted a 

number of induction experiments and quantified the terpene content of isolated 

dinoflagellate preparations which were treated and compared this to control cell 

preparations that were untreated. In the past it has been demonstrated that treatment of 

plants and cell cultures with MeJA has induced terpene biosynthesis significantly 

(Kaukinen eta!. 1996, Mirjalili and Linden 1996, Yukimune et al. 1996, Bohlmann eta!. 

1998a, Hefner et a!. 1998, Ketchum et a!. 1999a,b, Lapointe et al. 2001 , Martin et al. 

2002). The concentrations of MeJA used in these experiments were loosely based on the 

amount of MeJA employed in Ketchum's (1993a) work in which a dose response study 

indicated that treatment of Taxus cultures with concentrations of MeJA above 200)..lM 

MeJA caused a sharp decline in Paxitaxel elicitation. These experiments were designed 

to examine the effect of various plant growth factors on terpene biosynth~sis on 

dinoflagellate preparations in two marine systems. 

As a starting point and to follow up on the observation that pseudopterosin 

content can be upregulated in the holobiont, we directed our analysis to include additional 

known inducers of terpene biosynthesis in terrestrial systems (Thornton and Kerr, 2002; 

Newberger et al. 2006). Thus, a series of experiments with MeJA and SA were 
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performed on the isolated Symbiodinium sp. from P. elisabethae. In this senes of 

experiments, the dinoflagellate symbionts from this coral were isolated, maintained in 

FS W and treated with one of the plant signaling molecules with the goal of examining the 

terpene content of the control and treated algae in the absence of the gorgonian host. 

The Symbiodinium isolated from P. elisabethae via our standard dinoflagellate 

isolation procedure were divided into three replicates of 5.0 x 107 cells and were treated 

with MeJA (50 11M) or SA (50 11M) for a period of 24 h. A low concentration of MeJA 

was used with this experiment because the isolated cells were deemed to be more easily 

damaged by chemical treatments than the intact holobiont. After the treatment period the 

cells were frozen in liquid nitrogen, lyophilized to dryness and extracted. Pseudopterosin 

content was determined by HPLC. No significant change in pseudopterosin content was 

observed and thus the experiment was repeated and modified for a period of 48 h. In this 

set of experiments, six replicates of 6.0 x 107 cells were used for each of the treatments 

and the controls. Following a treatment period of 48 h, the cells were again analyzed. 

No significant change (using Dunnett's method of statistical analyisis, p :S 0.05) in 

pseudopterosin content was observed for any of the plant growth factors at 50, 100 11M 

MeJA or the 50, 100 and 200 11M SA (see Figure 3-7). In this experiment, multiple 

concentrations ofMeJA were used based on the previous experiment. SA was also added 

in various concentrations to examine its usefulness in inducing terpene biosynthesis. Due 

to the limited amounts of biomass, the 20011M MeJA treatment was not performed. 
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Figure 3-7. Induction of the dinoflagellate preparation from P. elisabethae 
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At this time we expanded our investigation to include the more readily accessible 

gorogonian Eunicea fusca, as well as an additional plant signaling molecule (GA). 

Symbiodiniuim sp. from E. fusca were isolated via our standard dinoflagellate isolation 

method and 2 x 107 cells treated with 100 J.lM MeJA, SA or GA. The use of this 

concentration of signaling molecule as a starting point for these studies was somewhat 

arbitrary but was based on Ketchum's (1993a) reported success with 100f..!M MeJA 

elicitations. There were three replicates of each treatment and an additional three 

replicates were untreated and served as a control. Following the treatment period of 48 h, 

the cells were lyophilized and the fuscol content determined by HPLC analysis. As is 

summarized in Figure 3-8, all three plant growth factors gave rise to a substantial 

increase in fuscol content. The fuscol content of the treated cells was approximately 

350% greater than that of the control cells. Statistical analysis by Dunnet's method 

indicated the MeJA, SA and GA treatments were all significantly different from the 

control with p _::: 0.05. In this system, all three plant growth factors (MeJA, SA and GA) 

proved to be equally effective in the induction offuscol biosynthesis. 
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Figure 3-8. Induction of the dinoflagellate preparation from E. fuse a 
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Given the positive results from the previous experiment with E. fusca , a dose-

response study was designed for the plant signaling molecule SA (Figure 3-9). The 

Symbiodinium sp. were isolated as mentioned above and three replicates each of 2.0 x 10 7 

cells were used for the control (no treatment), 50 f..LM, 100 f..LM, 200 f..LM and 300f..LM SA. 

The results indicated that although each treatment caused a statistically significant 

(Dunnet's method, p s 0.05) induction of fuscol biosynthesis, the treatments were not 

statistically significant from each other. A dose-response study with lower 

concentrations of plant signaling molecules may shed light on the minimal concentration 

necessary to illicit an induction if fuscol biosynthesis, however it is noteworthy that this 

increase in terpene content is significant and reproducible with different amounts of plant 

signaling molecule. 
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Figure 3-9. Dose response assay of dinoflagellate cells from E. fusca with salicylic acid 
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The data reported here indicate that, under appropriate conditions, terpene 

biosynthesis can be induced within a dinoflagellate preparation of E. fusca. It is clear 

that an understanding of the organism responsible for the biosynthetic pathway is 

required to adequately address questions such as the inducibility of biosynthesis in the 

complex assemblages that often characterize marine invertebrates. It is important to note 

that our dinoflagellate preparations are not free of bacteria or fungi and thus we cannot 

rule out the role of such associated microbes in this set of experiments, in fact this 

statement will be addressed in a subsequent chapter. We are however confident that 

pseudopterosin and fuscol biosynthesis proceeds in the absence of gorgonian cells and 

that the dinoflagellate preparations are indeed capable of terpene biosynthesis in at least 

one system. It appears that despite the similarities in Symbiodinium sp. from P. 

elisabethae and E. fusca , there is an inherent difference between the inducibility of 

terpene biosynthesis in symbionts from E. fusca and in the symbionts of P. elisabethae. 

This may be a factor of the specific conditions employed in our experiments, such as 

concentrations of plant signalling molecules. It now appears that terpene biosynthesis in 
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marine systems can be influenced by the same factors that have been shown to affect 

terpene chemistry in terrestrial plants. Similarly structured studies may provide useful 

information in identifying biosynthetic genes and proteins involved in terpene 

biosynthesis in other systems. 
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CHAPTER IV 

REACTIVE OXGEN SPECIES AND SECONDARY MET ABO LITE PRODUCTION 

It is argued that damage caused by the by-products of normal metabolic processes 

is a significant contributor to aging and degenerative diseases such as cancer, cardio

vascular disease, immune-system weakness and brain dysfunction (Ames et al. 1993). 

Given this, researchers are constantly searching for new and improved defenses in the 

form of antioxidants to repair such damage throughout one's lifetime. Oxidative damage 

to DNA, proteins and other macromolecules essential for life increases with age and it 

has been postulated that oxidants, such as superoxide, hydrogen peroxide and hydroxyl 

radicals are largely responsible (Ames et al. 1993). Not only are these molecules by

products of normal metabolism, but they are also mutagens produced by exposure to 

radiation and are therefore of constant concern with respect to degeneration in the human 

body. These molecules are often referred to as reactive oxygen species (ROS). 

Multiple lesions in DNA are formed by such harmful oxidizing species and 

although enzymes exist to combat that damage and heal the lesions the processes are 

imperfect. Single-strand breaks have been reported to accumulate in bacteria and a 

number of mammalian cells upon exposure to oxygen radicals generated by numerous 

mechanisms (Ames et al 1993). As it stands, there are endogenous sources for the 

generation of such radicals such as: a consequence of normal aerobic respiration 

mitochondria consume oxygen and reduce it in sequential steps to form water and the 
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damaging oxidants mentioned above; Phagocytic cells destroy bacteria and viruses with 

oxidative bursts; Peroxisomes, which degrade fatty acids, produce hydrogen peroxide; 

Cytochrome P450 enzymes, the primary defense system against toxic chemicals, 

produces oxidant by-products (Farber 1994 and Ames et al. 1993). 

In addition to the damage caused within the body, food deterioration caused by 

forms of reactive oxygen species has become an area of concern (Maillard et a!. 1996). 

As an answer to this problem, synthetic anti-oxidants have been prepared and are often 

added to food preparations to protect the quality of the food (Winata and Lorenz 1996). 

Unfortunately, several instances oftoxicity have been reported to be associated with such 

synthetic anti-oxidants and an interest in replacing them with natural anti-oxidants has 

become the emphasis of much research (Frankel 1996 and Barlow 1990). 

