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ABSTRACT OF THE DISSERTATION 

ISOLATION AND CHARACTERIZATION OF POTENTIAL NEUROTOXIC 

CYANOBACTERIAL METABOLITES ASSOCIATED WITH INTOXICATION OF 

BOTTLENOSE DOLPHINS IN THE FLORIDA KEYS 

by 

Christina A. Lydon 

Florida International University, 2020 

Miami, Florida 

Professor John P. Berry, Major Professor 

Bottlenose dolphins (Tursiops truncatus) living in captivity in the Florida Keys 

have recently been observed grazing macrophytic algal communities, and particularly, 

filamentous cyanobacteria, within their enclosures, and subsequently presenting apparent 

signs of intoxication. Collections of a mixed assemblage of marine filamentous 

cyanobacteria were morphologically related to the taxonomically complex and toxigenic 

polyphyletic genus Lyngbya, sensu lato. Phylogenetic characterization, using 16S rDNA 

methods, identified an undescribed member of the recently accepted genus Neolyngbya 

(Oscillatoriales) among Neolyngbya arenicola, and an unknown Oscillatoriacean species 

within a poorly resolved clade clustering between the genera Limnoraphis and 

Capilliphycus. 

A dual approach was subsequently utilized to identify a putative neurotoxic 

metabolite from cyanobacteria associated with the intoxication events. Initial chemical 

screening was unable to detect recognized algal and cyanobacterial neurotoxins including 

anatoxin-a, brevetoxin-2 (PbTx-2), domoic acid, -methylamino-L-alanine and saxitoxin. 
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In tandem, however, toxicity testing – and concomitant bioassay-guided fractionation- 

based on early life stages (i.e., embryo, larvae) of the zebrafish (Danio rerio) as a 

vertebrate toxicological model, was employed to identify relevant metabolites from 

cyanobacterial collections. Using the latter approach, relevant toxicity including, 

particularly, endpoints of neurotoxicity were identified for extracts and subsequent 

fractions. Apparent neurotoxicity was comparatively assessed against the recognized 

algal neurotoxin, PbTx-2. Crude lipophilic extracts, and subsequent chemical fractions, 

notably aligned with observed neurotoxic effects of PbTx-2. Further bioassay-guided 

fractionation enabled purification and structural elucidation of a previously 

undocumented, neurotoxic metabolite, (4S,5R,6R,7S,10S)-eudesman-(4S,6R)-

cyclocarbonate (i.e., eudesmacarbonate), from the mixed filamentous cyanobacteria 

(dominated by Neolyngbya sp.) which, may, in turn, contribute to the observed 

intoxications of captive dolphins.   
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1. INTRODUCTION 

1.1 Project Overview and Significance 

Bottlenose dolphins (Tursiops truncatus) living in captivity in the Florida Keys 

were recently observed to graze on macroalgae including cyanobacteria (i.e., epiphytic, 

filamentous), occurring within their enclosures, followed by apparent signs of 

intoxication, and specifically seeming, neurotoxicity. Cyanobacteria, ubiquitous 

photosynthetic bacteria, commonly referred to as “blue-green” algae, yield a multifarious 

portfolio of toxic or otherwise bioactive metabolites (e.g., neurotoxins, hepatotoxins, 

dermatoxins) that have been linked to intoxication of humans and wildlife (Buratti et al., 

2017; Ferrão-Filho and Koslowsky-Suzuki, 2011). The overarching intent of the research 

project was to investigate the presence of toxigenic alga, including cyanobacteria, that 

captive dolphins may be consuming within their enclosures, the possible contribution of 

these toxigenic algae to the observed intoxication events, and to provide dolphin facility 

staff the tools to improve prophylactic health monitoring. In addition, the study 

represented, more generally, an unprecedented opportunity to explore the potential for 

exposure of marine mammals, such as dolphins, to algal and/or cyanobacterial toxins 

present in a representative natural environment (i.e., chain-link fenced enclosures), and 

the possible health impacts of these toxins. Thus, the dissertation research specifically 

aimed to examine the role of potential neurotoxic algal and/or cyanobacterial metabolites 

in the observed captive dolphin intoxication events via the following two, parallel and 

interrelated Major Objectives: 
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1.1.1 Major Objective 1 - Algal Community Assessment 

To conduct a taxonomic survey of the dominant macroalgal and cyanobacteria 

genera present in the captive dolphin enclosures and subsequently evaluate the 

potential presence of neurotoxic, known or otherwise relevant bioactive, 

metabolites associated, particularly, with identified neurotoxigenic cyanobacterial 

taxa. 

1.1.2 Major Objective 2 – Chemical Explorations for Potential Neurotoxin(s)  

To use the zebrafish (Danio rerio), as an aquatic, vertebrate neurotoxicological 

model (e.g., developmental neurotoxicity, larval behavioral neurotoxicity), during 

the isolation, characterization and identification of potential neurotoxic 

metabolites in the relevant cyanobacteria samples collected from within the 

captive dolphin enclosures. 

1.2 Chapter Foci 

Seven chapters comprise this dissertation, the first of which provides an in-depth 

background for the research project. The next five chapters detail the relevant 

background information, applied methodologies including materials, reagents, 

instrumentation and protocol development, and results discussions relative to the two 

major objectives. Specifically, the second chapter encompasses the taxonomic 

characterization and biodiversity of the dominant macroalgae, and cyanobacteria, 

communities observed growing within the captive dolphin enclosures and introduces a 

zoopharmacognosy hypothesis. Chapter Three distills the relevance of the captive 

dolphins’ algal grazing behaviors to the intoxications observed by the facility staff and 

augurs a zoopharmacognostic rationale. Observational data and historical water quality 
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measurements, collected during the study period of 2011 through 2014, were statistically 

analyzed for potential correlations that could help predict and/or assuage future 

intoxication events. Chapter Four presents the rationale and results for the chemical 

evaluation of the relevant cyanobacteria samples collected from within the captive 

dolphin enclosures for the possible presence of known, culpable marine Harmful Algal 

Bloom (HAB) associated neurotoxins, specifically anatoxin-a (ATX-a), brevetoxin-2 

(PbTx-2), domoic acid (DA), -methylamino-L-alanine (BMAA) and saxitoxin (STX), to 

augment the first major objective. The fifth and sixth chapters detail the bioassay-guided 

chemical investigation of the involved cyanobacteria, completing the major objectives of 

this dissertation. The fifth chapter describes the comparative zebrafish neurotoxicological 

models used in the bioassay-guided investigation of the cyanobacteria collections for the 

presence of a neurotoxic metabolite potentially associated with the observed captive 

dolphin intoxications. Particularly, Chapter Five, written as a manuscript for submission 

to Harmful Algae, communicates the zebrafish embryogenic neurotoxicity and larval 

neurobehavioral bioassays used to assess neurotoxicity in the crude extracts and relevant 

bioactive fractions compared to the known marine, HAB-related neurotoxin, PbTx-2 

(e.g., standard), produced by the marine dinoflagellate Karenia brevis. The neurotoxicity 

of PbTx-2 in zebrafish had not been previously reported in the available literature. 

Whilst, Chapter Six details the analytical methods used to isolate, purify and structurally 

characterize a previously undescribed and biologically active eudesmane-type 

sesquiterpene, eudesmacarbonate, as the putative secondary metabolite, possibly 

associated with the observed intoxications. The compound was obtained from the 

lipophilic extract of a cyanobacterial mat comprised of closely related Oscillatoriacean 
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species including an undescribed Neolyngbya sp., sampled from within the captive 

dolphin enclosures and associated with the observed algal ingestions. Also presented in 

Chapter Six were the neurotoxic effects of eudesmacarbonate, compared to the PbTx-2 

standard. A manuscript, prepared from the results of Chapter Six, was submitted as a 

Note to the Journal of Natural Products to publicly disseminate the scientific approaches 

and major findings of this dissertation. Lastly, a summary chapter discussing the 

combined outcomes, relevant significances, and possible future direction(s) concludes the 

dissertation.  

1.3 Background and Theory  

Bottlenose dolphins are generally recognized as piscivores, preying primarily on 

seasonally available native fish, crustaceans and other living marine invertebrates. In 

contrast, the availability of specific, sustainable fish from fisheries and the manpower 

required for fish preparation, necessitate feeding captive dolphins, living in human-

controlled marine aquaria, stricter diets of two or three major varieties including herring 

and capelin. Indeed, a marine mammal zoological facility, located in the Florida Keys, 

further supports their dolphins’ health by providing an increased variety of  fish (e.g., 

capelin, sprat, herring, mackerel, whiting, mullet) and squid as well as dietary 

supplements (e.g., vitamins, antioxidants, beta-glucans, carotenoids) and freshwater to 

ensure proper nutrition and hydration (Koutsos et al., 2013; Mejia-Fava and Colitz, 

2014). Proof of concept clinical trial pilot study data in human-managed, 

immunocompromised (e.g., cancers, papillomas) cetaceans have shown promising results 

for the use of propriety nutraceuticals (i.e., beta-glucans) developed for humans 

(Rodriguez et al., 2007, 2008) to stimulate immune responses. Recently, the staff at the 
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Florida Keys marine mammal facility observed their captive bottlenose dolphins 

occasionally grazing on macroalgae, including cyanobacteria, growing within the 

enclosures. Reports of direct algal ingestion by wild or captive bottlenose dolphins are 

unprecedented in the available scientific literature. However, wild bottlenose, particularly 

reproducing females amongst the Western Australian Shark Bay population, are 

presumed ingesting sponges as a means of supplementing calcium and self-medicating 

from the available bioactive (e.g., antimicrobial, anticancer) secondary metabolites 

produced by the sponges (Smolker et al., 1997; Meylan 1988; Anjum et al., 2016). After 

feeding on macroalgae and cyanobacteria, the Florida Keys captive dolphins exhibited 

signs of intoxication as evidenced by ataxia and other neurological symptoms (e.g., 

uncoordinated swimming, disorientation, respiratory issues, blepharospasms, ocular 

dysfunctions) after which the dolphins seemed to fully recover, typically within several 

days, as determined by the staff veterinarian. Facility staff have observed intermittent 

grazing of macroalgae and cyanobacteria by the captive dolphins and apparent 

intoxication events of varying intensity between 2011 and 2014, suggesting a possible 

link to seasonal variability. 

1.3.1 Marine Algal Community Diversity 

Collectively, algae refer to an umbrella category for several oxygenic, 

photosynthesizing organisms, primarily excluding terrestrial plants, as most recently 

defined by Cavalier-Smith (2018). Representative members include multicellular 

macroalgae (i.e., seaweeds) and various microscopic microalgae (e.g., phytoplankton) 

ranging from unicellular individuals to colonial and filamentous assemblages (Metting 

Jr., 1996). Andersen (1992) and Whitton (1992) each provided a comprehensive update 
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of the taxonomic biodiversity and complexity among algae constituents using 

photosynthetic attributes, revised molecular phylogenetic classifications and evolutionary 

pathways, respective of their specific domains, Eukaryota (i.e., eukaryotes) and Bacteria 

(i.e., prokaryotes). Sapp (2005) reasserted that the major distinction between eukaryotes 

and bacteria is the cellular organization first ascribed by Chatton in 1925; i.e., -eukaryotic 

cells contain a nucleus encased by a membrane, whereas the nucleus of bacterial cells has 

no membrane boundary.  

Best known as seaweeds, macroalgae are multicellular, eukaryotic, and appear 

more plant-like. The “green,” the “red” and the “brown” common names for the three 

major marine seaweeds describe the colors of their respective taxonomic divisions; 

Chlorophyta, Rhodophyta, Phaeophyta. Microalgae comprise a wide array of 

polyphyletic, primarily eukaryotic, photosynthetic organisms having essential light 

harvesting and accessory pigments, typically chlorophylls, carotenoids (e.g., carotenes, 

xanthophylls), phaeophytins and/or phycobillins (Rowan, 1989). Prokaryotic 

cyanobacteria are also included under the algae umbrella due to their photosynthetic 

pigments (i.e., phycobillins) and capabilities (Nowicka and Kruk, 2016). In general, 

algae, most typically, inhabit water bodies, that afford enough sunlight for photosynthesis 

(Raven and Giordano, 2014). Although, some algal communities exist, often 

symbiotically or as biofilms, in other moisture-rich terrestrial habitats (e.g., snow, sea-

ice, soil), living organisms (e.g., animals, plants), and on artificial substrates made from 

organic (e.g., wood) and synthetic (e.g., plastic, metal, concrete, building) materials as 

respectively described by Gosselin et al. (1986), Pandey et al. (2004), Pauli et al. (2014), 

Neustupa and Škaloud (2010), Raven and Giordano (2014), Häubner et al. (2006), and 
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Samad and Adhikary (2008). Whilst, still other microalgae and cyanobacteria can 

withstand living in some of the most extreme environmental conditions ranging over 

desiccated and hypersaline (Perera et al., 2018; Wierzchos et al., 2006), frozen (Thomas 

and Dieckmann, 2002; Lyon and Mock, 2014; Chrismas et al., 2015), volcanic and 

geothermal (Hsieh et al., 2018; López-Rodas et al., 2009), and chemically toxic (Cohen et 

al., 1986; Ward et al., 1998; Beatty et al., 2005) environs as reviewed by Varshney et al. 

(2015).    

1.3.2 Microalgae and Cyanobacteria Membership 

Marine phytoplankton, as previously surveyed, and particularly relevant, herein, 

to the representative estuarine Florida coasts of Florida Bay (Phlips and Badylak, 1996), 

Indian River Lagoon (Badylak and Phlips, 2004; Phlips et al., 2004), and Tampa Bay 

(Badylak et al., 2007), consist predominantly of HAB-forming diatoms 

(Bacillariophyceae, Haeckel, 1878), dinoflagellates (Dinophyceae, Fritsch, 1927) and 

cyanobacteria (Cyanophyceae, Schaffner, 1909).  

Specifically, marine diatoms are phototrophic eukaryotes, subsisting as free-

living, unicellular individuals which may also aggregate to form filaments and/or 

colonies. Their unique opaline cell walls, called frustules, demonstrate that it is possible 

to live within glass-walls. Vast deposits of their fossilized remains, best known as 

diatomaceous earth, are economically exploited (Desikachary and Dweltz, 1961). Given 

their abundance, diatoms play major roles in earth’s biogenic silicon and carbon transport 

cycles (Leblanc et al., 2012; Bozarth et al., 2009; Sarthou et al., 2005; Nelson et al., 

1995).  
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Marine dinoflagellates are, typically, free-living unicellular, mixotrophic 

organisms (e.g., photoautotrophic, parasitic, predatory) currently taxonomically classified 

as eukaryotes (Jeong et al., 2010; Ismael, 2003; Gomez, 2012). Moreover, some 

dinoflagellates possess a unique nuclear organelle, (i.e., dinokaryon), structurally 

bridging eukaryotes and prokaryotes (Gomez, 2012). Whilst, certain photosynthetic 

marine dinoflagellates, known as zooxanthellae (e.g., Symbiodinium spp.), live 

symbiotically within various marine invertebrate hosts including corals (LaJeunesse, 

2002; Rowan, 1998; Muscatine and Porter, 1977) and bivalve mollusks (Carlos et al., 

2000; Klumpp et al., 1992). Consequently, the dinoflagellates provide up to 90% of their 

host’s nutrients while mutualistically receiving respiration products for photosynthesis 

and safe harbor (Schnepf and Elbrächter, 1992; Falkowski et al., 1984). These 

zooxanthellae symbionts play a major role in the growth and development of coral reef 

ecosystems (Dubinsky and Jokiel, 1994; Muscatine and Porter, 1977).  

Primarily autotrophic, cyanobacteria are often referred to as “blue-green” algae 

relative to their photosynthetic-enabling bluish pigment phycocyanin (MacColl, 1998). 

Ubiquitous on earth, cyanobacteria exist as free-living unicellular individuals, colonial 

aggregates, or multicellular filaments and assemblages, surviving in nearly every habitat 

including the extreme conditions of desert (Bahl et al., 2011; Wierzchos et al., 2006), 

hypersaline (Wieland and Kühl, 2000), polar/alpine (Comte et al., 2007; Chrismas et al., 

2015), and alkaline hot spring (Ward et al., 1998; Steunou et al., 2006) environments. 

Unlike eukaryotic diatoms and most dinoflagellates, cyanobacteria cells lack any 

membrane-bound organelles including the nucleus (Stainer and Cohen-Bazire, 1977). 

Currently, cyanobacteria comprise a phylum of prokaryotes classified under the Bacteria 
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domain (Ruggiero et al., 2015; Komárek et al., 2014; Margulis et al., 1999; Cavalier-

Smith, 1998; Woese and Fox, 1977). Whilst mostly oxygenic, carbon-fixing 

photoautotrophs, some cyanobacteria, under dark, anaerobic conditions, act as 

chemotrophs, to fix carbon and/or respire at night using sulfur (Oren and Paden, 1978; 

Cohen et al., 1986), akin to green sulfur bacteria that inhabit deep, hydrothermal sea 

vents (Beatty et al., 2005). Still others, acting as diazotrophs during anoxic conditions, 

are capable of fixing nitrogen from inorganic nitrites, nitrates and ammonia as well as 

from organic sources including urea and amino acids (Bergman et al., 2012; Kashiyama 

et al., 2008). Cyanobacteria play a major role in earth’s global biogenic carbon and 

nitrogen cycles (Lea-Smith et al., 2015; Schneider and Le Campion-Alsumard, 1999; 

Latysheva et al., 2012). Known to be some of earth’s earliest photosynthetic life forms, 

marine cyanobacteria are also credited with oxygenating earth’s atmosphere (Bekker et 

al., 2004; Rasmussen et al., 2008; Lyons et al., 2014).  

1.3.3 Taxonomic Approaches 

Classic taxonomy primarily identified algal and cyanobacterial species using 

morphological differentiation (Metting Jr., 1996; Manoylov 2014). For example, Litaker 

et al. (2009) used light microscopy and scanning electron microscopy to detail the 

morphological differentiations between several species of the dinoflagellate genera 

Gambierdiscus (Gonyaulacales) affording the identification of four new species (i.e., G. 

caribaeus, G. carolinianus, G. carpenter, G. ruetzleri). Gene sequencing and molecular 

taxonomic identification techniques such as Polymerase Chain Reaction (PCR), DNA 

probes and barcoding, and Fluorescence in situ Hybridization (FISH), provide more 

precise classification of cyanobacteria and algae species compared to morphology-based 
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characterizations (Moreira et al., 2013; Engene et al., 2013, 2010; Palinska et al., 2015; 

Grossman, 2005; Leliaert et al., 2012; Hajibabaei et al., 2007). The specificity of current 

ribosomal genetic biomarkers (e.g., 16S rRNA, 16S-23S rRNA Internal Transcribed 

Signal [ITS], Phycocyanin-Intergenic Spacer [PC-IGS]) has been shown to facilitate the 

taxonomic identification and toxigenicity of some cyanobacteria directly from source 

samples, including Microcystis and Anabaena, as described by Neilan et al. (1997), 

Otsuka et al. (1999), Beltran and Neilan (2000), and Tillet et al. (2001). Whilst, using 

18S rRNA gene sequencing, Suutari et al. (2010) showed that the fur of Central and 

South American two- and three-toed sloths, Choloepus spp. and Bradypus spp. 

respectively, provides microcosms for Ulvophyceae (green microalgae), unique to the 

sloths (e.g., Trichophilus welckeri) and seasonal environmental conditions (e.g., 

Trentepholia spp., Myrmecia spp.), among other observed eukaryotic microalgal (e.g., 

dinoflagellates, rhodophytes) symbionts.  

Recent applications of Matrix-Assisted Laser Desorption Ionization (MALDI) – 

Time-of-Flight (TOF)-mass spectrometry (MS) afford rapid, taxonomic characterization 

of cyanobacteria species and ability to differentiate between toxic and non-toxic strains 

(e.g., Lyngbya, Microcystis) with minimal sample preparation (Engene et al., 2011; Sun 

et al., 2016). Specifically, Grindberg et al. (2011) used MALDI-TOF-MS analysis to 

quickly assess the presence of known neurotoxins (e.g., apratoxin A) in crude extracts of 

Lyngbya bouillonii toward identifying the responsible biosynthetic gene cluster. 

Likewise, Barbano et al. (2015) characterized 31 microalgae species, individually and 

prepared as mixtures, using MALDI-TOF-MS (e.g., proteome, gene-expression) for 

direct comparison against gene-sequenced (e.g., 16S rDNA, 18S rDNA) taxonomic 
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classification and clustering organization toward more definitive phylogenetic 

identifications. Moreover, the obtained MALDI-TOF-MS results showed species level 

distinctions and identified potential biomarker data within mixtures useful for future 

applications, including taxonomic differentiation between species and within-community 

biodiversity characterizations.  

1.3.4 Eutrophication Issues  

Eutrophication can occur naturally from environmental impacts (e.g., drought, 

fire, flooding, hurricanes) that temporarily alter nutrient loads from normal ecological 

cycles (e.g., carbon, nitrogen, water) as described by Mesnage et al. (2002). Whilst, 

anthropological activity from agribusiness practices (e.g., deforestation, monoculture, 

chemical use, animal use), urban development (e.g., sewage, chemical use, land 

manipulation), and industrialization pollutants (e.g., fossil fuels consumption, 

manufacturing, chemical synthesis) steadily inject nutrients directly into the environment, 

often above natural flux levels and capacities, to the detriment of ecosystems (Rhind, 

2009).  Zimmerman and Canuel (2000) showed, using lipid and photolithic biomarkers 

(i.e., phytoplankton) in the estuarine system of Chesapeake Bay, that rapidly increased 

human related activity directly correlated to rapidly increased total organic matter leading 

to eutrophication. Ecosystem health typically declines as eutrophication progresses due to 

increased nutrients, particularly nitrogen and phosphorus from natural and anthropogenic 

sources. Excessive nutrient loading promotes unregulated algal growth to the point of 

inhibiting photosynthesis across different trophic levels, leading to the successive death 

of plants, macroalgae, microalgae, and cyanobacteria. Resultant dissolved oxygen levels 
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decline, adversely impacting resident fauna survival and further changing the biotic 

dynamics to life limiting, anoxic conditions (O’Neil et al., 2012).  

1.3.5 Harmful Algae Bloom (HAB) Potential 

Within the Florida Keys estuarine habitats, natural and anthropogenic 

eutrophication influence the taxonomic composition and diversity of the dominating algal 

inhabitants from healthy seagrass beds (e.g., Thalassia testudinum) and macroalgae to 

proliferations of microalgae and cyanobacteria (Lapointe et al., 1994; Gilbert et al., 

2004). Harmful algal blooms (HAB) result when rapid toxin-producing algae and 

cyanobacteria growth leads to extensive release of toxic metabolites during subsidence. 

Subsequently, large declines often overwhelm many marine organisms (e.g., shellfish, 

fish, birds, marine mammals) with fatal doses (Anderson et al., 2008).  

Twiner et al. (2012) reported wild dolphins living in southwest Florida have been 

routinely subjected to HAB events involving two different neurotoxin-producing micro-

algae. One is the dinoflagellate, Karenia brevis, associated with red-tides, responsible for 

Neurotoxic Shellfish Poisoning (NSP) from brevetoxins (PbTx). The other is the domoic 

acid (DA)-producing diatom, Pseudo-nitzschia spp., responsible for Amnesic Shellfish 

Poisoning. Various aquatic (e.g., marine) cyanobacteria produce numerous toxic 

secondary metabolites (Golubic et al., 2010), often associated with neurotoxicity. The 

most notorious cyanobacterial neurotoxins for which standards and established analytical 

methodologies exist include anatoxin-a (ATX-a), associated with several freshwater 

species including Anabaena spp. and Oscillatoria spp. (Sivonen et al., 1989; Méjean et 

al., 2014) and Phormidium sp. (Faassen et al., 2012), -methylamino-L-alanine (BMAA) 

detected in numerous species including Lyngbya spp. (Cox et al., 2005), and saxitoxin 
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(STX) produced by several species including Lyngbya wollei (Onodera et al., 1997; 

Mihali et al., 2011). Recently, BMAA production has been observed in the dinoflagellate 

Heterocapsa triquerta (Jiang and Ilag, 2014) and in cultures of the diatoms 

Phaeodactylum tricornum, Chaetoceros spp., Thalassiosira pseudonana and their 

associated bacteria (Réveillon et al., 2016). Whilst, the neurotoxic analog of ATX, homo-

ATX, was detected in the marine cyanobacteria, Hydrocoleum lyngbyaceum by Méjean et 

al. (2010). These microalgae and cyanobacterial neurotoxins can bio-magnify, cause 

neurodegenerative illnesses and be fatal (Aráoz et al., 2010; Brand et al., 2010).  