General defense mechanisms are naturally in place to combat the negative effects 

of these by-products, mostly in the form of enzymes such as superoxide dismutase, 

glutathione peroxidase or catalase. In addition, organisms ingest anti-oxidants as part of 

their various diets rich in fruits and vegetables. More recently, researchers have been 

examining molecules recognized for their ability to seek out and combat ROS. Oxygen 

scavengers, as they are called, have proven most useful in quenching the negative effects 

of ROS in biological systems. These natural and therefore less toxic anti-oxidants, some 

isolated from an orchid, can scavenge organic and inorganic radicals (Jayaprakas et al. 

2004). In marine systems it has also been shown that extracts from the marine 

microalgae Chiarella stigmatophora and Phaeodactylum tricornutum possess free radical 

scavenging activity (Guzman et al. 2001). Marine organisms are widely used in the life 

sciences as a source of compounds with diverse structural forms and biological activities 
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(Guzman et al. 2001 ). Therefore, in this study we describe a series of experiments to test 

the ability of fuscol and eunicol isolated from the treated Caribbean gorogonian Eunicea 

fusca, and from the treated associated dinoflagellate symbionts, to act as oxygen 

scavengers. 

Evaluation of reactive oxygen species on fuscol and eunicol production from the E. 
fusca holobiont 

To conduct a preliminary test and to evaluate the effectiveness of fuscol and 

eunicol as oxygen scavengers, eighteen live specimens of E. fusca were collected by 

SCUBA and placed in eighteen separate glass containers, each with two liters of 0.2J..l 

filtered seawater (FSW). The FSW and corals were aerated for 24 hours as an acclimation 

period. Medical grade oxygen was then bubbled into the treatment containers with 

corals, while the control containers and corals were not aerated. The oxygen content of 

the FSW was measured before oxygenation at 4.90 mg/L or 70.2% saturation and during 

the experiment at 9.64 mg/L or 100.0%, at which time the FSW was considered to be 

saturated. The flow of oxygen was maintained at a constant 53 ml/min or at about 2-3 

psi. A refractometer reading indicated the FSW was at a salinity of 39 ppt. The samples 

were illuminated with GE Plant and Aquarium Bulbs™ for the duration of the 

experiment. Samples were divided into 6 hour treatments and 24 hour treatments (5 

controls and treatments for each time division). After the treatment period the samples 

were flash frozen in liquid nitrogen and lyophilized to complete dryness. The samples 

were extracted with methanol:ethyl acetate (50:50). The solvent was removed under 

vacuum and the crude extract fractionated using silica gel flash chromatography. The 

elution was performed using 100% hexanes, 80% hexanes in ethyl acetate and 100% 
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ethyl acetate. To quantify fuscol and eunicol, HPLC analysis was performed on the 

1 00% and 80% hexane fractions using reversed phase HPLC and a Phenomenex TM 

Phenyl Hexyl column and quantified against standard peak areas. 

Table 4-1. Percent Yield ofEunicol at 24 hours in Treated and Control Corals (n=4) 
Sample ID Crude Extract Wt. Recovered Eunicol % Eunicol of Crude 

(mg) Extract 
1a 165.24 43.39 26.26 
2a 175.31 46.01 26.24 
,., a 182.73 43.88 24.01 -' 
4a 130.93 31.46 24.03 
1b 118.43 24.57 20.75 
2 b 134.92 26.54 19.68 
3b 81.29 14.90 18.34 
4 0 151.10 32.10 21.25 

a: Treated Coral. b: Control Coral 

Table 4-2. Percent Yield of Fusco) at 24 hours in Treated and Control Corals (n=4) 
Sample ID Crude Extract Wt. Recovered Fusco I % Fusco) of Crude 

(mg) 
1a 165.24 
2a 175.31 
3a 182.73 
4a 130.93 

118.43 
134.92 
81.29 
151.10 

a: Treated Coral. b: Control Coral 
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11 .84 7.16 
13.43 7.66 
12.22 6.69 
5.03 3.85 

42.17 35.60 
90.55 67.11 
49.67 61.10 
85.00 56.25 
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Figure 4-1. Comparison of percentage of fuscol and eunicol at 24 hours in coral treated 
with saturated oxygen conditions and control corals (n=4). 
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After 6 hours, no difference in metabolite production could be detected between 

the control and treatment corals. The results obtained from this study after 24 hours 

clearly shows a significant increase based on the standard error observed in the 

production of eunicol (Table 4-l , Figure 4-1 ). However, fuscol production was not up-

regulated after 24 hours to combat the effects of added reactive oxygen species in the 

experiment (Table 4-2, Figure 4-1 ). This may be due to the cyclic nature of the fuscol 

and eunicol biosynthetic pathways (Saleh 2005). It may be possible that as one pathway 

becomes more active the other suffers and is down-regulated due to the complex 

interactions within the E. fusca holobiont. In an effort to further address these issues, a 

dinoflagellate preparation was isolated from untreated E. fusca and the preparation 

subjected to the same treatments as mentioned above. Since we are aware of the 

associated dinoflagellate preparation's ability to biosynthesize terpenes independently of 

the host organism, we felt it may be a simpler system with which to test this theory 

(Mydlarz et al. 2003, Boehnlein et al. 2005 and Vallim et al. 2005 ). 

Evaluation of reactive oxygen species on fuscol and eunicol production from the 
dinoflagellate preparation associated with the E. fusca holobiont 

Live E. fusca was collected by SCUBA and the dinoflagellate preparation 

immediately isolated. The corals were macerated in a blender with FSW and strained 

through cheese-cloth to remove large coralline particulate matter. The dinoflagellate 

cells were then centrifuged until they were clean and free of mucous. The clean cells 

were then subjected to a discontinuous Percoll™ gradient and further purified. The cell 

were then rinsed with FSW and allowed to equilibrate for 24 hours before beginning the 
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treatment. Approximately 1.05 x 108 cells were placed in individual BD Falcon ™ T

flasks with 50 mls of FSW. Five, 6 hour and 24 hour control flasks were established, as 

well as Five, 6 and 24 hour treatment flasks. Medical grade oxygen was then bubbled 

into the treatment containers with the dinoflagellate preparations, while the control 

containers and dinoflagellates were not aerated. These samples were also illuminated for 

the duration of the experiment. After the treatment periods of 6 and 24 hours the samples 

were transferred to 50 ml BD Falcon™ tubes, flash frozen in liquid nitrogen and 

lyophilized to complete dryness. The cell preparation was then extracted with 

methanol:water (9: 1) and partitioned with hexanes to acquire the less polar metabolites. 

The hexanes fraction was then evaporated and analyzed for the presence of fuscol and 

eunicol. The analysis was completed using reversed phase HPLC with a Phenomenex TM 

Phenyl Hexyl column and quantified against standard peak areas. 
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Figure 4-2. 6 Hr Activated Oxygen (AO) Fusco! Experiment - Dinoflagellates: Average 
fuscol content per 1.05 x 108 cells 

1750.00 

1500.00 I 

0 
u 1250.00 1/) 
::::l -- 1000.00 0 
1/) 

E 
750.00 ~ 

Ol e 500.00 I .~ 
E 

250.00 

0.00 

b!1 Average Total Fuscol Ctrl tn Average Total Fuscol AO 

Figure 4-3. 6 Hr Activated Oxygen (AO) Eunicol Experiment - Dinoflagellates: Average 
eunicol content per 1.05 x 108 cells 
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Figure 4-4. 24 Hr Activated Oxygen (AO) Fuscol Experiment - Dinoflagellates: Average 
fuscol content per 1.05 x 108 cells 
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Figure 4-5. 24 Hr Activated Oxygen (AO) Eunicol Experiment - Dinoflagellates: 
Average eunicol content per 1.05 x 108 cells 
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The results from the reactive oxygen species experiment with the isolated 

dinoflagellate preparations from E. fusca differ greatly from that of the holobiont 

experiment. The first results from the 6 hour treatment indicate that there is a significant 

decrease in the amount of fuscol and eunicol from the control samples (Figures 4-2 and 

4-3). Interestingly, there is continued downward trend in the amount of fuscol and 

enuicol being produced in the 24 hour treatments with respect to the controls (Figures 4-4 

and 4-5). From this data it appears that fuscol and eunicol do not act as oxygen 

scavengers in the isolated dinoflagellate preparation from E. fusca, but that they are 

actually oxidative products. The current data for fuscol is inconclusive, but eunicene A 

can react with a ROS to form eunicol. Eunicol then loses an oxygen through dehydration 

to form eunicene B, which is then reduced to form eunicene A (Scheme 4-1 ). The cyclic 

nature of the formation of these metabolites suggests their role as a group may provide a 

line of defense against free radicals and reactive oxygen species, but that it is not through 

the action of eunicol alone (Saleh 2005). These results do indicate that the damaging 

reactive oxygen species caused a decline in the health of the fragile dinoflagellate 

preparation and inhibited its ability to biosynthesize the compounds of interest. 