Cyanobacteria proliferations within Florida estuaries (e.g., Indian River Lagoon, 

Caloosahatchee River), due to anthropogenic effects, increase harmful exposure risks to 

humans and wildlife (Lapointe et al., 2015; Milbrandt et al., 2012; Phlips et al., 2011; 

Bloetscher et al., 2010; Lapointe and Bedford, 2007). The captive dolphin facility is 

located within residential boating communities subject to runoff associated with human 

activity (e.g., sewage, agriculture, petroleum). These nitrogen and phosphorus rich 

pollutants are known to promote HAB development and transport, affecting major 

aquatic ecosystems (e.g., freshwater, estuarine, marine). Indeed, abundant growth of 

cyanobacteria within the captive dolphin enclosures has been observed. Thus, 

cyanobacteria biomass sampling at discrete intervals (e.g., seasonal), warranted chemical 

evaluations for the potential presence of known HAB-associated neurotoxins, specifically 

ATX-a, BMAA, STX, PbTx-2 and DA using applicable standards (e.g., synthetic, 

certified reference material [CRM]) and established analyte-specific methodologies 

including Liquid Chromatography-Mass Spectrometry (LC-MS, LC-MS/MS) and 

Enzyme-Linked Immunosorbent Assay (ELISA). 
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1.4 Zebrafish (Danio rerio) Bioassay Rationale 

The zebrafish (Danio rerio) has become an increasingly important and widely 

accepted vertebrate model for in vivo toxicological characterization studies of chemicals 

(Ali et al., 2011; Sipes et al., 2011). As a fast maturing, small, freshwater species able to 

breed frequently with high fecundity in the laboratory setting, zebrafish provide a cost-

effective, easily maintained in-house, high-throughput toxicological platform toward 

investigating and identifying bioactive metabolites causing impairment or inhibition of 

developmental pathways (Fraysse et al., 2006). Having a lucent chorion facilitates 

monitoring of development and other relevant endpoints in embryonic stages by light 

microscopy. Kimmel et al. (1995) describes the 72-hour embryogenesis progression in 

full details for standardization. A variety of measurable endpoints (e.g., hatching time, 

heart rate, organ development, locomotor function, behavior) exist to assess 

developmental toxicity and neurotoxicity (García-Cambero et al., 2012; Ali et al., 2012; 

Padilla et al., 2011; Parng et al., 2006).  

The same endpoints were used to investigate developmental neurotoxicity 

(Selderslaghs et al., 2010; Drapeau et al., 2002). These criteria have recently been 

reviewed by de Esch et al. (2012), to help standardize endpoint measurements. Likewise, 

various biological assays (e.g., heart rate, photomotor response, vibration response, 

swimming behaviors) have been developed for larval fish stages and, specifically with 

respect to the proposed research, in terms of identification and characterization of 

neurotoxicity (Long et al., 2014). Kalueff et al. (2013) meticulously summarized and 

indexed observed zebrafish behaviors according to several characterized behavioral 

domains providing a very descriptive and useful reference tool. Moreover, genome 
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sequencing advances, and recently developed mutant zebrafish lines - analogous to 

discrete human gene functions - offer rapid, precise bioassay tools to study specific 

toxicological effects (Das et al., 2013; Howe et al., 2012, 2013; Zhang et al., 2003; Fan et 

al., 2010; Linney et al., 2004).  

1.4.1 Developmental Toxicity Protocols for Cyanotoxins 

The zebrafish model of developmental toxicity has been used to investigate 

freshwater HAB-related cyanobacterial hepatotoxins (e.g., cylindrospermopsin, 

microcystins, nodularin), typically associated with Cylindrospermopsis raciborskii, 

Aphanizomenon ovalisporum and Microcystis spp. as shown by Berry et al. (2009) and 

Faltermann et al. (2016). Whilst Wu et al. (2016) evaluated the neurotoxicity effects of 

microsytin-LR in developing zebrafish embryos. Likewise, the effects of HAB-related 

neurotoxins on zebrafish embryogenesis have also been studied. For example, Purdie et 

al. (2009), Tiedeken et al. (2005) and Lefebvre et al. (2004) each, independently, 

assessed the neurotoxicity of one specific marine HAB-associated neurotoxin, 

respectively, -methylamino-L-alanine (i.e., synthetic), domoic acid (i.e., synthetic) and 

saxitoxin (i.e., certified reference material), on zebrafish development. Briefly, to 

appropriately assess zebrafish developmental toxicity (Berry et al., 2007) and 

neurotoxicity during embryogenesis (Chen et al., 2011), relevant developmental stages 

(e.g., 24-hours post-fertilization [hpf] spontaneous coiling, heart rate, hatching success 

and rate, morphological deformities, survival rate) were monitored over a range of test 

sample (e.g., extracts, chemical standards) concentrations from initial exposure, typically 

2-6 hpf (i.e., 4-64 cell stage), through 120 hpf, and in accordance with an Institutional 

Animal Care and Use Committee (IACUC) approved protocol (Appendix). 
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1.4.2 Larval Behavioral Assessments for Neurotoxicity 

Recent focus has shifted toward quantifiable behavioral endpoints (e.g., avoidance 

and preferential behaviors, sensorimotor responses, learning and memory) to evaluate the 

effects of neurotoxins on neurological pathways in zebrafish embryos and larvae, 

reviewed by Best and Alderton (2008), and further described by Selderslaghs et al. 

(2013), Tierney (2011), and Mueller and Neuhauss (2010). Moreover, automated systems 

designed to monitor concurrent endpoints have emerged (Pelkowski et al., 2011; Creton, 

2009). Sagaciously, Jonas et al. (2015) specifically evaluated the neurotoxicity and 

teratogenicity of three different cultured cyanobacteria (i.e., Planktothrix agardhii, 

Aphanizomenon gracile, Microcystis aeruginosa) using Danio rerio Teratogenicity Assay 

(DarT) morphological endpoints established by Nagel (2002) and the zebrafish eleuthero-

larvae locomotor activity described by Irons et al. (2010). Kalueff et al. (2013) compiled 

a detailed guide to uniformly identify and characterize quantifiable neurotypical 

behaviors in larval zebrafish suitable for assessing neurotoxicity. Investigations of 

neurotoxicity-induced behavioral effects (e.g., survival rate, morphologic deformation, 

swim bladder inflation changes, abnormal swimming behavior), monitored in zebrafish 

eleuthero-larvae exposed to test samples over 5-10 days post-fertilization (dpf), as 

described by Legradi et al. (2015), also required an approved IACUC protocol 

(Appendix). Thus, the zebrafish embryogenesis and neurobehavioral models of toxicity 

afford diverse applications toward identifying neurotoxic metabolites and their 

neurobiological target(s) as shown, respectively, by Berry et al. (2007) and Legradi et al. 

(2015). 
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1.5 Key Questions to be Addressed 

To conclude, marine algal communities are represented by diverse members of 

macroalgae (i.e., seaweeds), microalgae (e.g., diatoms, dinoflagellates) and 

cyanobacteria. Microalgae and cyanobacteria are known to produce potent, neurotoxic 

secondary metabolites that can adversely impact wildlife and humans, particularly when 

prolific. A Florida Keys marine mammal zoological facility houses captive bottlenose 

dolphins within enclosures (i.e., chain-linked fences) representative of a natural 

environment. The facility staff have observed the captive dolphins intermittently grazing 

the algae (i.e., macroalgae, cyanobacteria) growing within their enclosure and exhibiting 

behaviors symptomatic of neurotoxicity. Accepted methods and standards exist to a) 

taxonomically classify the dominant extant macroalgae and cyanobacteria genera and to 

b) evaluate collected algal samples for the presence of specific HAB-related neurotoxins. 

The zebrafish (Danio rerio) afford a rapid, bioassay-guided approach toward a) isolating 

and identifying potential neurotoxic metabolites present in the cyanobacteria and/or 

algae, associated with captive dolphin ingestions, collected from within the habitats and 

b) the toxicological characterization of relevant bioactive metabolites. Thus, the 

dissertation research attempted to identify the source of the dolphin intoxications by 

addressing the following key questions relevant to the two a priori major objectives: 

A. What are the dominant, potentially HAB-associated, macroalgae and/or 

cyanobacteria taxa, possibly being ingested by the captive dolphins, observed 

growing within the enclosures? 
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B. What potential neurotoxin(s) is/are present in collected samples of 

cyanobacteria, possibly associated with algal ingestions by the captive 

dolphins? particularly: 

i) are any observed cyanobacteria producing known neurotoxins, 

specifically, anatoxin-a (ATX-a), -methylamino-L-alanine (BMAA), 

and/or saxitoxin (STX)? 

ii) are the known epiphytic HAB-related neurotoxins, brevetoxin-2 (PbTx-2) 

and/or domoic acid (DA), present? 

iii) is a previously uncharacterized neurotoxin, or otherwise bioactive 

metabolite, being produced? 
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2. TAXONOMIC CHARACTERIZATION OF ALGAL AND 

CYANOBACTERIA COMMUNITIES  

2.1 Introduction 

As described in Chapter One, captive bottlenose dolphins (Tursiops truncatus), 

managed in Florida Keys marine mammal zoological facility were recently observed by 

facility staff to occasionally graze the marine flora (e.g., macroalgae, cyanobacteria) 

growing within their habitats, followed by apparent neurotoxic seeming intoxications. 

The available scientific literature holds no accounts of wild or captive bottlenose dolphins 

ingesting algae. At the marine mammal facility, the captive bottlenose dolphins are fed a 

strict, human-controlled diet consisting of previously frozen fish (e.g., sprat, herring, 

mackerel, menhaden, whiting) and squid. Their diet is augmented with freshwater, 

vitamins, and prophylactic holistic supplements to ensure proper nutrition and health. 

Following the observed ingestions of macroalgae and cyanobacteria, the captive dolphins 

displayed signs of intoxication with seemingly neurological symptoms (e.g., ataxia, 

disorientation, uncoordinated swimming, respiratory issues, blepharospams) as described 

by the staff veterinarian. Every case of apparent intoxication was addressed and resolved 

by the veterinarian staff. 

The marine mammal zoological facility, located in the Florida Keys, is within the 

coastal system of the Florida Bay estuary and the Atlantic Ocean. The captive bottlenose 

dolphin enclosures (i.e., chain-linked fencing) therein afford a more representative 

natural environment including habitat for local marine flora (i.e., sea grasses, algae, 

cyanobacteria). However, the facility is part of a residential boating community subject to 

nutrient rich anthropogenic effluence (e.g., sewage, fertilizer, petroleum) as described by 
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Lapointe and Clark (1992). Historically, seagrass communities comprised of turtle grass 

(Thalassia testudinum), shoal grass (Halodule wrightii), widgeon grass (Ruppia 

maritima) and manatee grass (Syringodium filiforme), replete with a biodiverse food web 

(e.g., invertebrates, fish, mammals, birds), dominated the estuarine bay and keys of 

Florida (Fourqurean and Robblee, 1999; Lapointe, 1989). However, over the last century, 

Florida Bay and the interconnected Florida Keys have become increasingly subject to 

episodic eutrophication from increasing urban development and associated human 

activities, as described by Lapointe and Clark (1992), Lapointe et al. (1994) and Corbett 

et al. (1999). Butler et al. (1995) also documented the observed decline of the Florida Bay 

estuary to eutrophic conditions resulting from the anthropogenic alterations of the Florida 

Everglades watershed. Such anthropogenic eutrophication allows for uncontrolled 

propagation of marine algae and cyanobacteria (O’Neil et al., 2012) relevant to the 

Florida Keys and the marine mammal zoological facility. Indeed, dense macroalgae and 

cyanobacterial growth was observed at the captive bottlenose dolphin facility.  

Marine microalgae, particularly diatoms and dinoflagellates, and cyanobacteria 

are known to produce multifarious, toxic secondary metabolites. Harmful algal blooms 

(HAB) result from overgrowth of these toxin-producing algae and cyanobacteria (Heisler 

et al., 2008). Rapid releases of toxic metabolites occur as blooms abate adversely 

impacting local wildlife (e.g., shellfish, fish, birds, mammals) and humans (Anderson et 

al., 2008). For example, Fire et al. (2007) and Twiner et al. (2011) reported recurring 

episodes of HAB events in southwest Florida (i.e., Sarasota Bay) resulting in high 

mortalities in the wild bottlenose dolphin population. In these cases, the mortalities were 

directly associated with environmental exposures from aerosols and consuming prey that 
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were contaminated with two different HAB-related neurotoxins (e.g., brevetoxins, 

domoic acid). Bricelj et al. (2012) reported bioaccumulations of brevetoxins in primary 

vector organisms can directly and adversely impact trophic transfer to higher level 

consumers and predators. Brevetoxins (PbTx) are produced by the marine dinoflagellate, 

Karenia brevis, and are associated with red tides. Brevetoxicosis is more commonly 

known as Neurotoxic Shellfish Poisoning (NSP) in humans. Domoic acid (DA) is 

produced by the marine diatom, Pseudo-nitzschia spp., and is responsible for Amnesic 

Shellfish Poisoning (ASP) in humans.  

Freshwater and marine cyanobacteria, particularly Lyngbya spp. (e.g., L. wollei, L. 

majuscula), also produce a series of potent neurotoxins leading to rapid death (e.g., 

anatoxins), neurodegeneration (e.g., -methylamino-L-alanine) and potentially fatal 

Paralytic Shellfish Poisoning (PSP) (e.g., saxitoxins). These neurotoxins can bio-

magnify, cause neurodegenerative illnesses, and be fatal (Aráoz et al., 2010; Brand et al., 

2010). A host of neurotoxic secondary metabolites including the jamaicamide family of 

polyketide-peptides (Edwards et al., 2004) and the lipopeptides, antillatoxins and 

kalkitoxins (Berman et al., 1999; Wu et al., 2000; Nogle et al., 2001; Nogle and Gerwick, 

2003), have been isolated and biochemically characterized from the Caribbean marine 

cyanobacteria Lyngbya majuscula. A comprehensive review, by Liu and Rein (2010) 

describes the prolific suite of biologically active peptides isolated, over a three-year 

period, specifically from the tropical marine genus Lyngbya sensu lato (s.l.) throughout 

the Caribbean, tropical Western Atlantic and Gulf of Mexico. Mi et al. (2017) recently 

provided an updated review, covering the last ten years, of novel, bioactive peptides 

derived from marine cyanobacteria.  



 

35 

 

A first step toward assessing the potential contribution of algal and/or 

cyanobacterial toxins to intoxication events was to taxonomically characterize the 

dominant macroalgal and cyanobacterial communities growing within the captive dolphin 

enclosures to at least the genus level. Subsequently, targeted chemical evaluations of 

known neurotoxins associated with identified relevant toxigenic taxa could be performed. 

A second factor considered possible seasonal effects shifting resident cyanobacteria and 

algal population dominance, leading to overgrowth and the potential release of neurotoxic 

metabolites during periods of decline and associated HAB events. Lastly, facility staff 

began an active monitoring program during normal business hours, to log directly 

observed dolphin algal ingestions including cyanobacteria, appraising the frequency, 

genus identity and any associated health impacts (i.e., intoxication). Thus, characterizing 

the dominant macroalgae and cyanobacteria (e.g., taxonomy, diversity, seasonality, 

toxigenicity) observed growing within the captive dolphin enclosures was the primary 

focus of this study with the goal of identifying potential neurotoxigenic varieties.  

Classical taxonomy tools (e.g., morphology, microscopy) remain informative, and 

generally essential to preliminary taxonomic identification. Modern taxonomy methods 

(i.e., molecular phylogeny, gene sequencing), as described in Chapter One, have become 

particularly useful for more precise species identification and differentiation of algae and 

cyanobacteria (Moreira et al., 2013; Engene et al., 2011; Grossman, 2005).  For example, 

Engene et al. (2010, 2013a) applied the genetic biomarker 16S rRNA and mass 

spectrometry (i.e., MALDI-TOF-MS, LC-MS/MS) to characterize the molecular 

phylogeny of Lyngbya spp. Specifically, the phylogenetic and molecular evaluation of L. 

majuscula revealed two new genera, Okeania gen. nov. (Engene et al., 2013b) and 



 

36 

 

Moorea gen. nov. (Engene et al., 2012). More recently, phylogenetic approaches were 

coupled with liquid chromatography-mass spectrometry (LC-MS) analysis to 

taxonomically characterize cyanobacteria species using specific secondary metabolite 

composition (Salvador-Reyes et al., 2015). Herein, classical and modern taxonomic 

approaches were applied, as much as possible, to characterize the dominant macroalgae 

and cyanobacteria relevant to identifying the algal community composition and relevant 

neurotoxigenic genera. Thus, this chapter focused on the following two main objectives: 

2.1.1 Taxonomic Survey of Dominant Macroalgae and Cyanobacteria  

The first objective was to survey the macroalgal and cyanobacteria communities 

growing within the captive dolphin habitats to assess the composition, dominance, 

seasonality, and presence of harmful algae genera using qualitative observations and 

morphology-based taxonomic methods to at least the genus level. 

2.1.2 Associated Neurotoxic Metabolites 

The second objective was to ascertain if the identified algae and cyanobacteria 

taxa, growing at the site, and possibly being ingested by the captive dolphins, have the 

potential to produce neurotoxic secondary metabolites based on their taxonomic identity. 

2.2 Methodologies 

2.2.1 Sampling of Dominant Macroalgae and Cyanobacteria  

The cyanobacteria and macroalgae communities present within the captive 

dolphin enclosures, located at 25.084192° N, 80.442295° W, were examined quarterly to 

determine seasonal dominance and variability toward subsequent evaluation of 

neurotoxic, or otherwise relevant, bioactive compounds associated with these taxa. 

Qualitative assessments of the macroalgae and cyanobacteria growing within the captive 
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dolphin habitats occurred at least seasonally (e.g., spring, summer, fall, winter) by visual 

observations from above and below the water to estimate the prevalence, absence, and 

diversity of Chlorophyta (greens), Rhodophyta (reds), Phaeophyta (browns), and 

Cyanophyta (blue-greens).  Relative abundances of the dominant macroalgae and 

cyanobacteria were estimated and recorded at each timepoint. 

2.2.1.1 Sampling Process 

Samples of the dominant macroalgae and cyanobacteria were collected, by 

snorkeling from within the captive dolphin habitats, at least quarterly, from July 2013 

through January 2016, for taxonomic characterization and to identify the presence of 

harmful algae species (e.g., cyanobacteria, macroalgae, microalgae) being ingested by the 

captive dolphins. A final collection occurred in December 2018 to assess the impact of 

Hurricane Irma on the algal community and gather additional cyanobacteria specimens 

for more precise taxonomic identification (i.e., molecular, genetic). At each timepoint, 

the collections of representative macroalgae and cyanobacteria samples were pre-sorted 

by phylum and obvious physical differences to avoid possible cross contamination prior 

to analysis (i.e., taxonomic characterization, chemical evaluation). Samples of site 

seawater were collected, from within the captive dolphin enclosures, twice to 

qualitatively assess the presence of HAB related microalgae. Taxonomic characterization 

of the macroalgae community relied primarily on physical examination using 

morphology-based identification techniques (i.e., light microscopy, reference field 

guides). More precise taxonomic methods using molecular-based phylogenetic 

techniques were applied to the cyanobacteria specimens. 
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2.2.1.2 Taxonomic Reference Samples 

Individual voucher specimens of macroalgae and cyanobacteria were preserved at 

each collection event and coded as Lydon: DP-MMMYYYY to represent the collection 

date by month and year. Collection of reference specimens included lightly rinsing with 

site seawater to sort and remove debris (e.g., sand, rocks, macro-fauna/flora) before 

placing in labeled 15mL or 50mL Falcon polypropylene conical centrifuge tubes (Fisher 

Scientific, Fair Lawn, NJ, USA) filled with site seawater and packed on ice for 

immediate transport to the laboratory for preservation and morphological examination. A 

Leica Zoom 2000 dissecting microscope (Leica-Microsystems, Wetzlar, Germany) 

allowed the removal of remaining macro-flora/fauna from each voucher sample. The 

2013 through 2016 reference samples were preserved in 4% formaldehyde (Fisher) 

aqueous solution for morphological identification. The 2018 macroalgae reference 

samples were preserved in 90% ethanol (Fisher) after rinsing with 20 µm filtered 

seawater. The 2018 cyanobacteria specimens were culled from the mixed assemblage and 

morphologically differentiated by filament color and dimensions (e.g., width, cell length) 

using a Wild Heerbrugg MS dissecting microscope (Wild Heerbrugg, Heerbrugg, 

Germany) equipped with a 150-watt light source (Fiberoptic Solutions, Peabody, MA, 

USA). Representative cyanobacteria morphotypes (approximately 0.5 mg) were rinsed 

well with 20 µm filtered seawater and prepared with 1.5 mL RNAlater (Ambion, Austin, 

TX, USA) in 1.5 mL Eppendorf Safe-Lock (Fisher) micro-centrifuge tubes for voucher 

specimens. All 2013-2016 voucher specimens and the 2018 macroalgae voucher 

specimens were foil-wrapped and held in the Marine Macroalgae Research Laboratory 

collection at Florida International University, Miami, FL, respectively identified to the 
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genus or species level (e.g., Lydon: DP-OCT2014-Lyngbya spp., Lydon: DP-OCT2014-

Caulerpa mexicana). The 2018 cyanobacteria voucher specimens were preserved in 

RNAlater and stored (-80 ºC) at the Smithsonian Marine Station at Fort Pierce in Fort 

Pierce, FL, respectively as Lydon-DP2018: CAL-II, CAL-V and CAL-FR. 

2.2.1.3 Cyanobacteria Phylogenetic Samples 

Since 2015, representative individual filamentous cyanobacteria samples (e.g., 1-2 

mg each) were visually sorted, by their morphological differences (e.g., color, 

dimensions) from bulk cyanobacteria assemblages during field collections for molecular 

phylogenetic characterization. Sample preparation included light rinsing with 20 m 

filtered site seawater followed by deionized water and immediate preservation in 1.5mL 

Eppendorf Safe-Lock (Fisher Scientific) micro-centrifuge tubes filled with RNAlater 

(Ambion). The phylogenetic analysis samples were secured in a zippered plastic bag and 

placed with dry-ice in a Styrofoam cooler for transport to the laboratory where stored at -

80 ºC until analyzed.   

Representative cyanobacteria morphotypes of CAL-II, CAL-V and CAL-FR 

(approximately 0.2 mg each), culled from the mixed assemblage, were cleaned with 20 

m filtered seawater. The samples were then preserved in 1.5 mL RNAlater (Ambion) in 

1.5 mL Eppendorf Safe-Lock (Fisher Scientific) micro-centrifuge tubes and stored frozen 

(-80 ºC) until phylogenetic analysis. 

2.2.1.4 Cyanobacteria Chemical Evaluation Samples 

Large quantities (ca. 10 gallons) of cyanobacteria biomass were collected at each 

sampling timepoint for chemical evaluation of neurotoxic metabolites. All bulk 

cyanobacteria samples were lightly rinsed on site with seawater to remove major debris 
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(e.g., sand, rocks, macro fauna), then placed in labeled, zippered 1-gallon plastic bags 

filled with site seawater and set in a cooler with ice for direct transport to the laboratory 

for immediate processing or storage at -20 C until processed. Laboratory processing of 

the biomass material included lightly rinsing with distilled water, removal of remaining 

visible debris, gently patting dry with paper towels, lyophilizing and blender pulverizing 

to prepare samples for chemical evaluations and bioassay-guided fractionation. 

Subsequent biomass collections occurred on an as-needed basis and were treated as 

previously described. The 2018 filamentous cyanobacteria collection was cleaned with 20 

µm filtered seawater and apportioned by the dominant morphotypes (i.e., red, green), 

using light microscopy, before lyophilization and chemical analysis by LC-MS to 

evaluate the specific secondary metabolite composition relevant to the isolated compound 

of interest.  

2.2.1.5 Microalgae Evaluation Samples 

To assess the presence of potential HAB microalgae, approximately 10 liters (L) 

of site seawater (i.e., North Lagoon) were passed through consecutive 100 m and 20 m 

sieves to collect microalgae. The filtered seawater was reserved and used to 

quantitatively transfer the captured 20-100 m particulates into two separately labeled 50 

mL Falcon polypropylene conical centrifuge tubes (Fisher Scientific) to a pre-

concentrated volume of 45 mL. The total volume of each sample was brought up to 50 

mL with 8:2 deionized water/ethanol (Fisher Scientific), as preservative and to retard 

proliferation until analysis. Two timepoints, June 2015 and January 2016, were chosen to 

evaluate seasonality differences between summer and winter, respectively. Reference 

samples of 100 mL unfiltered seawater were also retained at each sampling timepoint in 
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labeled 50 mL Falcon polypropylene conical centrifuge tubes (Fisher Scientific) and 

stored at -20 ºC for possible future analysis. 