Scheme 4-1. Inter-conversion of eunicene A, eunicene B and eunicol (Saleh 2005). 

eunicol 
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CHAPTER V 

CRYOPRESERVATION OF DINOFLAGELLATES 

Historically, the literature surrounding the cryopreservation of microorganisms 

excludes a very important group of symbiotic microalgae. Dinoflagellates, or 

Symbiodinium sp., isolated from Caribbean gorgonians are thought to play an interesting 

role in secondary metabolite biosynthesis (Mydlarz, 2003 , Boehnlein 2004) but little has 

been done to develop cryopreservation methods. In fact, dinoflagellates were the first 

organisms recognized as the primary source of certain important secondary metabolites 

such as shell fish toxins initially isolated from marine invertebrates (Shimizu et al. 1993). 

Although no preservation technique can guarantee total stability of secondary 

metabolite biosynthesis, cryopreservation has been found to be the best technique for 

preserving secondary metabolite production (Ryan et al. 2003). Multiple cryoprotective 

agents (CPA) have been tested such as glycerol in fungi (Ryan et al. 2003), ethylene 

glycol in brown algae (Kono et al. 1998), methanol (MeOH) for green algae and marine 

microalgae (Crutchfield et al. 1999, Tzovenis et al. 2004), and dimethyl sulfoxide 

(DMSO) and glycerol in marine microalgae (Cafiavate and Lubian 1997) in an effort to 

preserve biomass and sometimes to preserve the source of secondary metabolite 

biosynthesis. Unfortunately, a CPA that has been successful with one species does not 

necessarily translate into a successful CPA when used with another organism. For 

example, DMSO has been proven to be a versatile CPA among many different species 
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but it was found that MeOH lead to a higher survival rate than DMSO in the chlorophyte 

Chlamydomonas reinhardtii (Morris et al. 1979). The free-living dinoflagellate 

Crypthecodinium conhii was cryopreserved by DMSO and glycerol but no alcohols were 

tested (Simione and Daggett, 1977) even though these were successful in other marine 

microalgae (Tzovenis et al. 2004) and are readily available. 

Freezing and thawing protocols can be as varied as the CP As used, ranging from 

plunging cells into liquid nitrogen with uncontrolled thawing to controlled cooling rates 

and controlled thawing (Bodas et al. 1995, Kono et al. 1998, Ryan et a!. 2003). This can 

be one of the key steps to preserving viable organisms since the cell components can be 

injured during freezing and thawing (Crutchfield et al. 1999). Testing of cell viability 

(quantitatively and qualitatively) and the timing of the testing is also highly variable (see 

references cited above, among others). The physiological stage of cryopreserved cells 

has been tested by a variety of methods such as the production of secondary metabolites 

by HPLC and TLC (Ryan et al. 2003), microscopic examination of cells with biological 

stains such as erythrosine (Kono et al. 1998) and Evans blue dye (Crutchfield et al. 

1999), colony counts after cell plating (Crutchfield et al. 1999, Lewis et al. 1994), cell 

counts (Simione and Daggett 1977, Tzovenis et al. 2004), and the ability of preserved 

cells to divide (Day et al. 1997). Typically the cells are cryopreserved for short periods 

of time (e.g. , 5 days) and examined in culture for short periods of time afterwards (ca. , 

one month; e.g. , Tzovenis et al. 2004). Very few studies have examined the long-term 

cell viability of organisms cryopreserved for extended periods of time which is valuable 

information when the access to the source organism is limited (Ryan et al. 2003 , Simione 

and Daggett 1977). This is particularly important for slow growing cells. 
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A component that is often missing from the microalgal literature is the genetic 

identification of cryopreserved organisms after they have been in culture for a period of 

time since contamination of cultures with physically and physiologically-similar 

organisms is quite common. Physical identification of microalgae can be misleading and 

lead to erroneous classification. 

The pseudopterosins (Figure 5-l) are diterpene glycosides isolated from the 

Caribbean gorgonian Pseudopterogorgia elisabethae . These compounds possess potent 

anti-inflammatory activity with a potentially unique mechanism of action (Look et al. 

1996a, Look et al. 1996b, Moya 2004 ). Evidence suggests that the pseudopterosins are 

biosynthesized by microorganisms living in close association with P. elisabethae, 

including Symbiodinium sp. , the dinoflagellate symbiont of P. elisabethae (Mydlarz et al. 

2003 , Boehnlein et al. 2005). Since there is a limited supply of the coral and these 

diterpenes from the natural environment, as is true with many symbiotic microorganisms 

of importance, an alternative and renewable method for the production of the 

pseudopterosins would be of great value. 

PsA R1=R2=R3=H 
PsB R1=Ac, R2=R3=H 
PsC R2=Ac, R1=R3=H 
PsD R3=Ac, R1=R2=H 

Figure S-1: Pseudopterosin A-D 
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Our main goal for this project was to design a simple cryopreservation protocol 

for Symbiodinium sp. that could be performed in the field with limited resources to 

cryopreserve the organism for extended periods of time, and to assess the long-term cell 

viability by cell counts and cell viability assays. We examined alcohol based CP As at 

various concentrations and cooling rates, as well as the health of the cells over an 

extended period of time as most cryopreservation studies only examined short time 

periods. A second goal was to confirm the genetic identity of cryopreserved and cultured 

Symbiodinium sp. by using the polymerase chain reaction (PCR) and primers designed to 

specifically amplify the Symbiodinium ribosomal DNA regions, followed by restriction 

fragment length polymorphism (RFLP) analysis and gene sequence analysis. Therefore a 

cryopreservation protocol was devised for Symbiodinium sp. isolated from the octocoral 

Pseudopterogorgia elisaethae, which could be used as a culture starter and as a biomass 

reserve that can be stored and provided on demand for dinoflagellates isolated from 

invertebrates. This method of cell storage at very low temperatures assures genome 

stability over extended periods of time, thus preserving a source of Symbiodinium sp. 

from this important Caribbean gorgonian. 

Cryopreservation of Dinoflagellates from P. elisabethae 

The corals were identified as P. elisbethae by chemical analysis as previously 

mentioned and the dinoflagellate preparation purified as previously described. The 

density of cells was adjusted to a concentration of 1.0 x 106 cells/mL and aliquoted (1 mL) 

into Nalgene™ cryopreservation tubes (Fisher Scientific). The cells were pelleted by 

centrifugation at 900 x g, the supernatant decanted and 1 ml of the appropriate CPA added 

47 



to each tube (Table 5-1). Each sample was then maintained at 4 oc for 1 0 minutes and 

then frozen according to Table 5-1. After each sample tube was cryopreserved it was 

placed inside a Cryocane™ covered with a Cryosheath™ (Fisher Scientific) and 

submerged into liquid nitrogen for the duration of the cryopreservation period of 13 

weeks. Two aliquots of 2.0 x 107 cells were also stored in liquid nitrogen as DNA 

vouchers. 

After 13 weeks the cells were removed from the I iquid nitrogen and the tubes 

quickly defrosted by submersion in water at room temperature. The cells were pelleted at 

900 x g and the CPA removed. The cells were washed with FSW twice more before 

being inoculated into 4 mL of ASP-8A zooxanthellae culture medium with antibiotic 

treatment 1, at 1% v/v (Provasoli et al., 1957). The cultures were then maintained in an 

incubator at 26°C on a 14:10 light : dark cycle for a period of 19 weeks. 

Samples were counted with a hemacytometer under light microscopy to determine 

cell densities over time during weeks 1, 8, 15, and 19. The percent survival rate was 

determined by calculating the percent of live cells compared to the initial cell count of 1 x 

106 cells. Live cells were determined by using the Trypan Blue™ dye exclusion assay 

and examination by light microscopy. Trypan Blue™ dye exclusion assay can 

overestimate the amount of viable cells (Altman et al. 1993). Thus, cell viability was 

also assessed at the end of the 19-week period by using samples with sufficient cell 

density for the CellTiter Blue™ viability assay. Three cell concentrations of the chosen 

cryopreserved sample sets were incubated with CellTiter Blue: 2.5E+04, 1.25E+04 and 
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0.625E+04. The fluorescence excitation was set at 560 run and the emissiOn was 

monitored at 590 run after 4 and 22 hours incubation. Fluorescence was monitored by a 

Spectramax Plus™ microplate reader (Molecular Devices, Sunnyvale, CA). Statistical 

tests were performed using the software package SigmaStat 3.1 (Systat Software Inc. , 

Point Richmond, CA). 