2.3 Taxonomic Characterization Procedures 

2.3.1 Morphology-based Identification 

Taxonomic characterization methods included physical, morphology-based 

identification, using the Leica dissecting microscope, a Leica CM E compound light 

microscope equipped with an eyepiece digital camera (ScopeTek, Hangzhou, China) and 

relevant taxonomic guides (e.g., Littler and Littler, 2000; Guiry and Guiry, 2014-2018, 

[www.algaebase.org]; Littler et al., 2008). Macroalgae and cyanobacteria reference 

samples were identified to the genus level, at a minimum, and species level where 

definitive morphological characterizations allowed. The calibrated microscope ocular 

micrometer provided comparative measurements as needed. Digital micrographs afforded 

physical comparisons with taxonomic literature. A Microsoft Excel spreadsheet was used 

to catalog the representative dominant macroalgae and cyanobacteria community taxa 

with their respective authorities. Morphological evaluations performed at the Smithsonian 

Marine Station at Fort Pierce utilized the Wild Heerbrugg dissecting microscope 

equipped with a light kit and a Nikon Eclipse E8000 Differential Interference Contrast 

compound microscope (Nikon Instruments Inc., Melville NY, USA)  for digital 

micrographs. Morphological measurements were calculated as the mean  SD of cell 

dimensions of three representative filaments for each winnowed cyanobacterial 

morphotype. More precise taxonomic identification of the macroalgae was not pursued 

and further taxonomic characterization of the cyanobacteria required phylogenetic 

techniques.  

http://www.algaebase.org/


 

42 

 

2.3.2 Chemical Analysis of Cyanobacteria by Low-Resolution LC-MS  

Mass analysis of the 2018 cyanobacteria morphotype samples was conducted 

using the low-resolution LC-MS method, detailed in Chapter Five of this dissertation, to 

identify the specific secondary metabolite composition (e.g., eudesmacarbonate). Briefly, 

a Thermo Finnegan LC electrospray ionization MS system equipped with an LTQ 

Advantage Max mass spectrometer was employed. Chromatographic separation was 

achieved using a Grace (Alltech) Vyadac C18 (Grace Division Discovery Science, 

Deerfield, IL, USA) column (100 o.d.  2.1 i.d. mm, 5 µm) set at 30 ºC. A binary mobile 

phase system consisted of (A) 0.1% aqueous formic acid in LC-MS grade water and (B) 

0.1% formic acid in LC-MS grade acetonitrile. Elution of 10 µL injections occurred via a 

22-min step gradient at 0.5 L/min flow rate ramped from 10% to 100% B in 15 min and 

held at 100% B for 6 min, then returned to 10% B in 4 min and re-equilibrated at 10% B 

for 2 min. The mass spectra were examined for the presence of the isolated bioactive 

metabolite (i.e., eudesmacarbonate) by its characteristic ions observed at m/z 267.2 

[M+H]+, 289.2 [M+Na]+, 533.4 [2M+H]+, 555.4 [2M+Na]+, and 205.2 [M+H-62]+ (see 

Chapter Six, section 6.4.2 Structural Elucidation of Eudesmacarbonate). 

2.3.3 Cyanobacteria Phylogeny  

The RNAlater - fixed and cryopreserved (-80 °C) cyanobacteria specimens, 

collected through 2016, were transferred, in their respective vials, under dry-ice, to the 

Engene laboratory at FIU for taxonomic identification following the molecular-

phylogenetic protocol (i.e., 16S rRNA genetic biomarker) established by Engene et al. 

(2013a). Briefly, the genomic DNA of each cryopreserved specimen sample was 

extracted using the Wizard Genomic DNA Purification Kit (Promega, Madison, WI, 



 

43 

 

USA), according the manufacturer’s specifications. The concentration and purity of the 

DNA extracts were assessed using a NanoDrop-1000 spectrophotometer (Thermo 

Scientific, Waltham, MA, USA). Further attempts to phylogenetically characterize the 

cyanobacteria specimens were not pursued because insufficient DNA extracted material 

was obtained.   

The December 2018 RNAlater preserved (-80 °C) cyanobacteria specimens (i.e., 

CAL-II, CAL-V) underwent DNA extraction, at the Smithsonian Marine Station at Fort 

Pierce, using a DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) as specified by the 

manufacturer. The concentration and purity of the extracted DNA were measured using a 

NanoDropOne spectrophotometer (ThermoScientific). The PCR-amplification of the 16S 

rDNA gene with the respective forward and reverse cyanobacterial primers, CY106F and 

CY781R (Nübel et al. 1997). The PCR products were cloned with a pGEM-T Easy 

Vector Systems (Promega Corp., Madison, WI, USA) according to the manufacturer’s 

specifications. Clones were grown on Luria Broth (LB) agar plates containing 100 µg/mL 

Ampicillin, 0.1 mM isopropyl -D-1-thiogalatopyranoside (IPTG) and 40 µg/mL 5-

bromo-4-chloro-3-indolyl -D-galactopyranoside (X-Gal) (GOLDBIO, St Louis, MO, 

USA). The PCR was conducted on white colonies with pUC/M13 primers (Promega 

Corp.). Colony PCR products of the correct size (i.e.,  1 mm diameter) were then Sanger 

sequenced at the Laboratories of Analytical Biology (National Museum of History, 

Washington DC, USA). The resulting chromatograms were assembled using Sequencher 

v5.1. Phylogenetic analyses were performed using Randomized Axelerated Maximum 

Likelihood (RAxML) (Stamatakis, 2014) and relied on datasets from recent taxonomic 

revisions combined with GenBank searches via BLASTn (Altschul et al., 1997) to 
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retrieve closely related matches to CAL-V. The best phylogenetic tree was reconstructed 

from 1000 tree search restarts and branch support assessed with 1000 bootstrap 

replicates. The 16S rDNA sequences, obtained via cloning of the PSC products, were 

deposited in GenBank and the remaining portion of the CAL-V isolate is maintained at 

the Smithsonian Marine Station as a voucher.   

2.3.4 Microalgae Assessments  

Generally, morphology-based light microscopy was used to examine the 

relevance of the microalgae and epiphytes, observed in the taxonomic reference samples, 

with respect to possible HAB taxa. A qualitative assessment to identify potential HAB 

microalgae was attempted using a FlowCam Benchtop II Model particle analyzer (Fluid 

Imaging Technologies, Scarborough, ME, USA), courtesy of the FIU Fisheries Ecology 

and Acoustics Lab. Digital photographs were captured on the computer while a 5 mL 

aliquot of the preserved, pre-concentrated, 20-100 µm filtered site lagoon water passed 

through the FlowCam system. The system was flushed with 5 mL of ethanol, followed by 

5 mL of distilled water between each sample. The software-processed images were sorted 

by size (e.g., phytoplankton enumeration). Despite the low-resolution of the captured 

digital images, an attempt was made to assess the presence of HAB related microalgae by 

qualitatively comparing published images of known HAB microalgae. 

2.4 Results  

The research project, initiated July 2013, was put on hold (i.e., algal collections, 

observational data) in December 2013, by the marine mammal zoological facility until 

the required Research Collaboration Agreement with FIU was approved by the facility 

research committee. The research agreement was drafted by this researcher and submitted 
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for approval to the Project Principal Investigator and the FIU Research Development Unit 

in January 2014. Significant delays occurred in the FIU approval process and the 

agreement was not approved by FIU until August 2014. Subsequently, the facility 

research committee approved the research agreement in September 2014 and the project 

resumed (i.e., algal collections, observational data) in October 2014. Although no official 

sampling of algae or cyanobacteria was permitted by FIU researchers during the interim, 

the facility staff, acting in good faith, collected some macroalgae and cyanobacteria 

samples between December 2013 and August 2014. The various samples were stored in a 

freezer (ca -20 °C) at the facility until the project was reinstated and samples could be 

retrieved by FIU (i.e., October 2014). The archived samples were excluded from 

taxonomic characterization (i.e., morphological, phylogenetic) due to degradation issues. 

Renewed sampling and analyses by FIU, began in October 2014 through January 2016. A 

final sampling occurred in December 2018 to assess possible impacts of recent hurricanes 

to the algal community within the captive dolphin habitats and to collect additional 

cyanobacteria samples for more precise phylogenetic characterizations.  

2.4.1 Morphology-Based Identifications of Dominant Macroalgae and 

Cyanobacteria Taxonomies 

The representative macroalgal communities, including cyanobacteria, observed 

growing within the captive dolphin enclosures at the facility year-round are listed with 

their morphology-based taxonomic and bibliographic references in Table 2.1 (i.e., 

macroalgae) and Table 2.2 (i.e., cyanobacteria) whilst, the specific sampling dates are 

recorded in Table 2.3. 
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Table 2.1 Dominant macrophyte taxa identified by morphology. 

CLASS ORDER FAMILY GENUS SPECIES AUTHORITY* 

Bryopsidophyceae Bryopsidales 

Bryopsidaceae Bryopsis hypnoides J.V. Lamouroux 1809: 333 [135] 

Caulerpaceae Caulerpa 

mexicana Sonder ex Kützing 1849: 496 

sertularioides (S. G. Gmelin) M. Howe 1905b: 576 

verticillata J. Agardh 1847: 6 

Derbesiaceae Derbesia  
vaucheriiformis 

xix. vaucheriaeformis 
(Harvey) J. Agardh 1887: 34 

Halimedaceae Halimeda 
discoidea Decaisne 1842: 102 

scabra M. Howe 1905a: 241, pls. 11, 12 

Udoteaceae 

Penicillus capitatus  Lamarck 1813: 299 

Udotea 
dixonii D.S. Littler & M.M. Littler 1990a: 220, fig. 8 

flabellum (J. Ellis & Solander) M. Howe 1904: 94, pl. 6  

Ulvophyceae Ulvales Ulvaceae Ulva 
lactuca Linnaeus 1753: 1163 

rigida C. Agardh 1823: 410 

Florideophyceae 

Ceramiales 

Rhodomelaceae Acanthophora 

muscoides 
(Linnaeus) Bory de Saint-Vincent 1828 [1826-

1829]: 156 

spicifera 
(M. Vahl) Börgesen 1910: 201, figs. 18, 19;  

syn. Fucus spiciferus Vahl 1802: 44 

Dasyaceae Heterosiphonia crispella 
(C. Agardh) M.J. Wynne 1985a: 87 

*Callithamnion crispellum C. Agardh 1828: 183 

Ceramiaceae Polysiphonia binneyi Harvey 1853: 37 

Gigartinales 

Cystoloniaceae Hypnea valentiae (Turner) Montagne 1841 [1839-1841]: 161 

Solieriaceae Solieria filiformis 
(Kützing) P.W. Gabrielson 1985: 278, figs. 1b, 

1d; syn. Euhymenia filiformis Kützing 1863: 15 

Halymeniales Halymenaceae Halymenia 
pseudofloresii 

xix. pseudofloresia 
Collins & M. Howe 1916: 177 

Phaeophyceae Dictyotales Dictyoceae Padina gymnospora (Kützing) Sonder 1871: 47 

Angiospermae Alismatales Hydrocharitaceae Thalassia testudinum Banks ex Soland ex K. D. König 1805: 96 

*The available reference field guides used for morphology-based identifications were Littler and Littler (2000) and Littler et al. (2008). 
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Table 2.2 Dominant cyanobacteria taxa identified by morphology. 

CLASS ORDER FAMILY GENUS SPECIES AUTHORITYa 

Cyanophyceae Oscillatoriales Oscillatoriaceae Lyngbya s.l.b 

confervoides C. Agardh ex Gomont 1892: 136, pl. III [3]: figs 5, 6 

majusculab Harvey ex Gomont 1892:131, pl. III: figs 3, 4 

polychroac (Meneghini) Rabenhorst 1846:83 

a The available reference filed guides used for morphology-based identifications were Littler and Littler (2000) and Littler et al. (2008). 
b The Lyngbya sensu lato genus is currently undergoing taxonomic revisions using molecular genotyping to include the newly accepted genera of Moorea 

and Okeania formerly classified as the species L. majuscula (Engene et al., 2012, 2013b). 
c The currently accepted name is L. sordida Gomont ex Gomont (Guiry and Guiry, 2018, [www.algaebase.org]).  