The DNA from genetic vouchers and cryopreserved samples after culturing was 

isolated using a DNeasy Plant mini kit™. The small subunit of ribosomal genomic DNA 

(SS-rDNA) was PCR-amplified by using the universal primer ss5 with the Symbiodinium

specific primer ss3Z according to established procedures (Rowan & Powers 1991a, b). 

The SS-rDNA amplicon was digested with the restriction enzymes Taql and Dpnll and 

visualized by gel electrophoresis on a 2.5% agarose gel for restriction fragment length 

polymorphism (RFLP) analysis as previously described (Boehnlein el al. 2005). The 

internal transcribed spacer region (JTS-rDNA) was PCR-amplified using the 

Symbiodinium-specific primers ZITSUPM13 and ZITSDNM13 (Santos et al. 2001). 

PCR amplicons were visualized by gel electrophoresis and the 750-bp amplicon was 

sequenced. Sequences were viewed and edited usmg ChromasLite2000 

(www.technelysium.com.au/chromas.html) and EditSeq (Lasergene, DNASTAR, 

Madison, WI USA), and aligned using Biology Workbench (http: //workbench.sdsc.edu). 

Sequences were also compared to those in databases using the Basic Local Alignment 

Search Tool (BLAST) algorithm to identify known sequences with a high degree of 

similarity. Homology comparisons to other published Symbiodinium ITS sequences were 
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performed by using MegAlign (Lasergene ). The Symbiodinium ITS gene sequence was 

submitted to GenBank and assigned the accession number DQ238587. 

A general examination of the cell survival rate demonstrated that cell numbers 

declined through the first 8 weeks and stabilized towards the end ofthe study (Table 5-1). 

For every week where cell viability was tested, the survival rates for each protocol (i .e. , 

1-step protocol; Table 5-l) were statistically analyzed against the other protocols to 

determine which protocol provided a higher survival rate. For this purpose, the survival 

rates for each CPA within the same protocol were averaged into a single number (n=25) 

and statistically analyzed by one-way ANOV A. No statistically significant differences 

were found between the different protocols within the same week. The results were the 

same for each one of the four time periods tested. 
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Cryopreservation Protocol CPA Week 1 WeekS Week 15 Week 19 
Pre-treatment 4°C 1Om in %SR %SR %SR %SR 

Mr. Frosty , LN 2 sw 32.7 ± 4.5 9.8 ± 3.1 2.9 ± 1.4 1.1 ± 1.0 
Nalgene freezing container EtOH 10% 21 .1 ± 2.4 9.2 ± 3.0 4.6 ± 1.4 2.3 ± 0.9 
(-1°C/min cooling rate) EtOH 20% 18.2 ± 3.6 9.7 ± 2.7 4.2 ± 0.9 2.2 ± 1.1 

MeOH 10% 18.9 ± 4.3 10.8 ± 4.4 1.3 ± 0.8 1.0 ± 0.4 
MeOH 20% 25.8 ± 10.4 8.8 ± 2.4 4.9 ± 2.3 2.8 + 1.7 

3-Step Protocol sw 27.6 ± 4.5 6.8 ± 4.4 2.2 ± 1.0 2.2 :t 1.4 
(-20°C 2h, -70°C 2h , LN2) EtOH 10% 23.2 ± 7.8 2.2 ± 0.7 3.4 ± 2.0 0.8 :1: 0.4 

EtOH 20% 18.1 ± 8.4 6.7 ± 2.3 4.8 ± 2.2 4.3 :t 0.7 
MeOH10% 21 .1 ± 4.3 3.2 ± 0.9 1.4 ± 0.5 0.2 :1: 0.2 
MeOH 20% 38.3 ± 4.4 10.0 ± 3.3 5.7 ± 3.0 3.4 + 0.9 

2-Step Protocol sw 28.7 ± 4.1 7.3 ± 4.1 1.8 ± 1.0 2.2 :t 1.0 
(-70°C 2h, LN2) EtOH 10% 15.8 ± 5.6 6.2 ± 1.0 1.8 ± 0.5 2.1 :t 0.7 

EtOH 20% 33.0 ± 9.2 10.7 ± 3.1 6.6 ± 4.0 2.8 :1: 0.4 
MeOH 10% 12.0 ± 1.2 1.8 ± 0.9 0.3 ± 0.2 1.5 :t 0.9 
MeOH 20% 27.0 + 4.5 5.4 + 2.2 2.1 + 0.5 5.1 + 0.8 

1-Step Protocol sw 17.5 ± 2.2 3.4 ± 1.5 2.1 ± 0.9 0.6 ± 0.2 
(LN2) EtOH 10% 22.8 ± 3.1 5.4 ± 1.4 2.0 ± 0.5 1.4 ± 0.7 

EtOH 20% 22.2 ± 7.7 5.8 ± 2.5 3.4 ± 1.3 1.3 ± 0.4 
MeOH10% 19.0 ± 2.3 5.3 ± 2.5 2.1 ± 1.0 2.2 ± 0.9 
MeOH 20% 32.5 ± 4.0 11.8 ± 3.1 2.1 ± 0.3 2.0 ± 0.8 

Table 5-1: Survival rates of cryopreserved Symbiodinium sp. cells and cryopreservation 
protocol. Each variable (total of 20) had 5 replicates. Initial cell density was set at 1 x 
106 cells/mi. T1 = 1 week, T2= 8 weeks, T3= 15 weeks, T4= 19 weeks. The CPA groups 
that display statistical differences within each protocol for a particular week (as 
determined by one-way ANOV A, p<0.05) are shown in italics. *During week 4 cells 
were in the dark at high temperatures for 3 days due to a power failure cause by hurricane 
Frances (September 2004, Florida). 

The suitability of each CPA within a cryopreservation protocol (Table 5-1) was 

also tested for significant statistical differences by one-way ANOV A (Holm-Sidak test) . 

In the majority of the cases no differences were observed with regards to survival rate. 

There were two exceptions where statistical differences were noted, both during week 19. 

In the 3-step protocol the survival rate for CPA EtOH 20% (4.3 ± 0.7) was significantly 

different from the rate obtained for the CPA MeOH 10% (0.2 ± 0.2). Similarly, for the 2-

step protocol the survival rate for the CPA MeOH 10% (1.5 ± 0.9) was significantly 
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different than that from MeOH 20% (5.1 ± 0.8). In both cases the higher percentage of 

alcohols provided a better survival rate. Compared to all the survival rates obtained for 

all the protocols during week 19, these two samples (3-step 20% EtOH, 2-step 20% 

MeOH) had the highest rates of all the samples. 

An interesting observation is that the rapid cell number decline during weeks 1-8 

was followed by a plateau in cell number during weeks 9-19. While some cell death 

could be attributed to changes in temperature and light : dark cycles, this phenomenon 

has been frequently observed by our lab in Symbiodinium cultures that have not been 

cryopreserved (unpublished data), suggesting that there is an acclimation period to 

culture conditions. 

At the end of the 19-week period, cell viability was assessed usmg the 

fluorescent-bioassay assay CeliTiter Blue™. Because a m1mmum cell density was 

required for the assay, only samples with the highest survival rates were examined (Table 

5-2). This test was not done throughout the study because of limited sample quantities, 

as the assay renders the cells un-useable for further experimentation. The results were 

statistically analyzed by one-way ANOV A with a confidence interval of95%. In contrast 

to the previous results, very noticeable differences regarding cell viability were observed 

and determined to be statistically significant. Symbiodinium cells cryopreserved in a 2-

step protocol using 20% MeOH or EtOH as a CPA displayed a dramatically higher cell 

viability than those preserved using Mr. Frosty™ 20% MeOH or a 3-step protocol using 

20% MeOH or EtOH (p < 0.05; Table 5-2). It should be highlighted that the all the 

samples chosen for the viability assay were cryopreserved with either 20% MeOH or 

EtOH as a CPA and that all provided viability, albeit at different levels. 
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Cryopreservation Protocol 
Mr. Frosty™ 
3-Step 
3-Step 
2-Step 
2-Step 

CPA 
MeOH 20% 
EtOH 20% 
MeOH 20% 
EtOH 20% 
MeOH 20% 

Fluorescence 

2671.6 ± 199.8 
2664.1 ± 253.8 
2604.0 ± 392.3 
9766.8 ± 335. 7* 

9208.5 ± 2389.6* 

Table S-2: Cell viability assay results using CellTiter Blue™ Assay. The cell density for 
all samples was normalized to 2.5 x 105 cells/mi. * =differences between these samples 
and the rest are statistically significant determined by a one-way ANOV A, confidence 
interval 95%. 

PCR amplification usmg SS-rDNA universal Symbiodinium pnmers yielded a 

1.65-kbp product for both the DNA voucher samples and the cryo-preserved samples that 

were in culture at week 19. The restriction fragment length polymorphism (RFLP) pattern 

from Taql and Dpnll of the cryopreserved samples from culture and the DNA vouchers 

demonstrated the presence of Symbiodinium sp. clade B in both instances by comparison 

to published RFLP patterns (Figure 5-1 ; Toller et al. 2001 ). The samples were further 

analyzed by the PCR amplification of the ITS region using Symbiodinium-specific 

primers. The genetic sequences were analyzed through BLAST and both confirmed to be 

100% homologous to published Symbiodinium sp. clade B sequences when aligned with 

other published Symbiodinium clade B sequences in the NCBI database. 
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Figure 5-l: A: Agarose gel electrophoresis for A: SSrDNA PCR showing expecting 
amplicon size at 1.65 k-bp, 1.2% agarose stain with ethidium bromide, lanes 1: 1 k-bp 
DNA plus ladder, 2: negative control, 3: voucher DNA, 4: week 19 Syrnbiodinium in 
culture; B: RFLP analysis of SSrDNA , 2.5% agarose stain with ethidium bromide, lanes 
1,4,7: 1 k-bp DNA plus ladder, 2: Taql pattern for voucher, 3: Taql pattern for week 19 
Syrnbiodiniurn in culture, 5: Dpnll pattern for voucher, 3: Dpnll pattern for week 19 
Syrnbiodiniurn in culture; C: ITS PCR showing expected amplicon of 0.75 k-bp, 1.2% 
agarose stained with ethidium bromide, lanes 1: 1 k-bp DNA plus ladder, 2: voucher 
DNA, 3-4: week 19 Syrnbiodiniurn in culture (no negative control shown). 

This study demonstrated that Symbiodinium sp. from the gorgonian P. elisabethae 

can be cryopreserved for relatively long periods of time (3 months) and successfully re-

inoculated into culture medium. The CPAs chosen for this study included the alcohols 

MeOH and EtOH, while using FSW as a control. While monohydric alcohols such as 

MeOH and EtOH have been shown to be successful CPAs they have been little utilized 

due to their perceived toxicity and early reports of their ineffectiveness as CPAs (Lewis 

et a!. 1994). Jt has also been reported that DMSO and MeOH are two of the most 
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successful CP As used in cryopreservation studies. This study focused on the use of 

MeOH and the related alcohol EtOH because they have been more recently shown to be 

as effective as DMSO but exhibit lower occurrences of toxicity (Hubalek 2003). As 

CP As are known to be cytotoxic above certain levels, we used two concentrations of both 

MeOH and EtOH (Mortain-Bertrand et a!. 1996). This allowed us to determine if the 

concentration of the CPA demonstrated a negative effect in cryopreserving or the 

successful re-inoculation into liquid culture medium, a key step in determining the 

success of the experiment (Kono et a!. 1998). 

The results for survival rates determined by cell counts and Trypan Blue™ 

exclusion assay indicated that although some treatment sets appear to be more viable than 

others after the cryopreservation and culturing process, there were no statistically 

significant differences between the four different protocols tested or with the majority of 

the different CPAs tested (within an individual protocol). Importantly, statistically 

significant differences were observed during week 19, which may suggest that a higher 

concentration of EtOH or MeOH (20%) is more beneficial as a CPA than lower alcohol 

concentrations or FSW. It appears that the lower concentration of MeOH and EtOH 

(I 0%) had no effect as CP As since the survival rates were similar to those for the control 

samples in FSW. MeOH (10%) was the only CPA successful in the cryopreservation of 

the aquatic microalga Euglena, although it was ineffective in the cryopreservation of 

marine diatoms (Hubalek 2003). 

While no obvious trends can be observed from the majority of the data obtained 

through cell counting, the cell viability data obtained from the fluorescent assay CellTiter 
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Blue™ provided quantitative assessment of which protocols resulted in the most viable 

cell cultures. The limitations of a minimum cell density required for this assay did not 

allow us to perform it with every sample. For this reason, the samples tested were the 

sets cryopreserved with both 20% MeOH and 20% EtOH. The results from this assay 

suggest that a 2-step cryopreservation protocol is more successful at maintaining the 

overall viability of the cells than a 3-step protocol or the use of Mr. Frosty™. In 

agreement with our data, two-step cooling protocols have been used successfully with 

other systems (Day et a!. 1997). This could be due to the fact that faster cooling rates 

provide insufficient time for cell dehydration and the probability of intracellular ice 

nucleation increases (Morris 1981 ). In contrast, 2-step protocols were unsuccessful with 

Euglena and many other microalgae (Day et a!. 2000). During the 3-step protocol and 

while using Mr. Frosty™ the slower rate of cooling might have lead to excessive cell 

dehydration, making these less efficient methods for cryopreservation and recovery of 

cells post-treatment. None of the cells that were directly cooled in LN2 (1-step protocol) 

displayed high cell numbers at the end of the trial, indicating that this method was the 

least efficient at cryopreserving Symbiodinium. 

The genetic identification experiment confirmed the identity of the cryopreserved 

organisms pre- and post-cryopreservation. By means of PCR with primers that 

specifically amplify DNA from Symbiodinium we were able to conclude that the 

organism which was isolated from P. elisabethae at the beginning of this experiment was 

the same organism that was present at the end of week 19. Microorganisms can be 

misidentified through microscopy and other taxonomical observations, and thus the use 

of PCR provides a higher level of confidence in assessing the identity of cells in culture. 
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Furthermore, from this data it can be concluded that Symbiodinium sp. from P. 

elisabethae has an inherent cryoprotective mechanism that allows it to avoid injury 

during cryopreservation. This is evident as even the lack of a CPA resulted in at least a 

minimal level of viable cells in culture. These results are in agreement with a report by 

Tzovenis and co-workers (2004) who found that when assessing cell viability in other 

microalgae which were cryopreserved with similar CPAs, the microalgae often rely on 

their own cryoprotective mechanisms. However, cell counts alone do not display the 

whole physiological state of the cells. By use of more sensitive fluorescent bioassays, it 

was concluded that the two-step protocols with either MeOH or EtOH (20%) as CPAs are 

the most effective at allowing cryopreserved cultures to regain their normal physiological 

state indicating that the most important events take place during the freezing process, 

which was also observed by Tzovenis and co-workers (2004). 
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CHAPTER VI 

ISOLATION OF A BACTERIAL SOURCE OF TERPENE BIOSYNTHESIS IN THE 
GORGONIAN EUNICEA FUSCA 

Marine invertebrates inherently harbour a variety of microorganism that includes 

bacteria, cyanobacteria, microalgae and fungi within their tissues in intra- and 

extracellular spaces (Wilkinson 1992). As most marine invertebrates are filter feeders 

and consume said microorganisms from filtered seawater as food, the question as to if 

these microorganisms are strictly for nutritional purposes or if they serve a poorly 

understood symbiotic role is still being investigated. Although mariculture of sponges 

and tunicates is underway in an effort to alleviate the strain that overcollecting will place 

on our marine ecosystems, these organisms are still subjected to diseases and natural 

disasters which may ultimately cause a supply shortage in times of need (Proksch 2002). 

If it could be shown that the actually producers of important secondary metabolites were 

bacteria, then the fermentation of these microbes would allow for the continued 

production of the metabolites overtime without continued collection of the host. Ideally, 

bacterial derived compounds provide the most feasible stage for further development of 

possible drug candidates and would essentially eliminate the supply problem. 

Historically, marine gorgonian corals have proven to be a prolific source of 

bioactive terpenoid compounds (Proksch et a!. 2002). As these compounds are 

structurally elucidated by researchers the connection between compounds produced by 
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invertebrates and similar compounds produced by microbes has been made. Many 

natural products from marine invertebrates show a striking similarity to known 

metabolites of microbial origin, suggesting that the microorganisms are at least involved 

in their biosynthesis (Proksch et al. 2002). One such example comes from the genera 

Pseudopterogorgia and Eunicea where the associated non-axenic dinoflagellate 

assemblages demonstrated the biosynthesis of diterpenes when absent from the host 

organism (Mydlarz et al, 2003 ; Boehnlein et al, 2005 ; Newberger et al 2006). Another 

example can be found in the case of symplostatin 1. Symplostatin 1 is a structural analog 

of dolastatin 10 which is currently in phase II clinical trials for treatment of cancer 

(Proksch et al. 2002). Symplostatin has been isolated from the blue-green alga Symploca 

hydnoides , whereas dolastatin derivatives, first isolated from the mollusk Dolabella 

auricularia, have now also been found in free living cyanobacteria (Harrigan et al. 1998, 

Luesch et al. 2001 ). Specifically, dolastatin 10 has been found in the marine 

cyanobacterium Symploca sp. As evidence mounts for the argument that structurally 

similar compounds found in a variety of species and in diverse marine settings, the idea 

that these compounds may indeed be of a microbial origin is becoming more widely 

accepted. 