 

Table 2.3 Algae and cyanobacteria sampling dates. 

COLLECTION YEAR MONTH SEASON 
SAMPLES COLLECTED 

Macroalgae Cyanobacteria Microalgae 

2013 

July Summer Y Y N 

October Fall Y Y N 

December* Winter Y Y N 

2014 

January-March* Spring Y Y N 

August* Summer Y Y N 

October Fall Y Y N 

2015 
January Winter Y Y N 

June Spring Y Y Y 

2016 January Winter Y Y Y 

2018 December Winter Y Y N 

* Facility staff collected samples and stored (-20 C) on site until October 2014.These samples were limited in size and combined and labeled December 

2014 for subsequent processing. 

  

http://www.algaebase.org/
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Algae diversity changed little between collections based on the qualitative visual 

observations of prevalence, absence, and diversity of chlorophytes, rhodophytes, 

phaeophytes and cyanobacteria. The overall taxonomic composition is depicted in Figure 

2.1. 

 

 
Figure 2.1 Taxonomic composition as percentages of the dominant macroalgae and cyanobacteria phyla by 

a) genus biodiversity and b) species biodiversity. 

The qualitative abundance assessments, using visual inspections at four seasonal 

timepoints (e.g., summer, fall, winter, spring), deemed the three most abundant 

Chlorophyta genera to be Caulerpa, Ulva and Halimeda (Table 2.4). 

  Table 2.4 Observed seasonality of dominant chlorophyte genera. 

Collection Date Season Primary genus Secondary genus 

July 2013 Summer Ulva Halimeda 

October 2013 Fall Caulerpa Halimeda 

October 2014 Fall Caulerpa Halimeda 

January 2015 Winter Caulerpa Halimeda 

June 2015 Spring Caulerpa Halimeda 

January 2016 Winter Caulerpa Halimeda 

December 2018 Winter Caulerpa Halimeda 
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Generally, Caulerpa mexicana proliferated during the fall through spring and 

Ulva spp. (e.g., U. lactuca, U. rigida) flourished in the summer months, while Halimeda 

spp. (e.g., H. discoidea, H. scabra) abundance remained essentially the same throughout 

the year. Figure 2.2 displays collected specimens of the dominant green macroalgae. 

 
Figure 2.2 Dominant Chlorophyta: a Caulerpa mexicana, b Ulva spp. (e.g., U. lactuca, U. rigida), 

and c Halimeda spp. (e.g., H. discoidia, H. scabra). Photo credit: C. Lydon 

Rhodophyta, or red seaweeds, were represented by seven species within six 

identified genera including Acanthophora (i.e., A. muscoides, A. spicifera), Halymenia 

pseudofloresii, Heterosiphonia crispella, Hypnea valentiae, Polysiphonia binneyi, and 

Solieria filiformis. The prevalence of Rhodophyta remained essentially the same at each 

collection timepoint. Phaeophyta, or brown seaweeds, were the least diverse group. 

Dominated by Padina gymnospora, their abundance also varied little across the study 

period. The seagrass, Thalassia testudinum was observed growing sparsely within the 

enclosures during the study as well. Cyanobacteria grew, copiously and continuously, 

throughout the enclosures (e.g., walls, fences, bottoms) with little variation in abundance 

during the study. Both epiphytic and dispersed within the red and green macroalgae, 

dense assemblages of filamentous cyanobacteria appeared as thick, red, green and red-

hairy mats and tufts of purple and yellow (Figure 2.3). 
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Figure 2.3 Representative samples of epiphytic and dense, benthic mats 

of filamentous cyanobacteria collected during the study (e.g., October 

2014): a red and green epiphytic, b yellow and purple tufts, and c red, 

red-hairy and green benthic mats mixed, respectively, within red and 

green macroalgae. Photo credit: C. Lydon 

The physical appearances of the cyanobacterial mats observed in the captive 

dolphin enclosures were comparable to physical descriptions of benthic cyanobacteria 

mats (e.g., red mat, red hairy, purple tuft) collected from coral reefs near the Caribbean 

island of Curaçao detailed by Brocke et al. (2018). The captive dolphin enclosures were 

separated by chain-linked style fences, opposite a narrow canal permitting twice daily 

tidal flushing from the nearby Atlantic Ocean. Notably, the cyanobacteria proliferated to 

a much greater extent in the North enclosure than in the South enclosure. The qualitative, 

physical inspections of the captive dolphin habitats, over the study period, suggested the 

most prolific episodes of cyanobacteria growth occurred during the July and October 

2013 collections. Initial morphological inspections under the light microscope revealed 

the epiphytic and dense, benthic mats of cyanobacteria comprised mixed assemblages of 
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the toxigenic, filamentous, polyphyletic genus Lyngbya (Agardh ex Gomont, 1892) 

including previously classified L. confervoides (i.e., yellow tufts, red and green 

filaments), L. majuscula (i.e., purple tufts, red and green filaments), and L. polychroa 

(red and red-hairy filaments) shown in Figures 2.4 and 2.5 and cross-referenced with the 

available field guides containing comparative images. 

 
Figure 2.4 Light microscopy images of representative mixed 

assemblage filamentous cyanobacteria collections: (A) October 2014 

benthic mat (10), (B) October 2014 benthic mat (40), (C) October 

2014 purple tufts (10), and (D) June 2015 yellow tufts (10). Digital 

micrograph credit: C. Lydon 

 
Figure 2.5 Digital micrographs of Lyngbya spp. morphotypes based on 

initial morphological examinations and comparisons with taxonomic 

classifications referenced from available field guides: a L. polychroa (63), 

b-c L. majuscula (40), d L. majuscula (63), and e L. confervoides (40). 

Digital image credit: C. Lydon 
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Taxonomic reference samples of the cyanobacteria, specifically grazed by the 

captive dolphins, were collected separately during the October 2014 sampling date and 

morphologically identified as Lyngbya spp. using available taxonomic reference guides 

(Littler and Littler, 2000; Littler et al., 2008). Recent revisions to the taxonomic 

characterization of the genus Lyngbya s.l. warranted an attempt to apply molecular 

phylogenetic techniques to more precisely discern the species level. The RNAlater 

(Ambion) prepared cyanobacteria specimens, collected in 2015, at the respective January 

and June sampling intervals, were submitted to the Engene laboratory (FIU Biology 

Department, Miami, FL) for phylogenetic and toxicological characterization as outlined 

in Engene et al. (2013a). However, insufficient genetic material was obtained to complete 

the phylogenetic analysis. Continuing the taxonomic designation of Lyngbya spp. was 

deemed appropriate, and in keeping with literature classifications, until phylogenetic 

characterization could be accomplished. 

Morphological inspection of the filamentous cyanobacteria collected in December 

2018 by light microscopy (Figure 2.6) revealed a similar mixed assemblage of red and 

green filaments as previously described. Upon closer examination at 40, individual 

filaments could be differentiated primarily by color and trichome cell width (Figure 2.7). 

Most abundant were long (> 100 µm), dark red (II) and dark green (V) filaments, encased 

in clear sheaths averaging 25 µm wide, and having average cellular dimensions of 22 m 

wide by 3 µm length (Table 2.5). Interspersed were larger red filaments (e.g., FR, RB), 

also encased in clear sheaths, a few purple (P) filaments and a small chain of gray bead-

like cyanobacteria (GB) looped around a green filament (Figure 2.7). 

 



 

53 

 

 
Figure 2.6 Mixed assemblage filamentous cyanobacteria 

collected December 2018 (20). Digital micrograph courtesy of 

Michael J. Boyle (Smithsonian Marine Station at Fort Pierce, 

Fort Pierce, FL USA). 

 
Figure 2.7 Representative mixed assemblage cyanobacteria filament morphotypes 

collected December 2018 (40). a-b dark green (V), c-d dark red (II), e from left to 

right - thin greens (TG), red beads (RB) and large red (FR), f-g epiphytic gray bead-

like chains (GB) and h purple (P). Digital micrographs courtesy of Michael J. Boyle 

(Smithsonian Marine Station at Fort Pierce, Fort Pierce, FL USA). 



 

54 

 

Table 2.5 Average measurements of representative cyanobacteria filaments collected December 2018. 

Filament        

Description 

ID 

Code 

Sheath Width 

(µm), SD 

Cell Width 

(µm), SD 

Cell Length 

(µm), SD 

Segment Length 

(µm), SD 

Dark Red II 24.6, 1.9 22.1, 1.9 2.9, 0.7 104, 44 

Dark Green V 25.0, 1.3 22.1, 0.7 2.5, 1.3 90, 16 

Large Red FR 37.9, 2.6 32.1, 1.9 3.8, 1.3 69, 18 

Red Beads RB 25.4, 0.7 22.9, 0.7 17.5, 1.3 62, 18 

Thin Green TG 15.4, 0.7 13.8, 1.3 2.9, 0.7 125, 13 

Purple P 47.5, 2.5 39.2, 3.8 3.8, 1.3 88, 1 

Gray Bead-Like Chains GB NA 5.3, 0.3 5.3, 0.3 24, 3 

ID Code  = Strain morphotype identification label 

SD          = Standard Deviation 

 

2.4.2 Low-Resolution LC-MS Analysis of Dominant Cyanobacteria Morphotypes 

Comparative mass analysis of the cyanobacteria as the mixed assemblage and the 

morphotypes II (dark red) and V (dark green), by LC-MS, indicated that the filamentous 

dark green morphotype was the primary producer of the isolated bioactive metabolite 

(i.e., eudesmacarbonate) described in Chapter Six of the dissertation. As shown in the 

mass spectrum obtained for the dark green morphotype (i.e., CAL-V), eudesmacarbonate 

eluted at 10.3 minutes exhibiting characteristic ions at m/z 267.1 [M+H]+, 205.2 [M+H-

62]+, 533.2 [2M+H]+, and 555.2 [2M+Na]+(Figure 2.8). The acquired mass spectra also 

showed that the filamentous dark red strain (i.e., CAL-II) produced a secondary 

metabolite (i.e., 10.1 minutes retention time) having a different ion profile observed at 

m/z 299.3 [M+H]+, 321.2 [M+Na]+, 596.7 [2M+H]+, and 619.1 [2M+Na]+ with the 

implied molecular formula C17H27O that was most likely an eudesmane derivative 

(Figure 2.9).  
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Figure 2.8 Low-resolution LC-MS of the dark green cyanobacteria morphotype (V) displaying the elution of the bioactive metabolite (i.e., 

eudesmacarbonate) at 10.30 minutes with MH indicating the [M+H]+ peak. 
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Figure 2.9 Low-resolution LC-MS of the dark red cyanobacteria morphotype (II) displaying the elution of a secondary metabolite at 10.13 minutes with 

MH indicating the [M+H]+ peak and MNa indicating the [M+Na]+ peak. 
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2.4.3 Cyanobacteria Phylogenetic Characterization 

The CAL-V isolate 16S rDNA sequences, obtained via cloning of the PCR 

products and Sanger sequencing, were deposited under accession numbers MN845141-

MN845143 in GenBank. Phylogenetic analysis of the sequences retrieved from BLASTn 

searches showed the filamentous, dark green CAL-V cyanobacteria represents closely 

related members of the family Oscillatoriaceae (Oscillatoriales). The reconstructed 

phylogenetic tree (See Figure 6.1, Chapter Six) revealed a novel member of the recently 

described genus Neolyngbya T.A. Caires, C.L. Sant’Anna et J.M.C. Nunes gen. nov. 

(Caires et al., 2018a), as the potentially dominating putative taxa, among Neolyngbya 

arenicola and a species found in a poorly resolved clade, clustering between the genera 

Limnoraphis (Komárek et al., 2013) and Capilliphycus (Caires et al., 2018b, Caires et al., 

2019). The significant findings described herein, regarding the Oscillatoriacean 

membership comprising  the CAL-V cyanobacteria morphotype and the isolated 

bioactive metabolite (i.e., eudesmacarbonate), are detailed in Chapter Six. 

2.4.4 Potential Neurotoxigenic Microalgae Taxa Observations 

Reexamination, by light microscopy at 40, of the grazed cyanobacteria reference 

samples (i.e., Lyngbya spp.), collected October 2014, revealed the presence of 

unidentified, epiphytic diatoms and dinoflagellates (Figure 2.10). 

 
Figure 2.10 Unidentified microalgae examples, 

epiphytic to the October 2014 Lyngbya spp. taxonomic 

reference sample (40): a diatom and b dinoflagellate. 