With introductory evidence presented that microorganism preparations separate 

from the host animal have the ability to continue the production of bioactive secondary 

metabolites (Mydlarz, Boehnlein and Newberger) we investigated the possibility that the 

bioactive secondary metabolite fuscol , from the Caribbean gorgonian Eunicea fusca was 

actually produced by a persistently associated bacterium from this coral. E. fusca 

possesses diterpenes with anti-inflammatory potencies similar to that of the industry 
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standard indomethicin. Fuscoside B (Figure 6-1 a), a minor metabolite from E. .fusca, was 

shown to inhibit phorbol myristate acetate (PMA)-induced ear edema in murine models 

(Jacobson and Jacobs 1992). It inhibits leukocyte infiltration into PMA-treated tissue and 

selectively inhibits leukotriene C4 biosynthesis with no effect on prostaglandin E2 

synthesis. Furthermore, it is not metabolized after prolonged exposure to cells (Jacobson 

and Jacobs 1992). Fusco! (Figure 6-1 b), the aglycone of fuscoside B, is a major 

metabolite of E. .fusca (Gopichand and Schmitz 1978) and exhibits similar anti-

inflammatory activity (Jacobson and Jacobs 1992). 

Figure 6-la and 6-lb. Fuscoside Band fuscol 

Isolating a bacterial producer 

A bacterial assemblage was isolated from the E. .fusca holobiont by differential 

filtration methods. The 0.45!1 filter preparation was then resolublized, inoculated into 

Nutrient Broth™ and statically fermented at 26°C for a time period of 2 weeks at which 

time an aliquot was extracted and examined for the presence of fuscol and eunicol, 

another major metabolite with anti-inflammatory potential. The aliquot was taken after a 

fermentation period of two weeks and then examined by HPLC and GCMS analysis 

which showed that there were no terpenes present at that time. After a period of 6 weeks 
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another aliquot was taken from the preparation and again screened for the presence of 

terpenes. The presence of these bioactive compounds was confirmed at this time point by 

HPLC and GCMS in quantities in the excess of 18mg/L (Figure 6-2). A NMR of fuscol 

isolated from the broth and compared to that of an authentic standard served as secondary 

confirmation to the initial findings (Figure 6-3). A molecular DNA examination of the 

initial 0.45j...t filter preparation revealed solution free from coral and zooxanthellae 

particulate matter indicating that neither coral tissue, nor zooxanthellae tissue could be 

responsible for the production of these terpenes (Figure 6-4). Further testing for the 

presence of extraneous protein in the filtrate revealed that the preparation was also free of 

dissolved proteins indicating that the biosynthesis of these compounds was also not a 

result of enzyme turnover. 

Figure 6-2. GC-MS of fuscol from bacterial culture 
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Figure 6-3. Proton NMR of fuscol isolated from bacterial culture 

fuscol standard OH 
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Once the bacterial assemblage had been isolated and terpene production 

confirmed, the assemblage was further purified by the isolation of individual colonies on 

Marine Agar™. A pure bacterium was picked from agar plates and re-inoculated into 

Marine Broth ™ (Difco 2216). A microscopic analysis and gram staining of the 

bacterium revealed a Gram-(+) cocci. Again, after a time period of approximately 6 

weeks the pure inoculum demonstrated the presence of fuscol and eunicol which was 

confirmed by HPLC and GCMS analysis. 

DNA was isolated from the pure culture with 16S-rDNA primers and cloned with 

a TOPO TA Cloning reaction (Invitrogen). The vector insert and E. coli transformation 

was confirmed by gel electrophoresis. An RFLP analysis of the transformants was 

completed by amplification of the DNA with two separate sets of primers and digestion 

with the restriction enzyme HHA I which revealed a single banding pattern for each 

primer set (Figure 6-5). This analysis was performed to confirm the purity of the culture 

and indicated the presence of only one type of DNA. An additional test was performed to 

analyze the culture for the presence of any fungi (Figure 6-6). A positive fungi control 

(lane 8) and six pure culture samples were per amplified with universal fungal primers to 

eliminate the possibility of a fungal terpene producer (Sandhu et al. 1995). Once the 

culture was determined to be pure the samples were then sequenced with Big Dye 

Terminator v3.1 Cycle Sequencing Kit. A subsequent sequence analysis again revealed 

the presence of one type of DNA with a 99.5% sequence similarity to an unidentified 

Gram-(+) bacterium from deep sea mud in the Marianas Trench. Additionally, the 

closest identified bacteria were Staphylococcus sp. The 950 bp sequence was submitted 

to GenBank and assigned the accession number DQ854749. Therefore we have determined 
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that an unknown manne Staphylococcus sp. is responsible for the production of the 

bioactive terpenes fuscol and eunicol and that this bacterial culture can be maintained for 

the continued production of these terpenes. 

Figure 6-5. HHA I RFLP Analysis 
of pure culture 

Figure 6-6. PCR amplification 
of pure culture with 28S rDNA 
primers - fungal screening 

Additionally, in pondering the role that these compounds play in associati8n with 

the coral , an antimicrobial assay was performed with fuscol and eunicol. The disk 

diffusion assay , with a 10 ~g gentamycin disk used as a control with a 1 Omm ring of 

inhibition, showed that at a concentration of 750~g of fuscol and eunicol combined on a 

disk provided a 14mm ring of inhibition against the growth of Staphyloccus aureus. 

Although the fuscol and eunicol disk did not show significant antimicrobial properties as 

compared to the positive gentamycin control , it does provide us with data suggesting the 

compounds when used in conjunction can provide some antimicrobial protection for the 

host. 

Continuous screening of the pure culture revealed that after a period in excess of 6 

weeks the bacteria failed to continue production of fuscol and eunicol , although the 

mixed culture continued production of these terpenes. One method for initiating host 
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defense mechanisms against pathogens is to elicit an infection response. The means by 

which these cells recognize bacterial pathogens is still poorly understood (Schilling et al. 

2001). In an effort to mimic a potential threat the Staphylococcus sp. samples of pure 

culture were treated with lipopolysaccharide (LPS) from E. coli, serotype 055:85 at a 

concentration of 24 llg/ml. A pure Staphylococcus sp. culture that was previously 

screened and determined to not be producing fuscol or eunicol was screened after a 3 day 

treatment with the LPS and revealed the presence of both terpenes (Figure 6-7). 
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Figure 6-7. HPLC results of sample treated with LPS compared to an authentic standard 
of fuscol and eunicol 
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The results of this study again indicate that the Staphylococcus sp. isolated from 

the Caribbean gorgonian E. fusca serves as producer of important bioactive terpenes in an 

effort to protect the host from other opportunistic bacteria located in the water column. 
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CHAPTER VII 

METHODOLOGY 

General Instrumentation and Software 

High performance liquid chromatography was performed using either a Waters 

510 HPLC pump, a Perkin Elmer LC-30 Refractive Index detector equipped with a 

Waters 510 HPLC pump, a Perking Elmer Series 410 HPLC pump with a Perkin Elmer 

235 diode array detector or Hitachi L 7450 Diode Array Detector with a Hitachi L 7250 

Programmable Autosampler and a Hitachi L 7100 pump. Normal phase HPLC 

separations were done utilizing either a Beckman Ultrasil silica column (1 OJ..!m, 10 mrn x 

25 mm) or a Vydac silica column (300A, 10 mm x 25 mrn). Reversed phase HPLC 

separations were done using a Phenomenex Phenyl Hexyl column (250 x 10 mm, Sf..!). 

GC-MS was accomplished with a Perkin Elmer Turbomass Gold Autosystem XL. Freeze 

drying was done using a Virtis Sentry Freezemobile 12 XL lyophilzer. Centrifugation of 

bacterial preparations was done using a Sorvall RC50 Plus centrifuge with a fixed angle 

SS-34 rotor. Centrifugation of dinoflagellate preparations was done using a Centra 

GP812 Thermo lEC Centrifuge. Dissolved oxygen content was measured with a YSI 

Dissolved 0 2 Monitor. Gel electrophoresis was done using an OWL B 1 gel rig. PCR 

amplifications and reactions were done using Biorad MyCyclers and a Perkin Elmer 

Geneamp 9600 PCR System. Electrophoretic gels were imaged with a Typhoon 9410 
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Variable Mode Imager using Imagequant TL v2003.02 software. Sequencing analysis 

was performed usmg an Applied Biosystems 3100 Genetic Analyzer. 

Spectrophotometric readings were done usmg a Biorad Smartspec 3000. Fisher Sci 

Isotemp incubators and Precision 818 Low Temperature Illuminated incubators were 

used for the incubation of bacterial and dinoflagellate cell cultures, respectively. 

Collection and Identification of Pseudopterogorgia elisabethae 

P. elisabethae from Sweeting Cay, Bahamas was colleted by SCUBA in the 

month of May 2001-2005 at depths of 10 - 15 m. Organisms were identified by drying 

small clippings of each organism on a hot plate, extracting with acetone and analytical 

TLC. Samples which matched the pseudopterosin A-D standard TLC plate pattern were 

identified asP. elisabethae. The solvent system for the above TLC conditions was 50:50 

hexanes:ethyl acetate. The plates were developed with a 10% sulfuric acid in MeOH and 

charred in an oven. Samples determined to be P. elisabethae were then transported in 

large containers with aerated seawater from the Bahamas to Florida Atlantic University's 

aquarium holding tanks at Gumbo Limbo Nature Preserve, in Boca Raton, Florida. The 

coral could then be maintained for extended periods of time until experimentation was 

completed. 

Collection and Identification of Euniceafusca 

E. fusca from Hillsboro Ledge, Florida was collected year round by SCUBA at a 

depth of approximately 10-20 m. Organisms were identified visually and tested for the 

presence of the major metabolites fuscol and eunicol against authentic standards. The 

TLC conditions included a solvent system of 85: 15 hexanes:ethyl acetate. Those 
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organisms determined to be E. fusca were then transported to the Gumbo Limbo Nature 

Preserve aquarium holding tanks and maintained for experimentation. 

Dinoflagellate Preparations 

The dinoflagellates, or Symbiodinium sp., isolated from P. elisabethae and E. 

fusca were acquired by maceration in a blender with 0.2f.l filtered seawater (FSW). The 

preparation was filtered through several layers of cheesecloth to remove large particulate 

matter and coral debris. The cell preparation was divided equally into 50 ml Falcon tubes 

and centrifuged at 1000 rpm for 5 minutes. The supernatant was then decanted, the cells 

resuspended in approximately 45 mls of FSW. This process was repeated approximately 

10 times or until the cell preparation was free of mucous and the supernatant clear. The 

preparation was resuspended in FSW and layered over a discontinuous percoll gradient of 

20:40:80 for P. elisabethae or 30:70 for E. fusca. The Percoll preparations were 

centrifuged at 500 rpm for 10 minutes. The cell layer between the 20:40 layer for P. 

elisabethae and the 30:70 layer for E. fusca was then recollected and washed twice with 

FSW. 

DNA Isolation 

DNA was isolated from dinoflagellate and bacterial cell preparations by the 

Qiagen DNeasy Plant Mini Kit protocol using Taq Master Mix, also from Qiagen. 

Glycogen/Sodium Acetate Precipitation of DNA 

An equal amount (Vol A = to volume of sample) of phenol:chloroforrn:isoamyl 

alcohol mixture was added to the volume of sample and inverted for 2 minutes. The 
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preparation was centrifuged at 13,000 rpm for 5 minutes at room temperature. The 

aqueous top layer was removed and placed in a new tube. The above noted process was 

repeated. After the aqueous top layer was acquired for the second time 10% of volume A 

of 3 M sodium acetate, 1.3% of volume A of 201-lg/ 1-.d glycogen and 260% of volume A of 

95% room temperature ethanol was added to the new tube. The sample was centrifuged 

at 13,000 rpm for 20 minutes at room temperature. The supernatant was removed and 

being careful not to disturb the pellet. The pellet was washed carefully with 100 I-ll of 

80% ethanol and then air-dried for approximately 10 minutes. The pellet was then 

resuspended and stored at -20°C. 

Thermocycler Conditions 

PCR Amplification of small subunit and large subunit DNA for dinoflagellates: 

Initial hold for 3 minutes at 92°C, followed by 6 minutes at 80°C. 30 cycles of denaturing 

for 30 seconds at 92°C, annealing for 40 seconds at 52°C and elongating for 30 seconds 

at 72°C. The final elongation step takes place for 5 minutes at 72°C with a final hold at 

4°C. 

ITS Amplification: 

Denature for 2 minutes at 94°C followed by 30 cycles of denaturing for 40 seconds at 

94°C, annealing for 1 minute at 53°C and elongating for 1 minute at 72°C. The final 

elongation step takes place at 72°C for 30 minutes with a final hold at 4°C 

Taq Digestion: 

Incubate at 65°C for 4 hours and then hold indefinitely at 4°C. 
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DPN II Digestion: 

Incubate at 37°C for 4.5 hours and then hold indefinitely at 4°C. 

PCR Amplification of 16S rONA from bacteria 

Denature for 1.3 minutes at 95°C followed by 30 cycles of denaturing for 1 minute at 

94°C, annealing for 1.3 minutes at 54°C and elongating for 2 minutes at 72°C. The final 

elongation step takes place for 5 minutes at 72°C with a final hold at 4°C. 

PCR Amplification of 28S rDNA fromFungi: 

Denature for 4 minutes at 94°C followed by 50 cycles of denaturing for 30 seconds at 

94°C, annealing for 1 minute at 50°C and elongating for 2 minutes at 72°C. The final 

elongation step takes place for 7 minutes at 72°C with a final hold at 4°C. 

Extraction Method: E.fusca Dinoflagellate and Bacterial Preparation 

The dinoflagellate or bacterial preparation was frozen in liquid nitrogen and 

lyophilized to complete dryness. The cells were then extracted with 9:1 methanol :water 

and partitioned with hexanes to acquire the more polar metabolites. The hexanes layer 

was evaporated to dryness and analysed appropriately. 

Extraction Method: P. elisabethae Dinoflagellate and Bacterial Preparation 

The dinoflagellate preparations were frozen in liquid nitrogen and lyophilized to 

complete dryness . The cells were then extracted with hexanes and partioned with 9: 1 

methanol :water. The methanol and water layer was then adjusted to 1:1 and partitioned 

with methylene chloride. The methylene chloride layer was then evaporated to dryness 

and analysed by normal phase HPLC. 
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HPLC Conditions 

Normal phase HPLC conditions for the isolation and confirmation of 

pseudopterosins A-D include a gradient of 60:40 hexanes:ethyl acetate for 5 minutes to 

100% ethyl acetate over 25 minutes with a hold at 100% ethyl acetate for 10 minutes at a 

flow rate of 2 mls/minute at a wavelength of 283 nm. 

Reversed phase HPLC conditions for the isolation and confirmation of fuscol and 

eunicol include a gradient of 70:30 methanol:water for 5 minutes to 90:10 

methanol:water over 15 minutes with a hold of 90:10 methanol:water for 10 minutes at a 

flow rate of 2 mls/minute at a wavelength of 240nm. 

GCMS Conditions 

The experiment time totaled 20 minutes with the injector temperature at 250°C 

and an initial temperature of the GC at 125°C for 5 minutes followed by a ramp of 1: 1 0 

degrees per minute to 225°C with a final hold of 5 minutes and a sampling rate of 

1.56250 pts/second. Fuscol and eunicol samples were dissolved in hexanes. 

Activated Oxygen Experimental Set-up 

E. fusca Holobiont: 
20 corals were placed in individual containers with 2 liters of FSW each: 5 corals 

for the 6 hour control, 5 corals for the 24 hour control , 5 corals for the 6 hour treatment 

and 5 corals for the 24 hour treatment. Medical grade oxygen was used in conjunction 

with gang valves to separate the oxygen flow to each treatment specimen. The oxygen 

flow was set at 53 mls/minute with a pressure of approximately 3 psi. The oxygen 
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content was measured before and after the treatment with an YSI Dissolved Oxygen 

Monitor. The control corals were not oxygenated or aerated. The salinity of the FSW 

was also measured with a refractometer. The corals were illuminated for the duration of 

the experiment with plant and aquarium lighting. After the completion of each treatment 

the corals were frozen in liquid nitrogen and lyophilzed to complete dryness. The 

samples were then crushed with a mortar and pestle to form a dry powder and extracted 

with ethyl acetate and methanol for 3 hours. The solvents were then filtered, the extracts 

evaporated to dryness and the sample analysed for the presence of fuscol and eunicol by 

reversed phase HPLC. 

E.fusca Dinoflagellate Preparation: 

Dinoflagellate cells were isolated as described previously. BD Flacon T-flasks 

were prepared with 1.05 x 108 cells in 50 mls ofFSW. The experiment was conducted in 

the same manner as above. The cells were frozen in liquid nitrogen and lyophilized to 

complete dryness. The cells were then extracted via the standard E. fusca dinoflagellate 

preparation extraction method listed previously and analysed for the presence of fuscol 

and eunicol by reversed phase HPLC. 