Digital micrograph credits: C. Lydon 
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Further scrutiny of the sampled filamentous cyanobacteria (i.e., Lyngbya s.l.), 

observed being ingested by the captive dolphins during the October 2014 collection, 

suggested the presence of the neurotoxigenic diatom, Pseudo-nitzschia spp. Figure 2.11 

provides a visual comparison of the microscopically imaged epiphytic diatom, a, with the 

digital image of Pseudo-nitzschia. cf. australis, b, identified by Cusack et al. (2002) as a 

domoic acid producer. 

 
Figure 2.11 Epiphytic diatoms resembling Pseudo-nitzschia spp. versus literature 

image: a epiphytic diatoms on the October 2014 Lyngbya spp. taxonomic 

reference sample (40) and b reference image of P. cf. autralis. Digital image 

credits: a C. Lydon, b Gabriella Hannach (2014). 

Digital imaging by light microscopy was limited to 10 and 40 magnifications 

as higher resolution images (e.g., 63, 100) were often blurred. The site seawater 

samples were subsequently collected at two timepoints (e.g., summer, winter) and filtered 

to capture 20-100 m particulates (i.e., diatoms, dinoflagellates). A FlowCam apparatus 

(Fluid Imaging Technologies) was used to qualitatively screen the pre-concentrated 

filtrate and collect visible evidence (i.e., digital images) of the microorganisms present in 

the samples, particularly K. brevis and Pseudo-nitzschia spp. Generally, the digital 

images captured by the FlowCam were blurry and of low resolution, making definitive 

identifications of observed microalgae impossible. Image distortion was correlated to fine 

sediments in the samples, improper flow, and optical limitations. The January 2016 
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sample contained very few organisms. The June 2015 sample was more turbid than the 

January 2016 sample, consistent with the observed fine sediments. The June 2015 sample 

also held a greater enumeration and heterogeneity of captured microorganisms than the 

January 2016 sample. Thus, the FlowCam digital images, obtained from the June 2015 

sample, afforded the best evidence of potential HAB-related phytoplankton. Figure 2.12 

exemplifies a sampling of the digital images captured by the FlowCam system from the 

June 2015 collection.  

 
Figure 2.12 Example FlowCam micrographs of 20–100 m filtered particulates from the June 

2015 site seawater collection. Digital image credit: C. Lydon 

The turbidity of the June 2015 collection samples compromised the quality of the 

FlowCam digital images. At best, only a couple of marine dinoflagellates could be 

potentially discerned by their distinguishable characteristics. As shown in Figure 2.13, a 

few images (i.e., a, b, c), captured by the FlowCam system, remotely resembled the 

brevetoxin-producing dinoflagellate, Karenia brevis, when directly compared to d, a 

FlowCam acquired image of K. brevis, published by Campbell et al. (2013). 

 
Figure 2.13 Comparative FlowCam images of unidentified dinoflagellates 

resembling Karenia brevis versus literature image: a-c FlowCam images 

from the June 2015 site seawater sample and d published FlowCam image of 

K. brevis. Digital image credits: a-c C. Lydon, d Campbell et al. (2013). 
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A visual comparison (Figure 2.14) of the June 2015 digital image of a 

dinoflagellate acquired by FlowCam (B), suggested the possible observance of a 

Ceratium species (A), or a Neoceratium spp. (C, D) imaged by Gómez et al. (2010). 

 
Figure 2.14 Comparison of unidentified June 2015 site seawater 

dinoflagellate versus literature examples: A Ceratium lineatum, B 

FlowCam image, C Ceratium pentagonum and D Neoceratium 

minutum. Digital image credits: A Gómez et al. (2010), B C. Lydon, 

C-D Gómez et al. (2010) 

As depicted in Figure 2.15, another imaged dinoflagellate (A) appeared very 

similar to a mature Ceratoperidinium falcatum specimen (B), identified by Gárate-

Lizárraga (2014) and formerly known as Gyrodinium falcatum (Kofoid and Swezy, 1921) 

Reñé et de Salas. 

 
Figure 2.15 Comparison of unidentified 

June 2015 site seawater dinoflagellate 

resembling Ceratoperidinium falcatum 

versus reference image: A FlowCam 

image and B C. falcatum reference 

image. Digital image credits: A C. 

Lydon, B Gárate-Lizárraga (2014). 
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The FlowCam digital camera also captured the presence of several individual 

pennate diatoms sized between 20–100 m (Figure 2.16). One diatom (a) appeared to be 

a member of the Licmophora (C. Agardh, 1827) genus and another (b) could only be 

identified as being a triradiate form, possibly associated to the Centronella (M. Voigt, 

1901) genus (Echenique and Guerrero, 2004). Whilst, the other two images (c) and (d) 

were too blurry to attempt any definitive level of recognition, image (d) suggested the 

observed diatom possibly belonged to the genera Amphora (Ehrenberg ex Kützing, 1844) 

or Seminavis (D. G. Mann in Round et al., 1990), both extant in the FL Bay estuary 

(Wachnicka and Gaiser, 2007). The appearances of Amphora spp. have similar 

morphological characteristics to Cymbella spp. (C. Agardh). Currently, numerous 

diatoms species are undergoing taxonomic reclassifications via enhanced morphology-

based microscopic approaches (e.g., scanning electron microscopy [SEM]). For example, 

Cavalcante et al. (2014) recently characterized a Brazilian coastal diatom as Halamorpha 

spp. ([Cleve] Levkov, 2009) using SEM and the revised classifications. The FlowCam 

images of the four example diatoms observed in the June 2015 sampled site seawater are 

shown for illustrative purposes only (Figure 2.16). 

 
Figure 2.16 FlowCam images of diatoms observed in site seawater collected June 2015: a 

unidentified diatom (e.g., Licmophora spp.), b unidentified triradiate diatom (e.g., 

Centronella spp.), c unidentified diatom, and d unidentified diatom (e.g., Amorpha spp., 

Cymbella spp.). Digital image credit: C. Lydon 

Light microscopy analysis of cyanobacteria and macroalgae taxonomic reference 

specimens, from each collection, revealed similar pennate diatoms when viewed at 40 
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magnification (Figure 2.17). The microscopic images had slightly better resolution than 

the FlowCam images. One diatom (a) was recognized belonging to the genus Bellerochea 

(van Heurck, 1885), such as B. malleus, as described by Hernández-Becerril et al. (2013). 

Two of the microscopy imaged diatoms (b) and (c) appeared to be the same types as 

captured by the FlowCam imaging (e.g., Figure 2.16 b, c). Whilst, a fourth diatom (d), 

although more clearly resolved, also remained unidentified.  

 
Figure 2.17 Example diatoms observed by light microscopy in the October 2014 Lyngbya 

spp. taxonomic reference sample (40): a unidentified diatom (e.g., Bellerochea spp.), b 

triradiate diatom form (e.g., Centronella spp.), c unidentified diatom similarly observed by 

FlowCam, and d unidentified diatom. Digital image credit: C. Lydon 

Neither of the two neurotoxigenic HAB microalgae species of interest (i.e., 

Karenia brevis, Pseudo-nitzschia spp.) could be positively identified by morphology-

based techniques from digital images captured using either light microscopy or the 

FlowCam apparatus.  

2.4.5 Associated Neurotoxigenic Taxa (Literature Search) 

A literature search for neurotoxins produced by the identified macroalgae genera 

returned few results. Only two genera of the identified chlorophytes (i.e., Ulva, 

Caulerpa) were reported to have toxic effects. The Caulerpa (J. V. Lamouroux, 1809, 

Caulerpaceae) genus has been established to produce an array of bioactive secondary 

metabolites. Particularly, the secondary metabolite, caulerpenyne, a linear sesquiterpene 

isolated from Caulerpa spp. (i.e., C. prolifera, C. racemosa, C. taxifolia) as described by 

Amico et al. (1978), Valls et al. (1994) and Dumay et al. (2002), has shown 
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developmental toxicity in sea urchins (Pesando et al., 1996) and neurotoxic effects (e.g., 

excitatory, neurite inhibition), respectively, in leeches (Brunelli et al., 2000; Mozzachiodi 

et al., 2001) and the murine neuroblastoma cell line, NA2B, (Kurt et al., 2009). 

Investigated allelopathic properties include seagrass phytotoxicity activity and chemical 

defense responses to herbivory. For example, Raniello et al. (2007) observed C. 

racemosa exhibited phytotoxicity against the Mediterranean seagrass, Cynodocea 

nodosa. Whilst Ferrer et al. (1997) reported C. taxifolia seasonally inhibits the growth of 

the Mediterranean phaeophyte, Cystoseira barbata f. aurantia during the springtime. 

Antifeedant activity was also shown when caulerpenyne, serving as the monomer 

precursor, is quickly, enzymatically biopolymerized into an unpalatable cicatrizant (Jung 

and Pohnert, 2001; Adolph et al., 2005; Weissflog et al., 2008). Conversely, 

caulerpenyne has shown promise as an anticancer therapy against several human cancer 

cell lines (Fischel et al., 1995; Barbier et al., 2001). To date, caulerpenyne has not been 

isolated from C. mexicana, C. sertularioides, or C. verticillata, - the species observed 

growing in the captive dolphin habitats.  

The Ulva (Linnaeus, 1753, Ulvophyceae) genus is regularly consumed throughout 

the world as sea lettuce (i.e., U. lactuca) for its nutritional content and is not generally 

considered to produce toxins (Fleurence, 1999; Ortiz et al., 2006; Abirami and Kowsalya, 

2011; Banu and Umamageswari, 2011). For example, Guedes at al. (2013) reported the 

crude aqueous extract of U. lactuca is relatively non-toxic to human cancer cell lines 

(e.g., larynx, leukemia, lung).  However, in 2009, massive decaying Ulva spp. blooms 

along the French Coast were implicated with animal and human deaths caused by the 

release of toxic hydrogen sulfide gas (Smetacek and Zingone, 2013; Nedergaard et al., 
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2002). Van Alstyne (2008) reviewed the toxicity of the Ulva spp. secondary metabolite, 

dimethyl sulfoniopropionate (DMSP), and its degradants (e.g., hydrogen sulfide gas). 

Paul and Van Alstyne (1992) previously reported that DMSP acts as a precursor 

allelochemical to deter grazing. Whilst, Tang and Gobler (2011) reported the rapid, 

allelopathic nutrient uptake exhibited by U. lactuca acts as an anti-fouling mechanism, 

against at least seven HAB epiphytes, including Karenia brevis and Pseudo-nitzschia 

multiseries, which flourish in eutrophic conditions, corroborating the findings of Fong et 

al. (1994). Recently, Van Alstyne et al. (2015) provided an updated review of the 

allelochemicals and their proposed chemical defense mechanisms associated with U. 

lactuca. For example, reactive oxygen species have been shown to aid in regulating 

environmental parameters more favorable for the growth of U. lactuca at the expense of 

competitors (e.g., seagrasses, grazers) as described by Nelson et al. (2008) and by van 

Hees and Van Alstyne (2013). Moreover, Sly (2013) reported significant trophic 

transport of toxic (e.g., neurotoxicity, developmental toxicity), lipophilic polychlorinated 

biphenyls (PCBs) readily absorbed by Ulva spp. (i.e., U. rigida) from heavily 

contaminated sediments (i.e., New Bedford Harbor Superfund Site, Massachusetts, 

USA).  

Literature abounds with neurotoxic secondary metabolites isolated from the 

marine, filamentous cyanobacteria, formerly classified as Lyngbya spp., and particularly, 

L. majuscula as reviewed by Aráoz et al. (2010). Recently, Kerbrat et al. (2010) 

investigated the possible role of marine filamentous cyanobacteria as the causative agents 

in seafood related poisonings in New Caledonia, and previously suggested by Hahn and 

Capra (1992) and Endean et al. (1993). Biological assays indicated the cyanobacteria, 
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Trichodesmium spp., Hydrocoleum spp., Oscillatoria spp., and Phormidium spp. may 

very well produce secondary metabolites akin to ciguateratoxins and paralytic shellfish 

toxins. However, further chemical investigation was warranted to structurally identify the 

observed potential neurotoxins. Whilst, Méjean et al. (2010) confirmed Hydrocoleum 

lyngbyaceum produces homoanatoxin-a, a neurotoxic analog of the very potent 

neurotoxin, anatoxin-a.  