Cryopreservation of Symbiodinium sp. Experiment 

Cryoprotective Treatment 

The identity of the corals was confirmed by chemical analysis as previously 

discussed and the dinoflagellate preparation purified as previously mentioned. The 

density of cells was adjusted to a concentration of 1.0 x 106 cells/mL and aliquoted (1 mL) 

73 



into Nalgene™ cryopreservation tubes (Fisher Scientific). The cells were pelleted by 

centrifugation at 900 x g, the supernatant decanted and I ml of the appropriate CPA added 

to each tube. Each sample was then maintained at 4 oc for 10 minutes and then frozen 

according to Table 1. After each sample tube was cryopreserved it was placed inside a 

Cryocane™ covered with a Cryosheath™ (Fisher Scientific) and submerged into liquid 

nitrogen for the duration of the cryopreservation period of 13 weeks. Two aliquots of 2.0 

x I 07 cells were also stored in liquid nitrogen as DNA vouchers. 

Symbiodinium cell culture 

After 13 weeks the cells were removed from the liquid nitrogen and the tubes 

quickly defrosted by submersion in water at room temperature. The cells were pelleted at 

900 x g and the CPA removed. The cells were washed with FSW twice more before 

being inoculated into 4 mL of ASP-8A zooxanthellae culture medium with antibiotic 

treatment 1 at 1% v/v (Provasoli et al. , 1957). The cultures were then maintained in a 

Precision™ incubator (Fisher Scientific) at 26°C on a 14:10 light : dark cycle for a period 

of 19 weeks . Antibiotic treatment 1 contains 0.9 mg/ml of polymixin, 33.0 mg/ml 

streptomycin, 5.8 mg/ml penicillin-G, 20.0 mg/ml neomycin and 100.0 mg/ml 

erythromycin (per electronic communication from Dr. Todd Lejeunesse). 

Cell viability 

Samples were counted with a hemacytometer under light microscopy to determine 

cell densities over time during weeks 1, 8, 15, and 19. The percent survival rate was 

determined by calculating the percent of live cells compared to the initial cell count of 1 x 
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106 cells. Live cells were determined by using the Trypan Blue ™ dye (Fisher Scientific) 

exclusion assay and examination by light microscopy. Trypan Blue™ dye exclusion 

assay can overestimate the amount of viable cells (Altman et a!. 1993). Thus, cell 

viability was also assessed at the end of the 19-week period by using samples with 

sufficient cell density for the CellTiter Blue™ viability assay. Three cell concentrations 

of the chosen cryopreserved sample sets were incubated with CellTiter Blue: 2.5E+04, 

1.25E+04 and 0.625E+04. The fluorescence excitation was set at 560 nm and the 

emission was monitored at 590 nm after 4 and 22 hours incubation. Fluorescence was 

monitored by a Spectramax Plus™ microplate reader (Molecular Devices, Sunnyvale, 

CA). Statistical tests were performed using the software package SigmaStat 3.1 (Systat 

Software Inc. , Point Richmond, CA). 

DNA analysis 

The DNA from genetic vouchers and cryopreserved samples after culturing was 

isolated using a DNeasy Plant mini kit™ (Qiagen, Valencia, CA). The small subunit of 

ribosomal genomic DNA (SS-rDNA) was PCR-amplified by using the universal primer 

ss5 with the Symbiodinium-specific primer ss3Z according to established procedures 

(Rowan & Powers 1991a, b). The SS-rDNA amplicon was digested with the restriction 

enzymes Taql and Dpnll and visualized by gel electrophoresis on a 2.5% agarose gel for 

restriction fragment length polymorphism (RFLP) analysis as previously described 

(Boehnlein et a!. 2005) . 

The internal transcribed spacer region (JTS-rDNA) was PCR-amplified using the 

Symbiodinium-specific primers ZITSUPM13 and ZITSDNM13 to amplify between the 
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conserved regions of the 3' and 5' ends of Symbiodinium 18S and 28S-rDNA genes 

(Santos et al. 2001 ). PCR amplicons were visualized by gel electrophoresis on a 1.2% 

agarose gel stained with ethidium bromide. The 750-bp amplicon was sequenced. 

Sequences were viewed and edited usmg ChromasLite2000 

(www.technelysium.com.au/chromas.html) and EditSeq (Lasergene, DNASTAR, 

Madison, WI USA), and aligned using Biology Workbench (http://workbench.sdsc.edu). 

Sequences were also compared to those in databases using the Basic Local Alignment 

Search Tool (BLAST) algorithm to identify known sequences with a high degree of 

similarity. Homology comparisons to other published Symbiodinium ITS sequences were 

performed by using MegAlign (Lasergene). The Symbiodinium ITS gene sequence was 

submitted to GenBank and assigned the accession number DQ238587. 

Induction Experiments 

The induction experiments were carried out as follows: 

Treatment of dinoflagellates isolated from P. elisabethae with methyl jasmonate and 

salicylic acid. 

The dinoflagellates were isolated by our general isolation method described 

above. Incubations of dinoflagellates for 24 h were performed with 5.0 x 107 cells with 

three replicates of 50 11M MeJA, three of 50 11M SA and three sets untreated that served 

as controls, all contained within 250m) BD Falcon T-Flasks. The dinoflagellates were 

retrieved and pseudopterosins purified per the previous descriptions. 

The above experiment with purified dinoflagellates was repeated with the incubations 

maintained for 48 h. Purified dinoflagellate cells were allowed to equilibrate in BD 
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Flacon T-flasks with filtered sea water for 24 h before treatment. Six replicates of 6.0 x 

107 cells were used for each of the following treatments and control (no additive): 50 and 

100 !J.M MeJA, 50, 100 and 200 !J.M SA. The dinoflagellates were retrieved and 

pseudopterosins purified per the previous descriptions. 

Treatment of dinoflagellates from E. fusca with methyl jasmonate, salicylic acid and 

gibberellic acid. 

The dinoflagellates were isolated as described above and the cells allowed to 

equilibrate in BD Flacon T-flask for 24 h before treatment. Three replicates of2.0 x 107 

cells were used for each of the following treatments and control: 100 !J.M methyl 

jasmonate, 1 OO!J.M salicylic acid, and 100 !J.M gibberellic acid (gibberellin A3, Ct9Hn 0 6). 

The dinoflagellates were maintained for 48 h and then fuscol isolated and quantified as 

described above. 

Dose-response study of dinoflagellates from E. fusca with salicylic acid 

The dinoflagellates were isolated as described above and the cells allowed to 

equilibrate in BD Falcon™ T-flask for 24 h before treatment. Three replicates of 2.0 x 

107 cells were used for each of the following treatments and a control: 50 !J.M salicylic 

acid, 1 OO!J.M salicylic acid, and 200 !J.M salicylic acid. The dinoflagellates were 

maintained for 48 h and then fuscol isolated and quantified as described above. 
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Isolation of a Bacterial Assemblage from E. fusca Experiment 

Approximately 150g of specimen coral was obtained. The coral was then macerated in a 

blender with 300mL of 0.2 1-l filtered seawater (FSW) and then filtered through 4 layers 

of cheesecloth. The homogenate was then centrifuge at 18,000x g for 15 minutes twice 

and the supernatant discarded. The pellets from the centrifuge tubes were combined and 

washed until the supernatant appeared clear at 1000 rpm (~ 12 x's). The supernatant 

washes and pellet were kept separately. 

Differential filtration of the supernatant 

The supernatant was then filtered through a UV sterilized 5.0 u TMTP Isopore™ filter (or 

5u Hydrophilic Durapore™) in a glass Millipore™ filtering apparatus. Filter filtrate 

through 0.8u MCE Millipore filter. That filtrate was then subsequently filters through a 

0.45u CE Millipore filter and the filter with the retentate retained. The filter and the 

retentate were sonicated in FSW for 10 minutes. The resulting solution was then 

inoculated into Nutrient Broth and incubated statically at 26°C. 

Differential filtration of the pellet 

The pellet was resuspend pellet in a small amount of FS W ( ~ 30mL) and the cells lysed 

through a high pressure nitrogen bomb twice. This suspension was then further diluted to 

a final volume of 1 OOml and the above filtration steps repeated. 

Isolation of the terpene producing Staphylococcus sp. 

Isolation of a single bacteria was accomplished by streaking the bacterial assemblage 

onto Marine Agar and picking individual colonies which were then re-inoculated into 
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Marine Broth. After a period of approximately 6 weeks the cultures were examined for 

the presence of terpene as previously described. 
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