Globally, macroalgae (Déléris et al., 2016; Kilinç et al., 2013) and cyanobacteria 

(Gantar and Svirčev, 2008) are incorporated into human diets (e.g., food additives, 

nutraceuticals, supplements) from local farming to industrial scale production (Martinez-

Hernández et al., 2018). Example edible, nutrient-rich green macroalgae include sea 

lettuce (Ulva lactuca) and sea grapes (Caulerpa lentillifera) as described by Pereira 

(2016). The food additives, agar and carrageenan, are obtained from red macroalgae (e.g., 

Acanthophora spicifera, Hypnea valentiae). Whilst the cyanobacteria genus Arthrospira 

(i.e., A. maxima, A. platensis) comprise the dietary supplement, spirulina. Most chemical 

investigations of macroalgae and cyanobacteria focused on exploiting therapeutic 

secondary metabolites (Baker, 1984; Smit, 2004) and beneficial nutrients (MacArtain et 

al., 2007). Screening crude extracts for cytotoxicity against human carcinoma cell lines 

and other health benefits (e.g., antimicrobial, anticoagulant, gastrointestinal stimulation, 

neuroprotection) were primary targets toward drug development (Lee et al., 2013; 

Barbosa et al., 2014). Fitzgerald et al. (2011) described the potential of macroalgae-

derived peptides as pharmaceutical agents to combat cardiovascular disease (e.g., obesity, 

anticoagulant). Likewise, the Vijayakumar et al. (2016) review shows the burgeoning 

cannabinoid receptor binding studies offer novel therapeutics for pain management, 
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obesity and antiemetics. The renewed search for marine-sourced drugs has revisited 

toxigenic cyanobacteria to chemically mine metabolites for potential therapeutic uses 

(Tan 2013). For example, in the independent reviews by Vijayakumar and Menakha 

(2015) and Swain et al. (2015), the cytotoxicity screening of Lyngbya spp. offered 

promising anticancer leads. For example, apratoxins, isolated from L. majuscula, showed 

cytotoxicity against several human carcinoma cell lines including bone, colorectal, 

cervical and lung cancers (Luesch et al., 2001; Chen et al., 2011). Still, other studies 

gauged the chemical defenses of secondary metabolites against herbivory (Paul and 

Fenical, 1986; Paul and Van Alstyne, 1992; Fong et al., 1994). 

Indeed, numerous bioactive secondary metabolites derived from marine 

macroalgae have shown promise toward improving current drug therapies as reviewed by 

Smit (2004) and Pal et al. (2014). For example, the anticoagulant, anti-inflammatory and 

pain-relieving effects of sulfated polysaccharides derived from crude aqueous extracts 

from Solieria filiformis and Halymenia floresia were studied by de Araújo et al. (2011) 

and das Neves Amorim et al. (2011), respectively. Whilst, Graça et al. (2011), explored 

gastrointestinal motor functions in rats using similar H. floresia extracts as an aid to 

digestive disorders. Zakaria et al. (2011) investigated the hexane extracts of 

Acanthophora spicifera for phytochemicals potentially exhibiting antibacterial and 

antioxidant properties. Moreover, Banu and Umamageswari (2011) determined that A. 

spicifera was not toxic to rats at levels typical of normal consumption. Antimicrobial 

activity was observed by crude lipophilic extracts of Halimeda discoidea (Supardy et al., 

2012). Guedes et al. (2013), observed the crude lipophilic (e.g., chloroform, methylene 

chloride) extracts from Padina gymnospora were selectively cytotoxic against human 
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lung cancer cells. The crude methanolic extract from P. gymnospora showed positive 

antimicrobial properties (Chander et al., 2014). Recently, Shanmuganathan et al. (2015), 

reported the P. gymnospora crude acetone extract offers potential neuroprotection against 

Alzheimer’s Disease by preventing and reversing aggregation of β–amyloid plagues. The 

crude acetone extract of P. gymnospora was also selectively cytotoxic to the human 

leukemia cells tested by Guedes et al. (2013).  

2.5 Discussion 

The taxonomies of the dominant macroalgal and cyanobacteria communities, 

observed growing within the captive dolphin enclosures at the marine mammal 

zoological facility in the Florida Keys, were morphologically identified to at least the 

genus level, and species, where possible, using comparative, bibliographic references. 

The results are listed in Table 2.1. Qualitative visual assessments throughout the study 

period revealed overall diversity changed little over time. Chlorophyta, represented by 

twelve species across seven genera, dominated the algal community diversity at 50% (see 

Figure 2.1). Most physically abundant were Ulva spp. (e.g., U. lactuca, U. rigida) and 

Caulerpa spp. (e.g., C. mexicana, C. sertularioides, C. verticillata). The Ulva spp. 

flourished during the summer months, as anticipated (Teichberg et al., 2010). Although 

an abundance of Ulva spp. (e.g., U. lactuca) grew within the captive dolphin enclosures, 

no noxious bloom decay (e.g., hydrogen sulfide) was observed at any time during the 

study period. Whilst, Caulerpa spp., mainly C. mexicana thrived in the fall, as expected 

(O’Neal and Prince, 1982). Important to this research, the neurotoxigenic species, C. 

taxifolia, was not present during any collection. Other identified Chlorophyta members 

included Bryopsis hypnoides, Derbesia vaucheriiformis, Halimeda spp. (e.g., H. 
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discoidea, H. scabra), Penicillus capitatus and Udotea spp. (e.g., U. dixonii, U. 

flabellum). Rhodophyta were slightly less diverse than Chlorophyta, having seven species 

within six genera, accounting for 29% of the total algal species diversity. Specifically 

identified were Acanthophora spp. (e.g., A. muscoides, A. spicifera), Halymenia 

pseudofloresii, Heterosiphonia crispella, Hypnea valentiae, Polysiphonia binneyi and 

Solieria filiformis. The available literature reported no associated neurotoxins with any of 

the identified Rhodophytes. The presence of Phaeophyta, represented primarily by 

Padina gymnospora equated to 4% of the total algal species diversity. The literature 

search held no accounts of neurotoxins isolated from P. gymnospora.  

In general, the literature search for neurotoxin-producing macroalgae returned 

limited information. Worldwide, humans regularly consume macroalgae as part of their 

natural diet including Ulva lactuca (i.e., sea lettuce), Caulerpa lentillifera (i.e., sea 

grapes), and commercially extracted agar, alginate and carrageenan from Rhodophytes 

(e.g., Acanthophora spicifera, Hypnea valentiae) for use in food processing (McHugh, 

1991). Moreover, in the last few decades, the quest for new and improved drug therapies 

has returned to harvesting bioactive secondary metabolites from the sea (i.e., macroalgae) 

as compiled by Déléris et al. (2016). Indeed, most chemical investigations of macroalgae 

focused on chemically screening crude extracts (e.g., Solieria filiformis, Padina 

gymnospora, Udotea discoidea, Ulva lactuca) towards improving available therapies 

(e.g., anticancer, anticoagulant, anti-inflammatory, antimicrobial, neuroprotective) as 

described by de Araújo et al. (2011), Supardy et al. (2012), Guedes et al. (2013), Chander 

et al. (2014) and Shanmuganathan et al. (2015). The Florida Keys human-managed 

bottlenose dolphin facility is open to tidal inputs from the Atlantic Ocean and the Florida 
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Bay watershed, often harboring HAB organisms (e.g., K. brevis, Pseudo-nitzschia spp.). 

Thus, the captive dolphin residents may well be ingesting macroalgae and particularly 

Ulva spp., growing with the enclosures, to exploit available medicinal natural products to 

self-medicate against HAB infestations. If so, these observed algal grazing behaviors may 

be the first documented evidence of an example of oral ingestion zoopharmacognosy 

(Mejia-Fava and Colitz, 2014) among captive bottlenose dolphins publicly presented in 

scientific literature.   

Cyanobacteria consistently proliferated year-round, throughout the captive 

dolphin enclosures, as large, dense mats of mixed filamentous assemblages. These 

cyanobacteria represented 13% of the algal community species variety. The filamentous 

cyanobacteria were morphologically identified, by light microscopy, as the polyphyletic, 

neurotoxigenic genus Lyngbya, including the formerly classified species, L. majuscula. In 

keeping with literature references, previously associated with the neurotoxigenic species, 

L. majuscula, the mixed assemblage mats of filamentous cyanobacteria were 

taxonomically classified as “Lyngbya spp.”, until a more refined genetic identification 

could be realized. The mixed assemblage filamentous cyanobacteria, collected in 

December 2018, were differentiated and morphologically characterized by trichome size 

and color. Chemical evaluation by LC-MS of the filamentous mixed assemblage and the 

primary morphotypes, dark red (II) and dark green (V), established that the dark green 

(V) filaments produced the bioactive metabolite of interest (i.e., eudesmacarbonate). 

Phylogenetic inference of a subsample of the dark green filamentous cyanobacteria 

voucher specimen (CAL-V), preserved in RNAlater, determined this morphotype 

comprised three closely-related Oscillatoriacean members including an undocumented 
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species of the recently recognized Neolyngbya genus as detailed in Chapter Six of this 

dissertation.   

The diversity and inventory of the microalgae samples (i.e., diatoms, 

dinoflagellates) collected in the summer showed more diversity than the winter 

collection, as anticipated (Okolodkov et al., 2014). A few, blurry digital images acquired 

using the FlowCam apparatus suggested Karenia brevis was potentially present in the site 

seawater samples. However, positive identification by visual comparison with literature 

images of K. brevis could not be achieved. Nor were Pseudo-nitzschia spp. definitively 

discerned in any of the FlowCam captured images or light microscopy digital images. 

Thus, the potential presence of two neurotoxin producing HAB microalgae remained 

dubious. Moreover, the presence of other HAB-related neurotoxigenic dinoflagellates 

(e.g., Alexandrium spp., Gymnodinium spp., Lingulodinium spp., Protoperidinium spp., 

Pyrodinium spp.) found throughout the Gulf of Mexico and the Caribbean Sea as 

described by Hernández-Becerril et al. (2007) and Wang (2008), could not be definitively 

determined using FlowCam or light microscopy.  

The seagrass, Thalassia testudinum, was sparsely present, accounting for 4% of 

the total marine flora species diversity. Notably, macroalgae (e.g., Caulerpa 

sertularioides, Halimeda spp., Penicillus capitatus) and marine plants (e.g., T. 

testudinum) have recently been identified as preferred hosts for colonization by epiphytic 

HAB-related dinoflagellates (e.g., Gambierdiscus toxicus, Ostreopsis spp.) in the 

Caribbean Sea (Rodriguez et al., 2010) and the Gulf of Mexico (Almazán-Becerril et al., 

2015), known to also produce neurotoxins (e.g., ciguatoxins, palytoxins). Moreover, 

Réveillon et al. (2016) recently established that the pennate (e.g., Phaeodactylum 
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tricornutum) and centric (e.g., Chaeotoceros spp., Thalassiosira pseudonana) marine 

diatoms produce the known neurotoxins, BMAA and 2,4 diaminobutyric acid (DAB), a 

structural isomer. Indeed, during the morphological taxonomic characterizations of the 

reference samples collected from within the captive dolphin closures, diatoms, 

dinoflagellates and cyanobacteria (i.e., Lyngbya s.l.) including Neolyngbya spp., were 

observed as epiphytes on Halimeda spp. (H. discoidea, H. scabra), and T. testudinum. 

Thus, monitoring for the potential presence of neurotoxigenic HAB-related microalgae 

(e.g., K. brevis, Pseudo-nitzschia spp., G. toxicus) was recommended to the staff of the 

marine mammal zoological facility in the event of subsequent intoxications. 

2.6 Conclusions 

The results of this chapter addressed the key question “What are the dominant 

macroalgae and/or HAB-associated cyanobacteria taxa, possibly being ingested by the 

captive dolphins, observed growing within the enclosures?” posed in Chapter One. 

Additionally, the results provide insight to postulate that the captive dolphins may be 

displaying zoopharmacognosy by ingesting macroalgae, particularly Ulva spp., shown by 

Abirami and Kowsalya (2011) to be nutrient-rich (i.e., protein, micronutrients) and to 

produce exploitable, therapeutic secondary metabolites (e.g., nutraceuticals, 

pharmaceuticals). In summary, the diversity of the macroalgal and cyanobacteria 

community was established at the marine mammal zoological facility by collecting 

representative specimens at least quarterly during the study period. The morphology-

based taxonomy studies allowed for generalizing the representative macroalgal and 

cyanobacteria communities growing within the dolphin enclosures throughout the study 

period. Chlorophyta were most diverse with the Ulva spp. (e.g., U. lactuca, U., rigida), 
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Caulerpa spp. (e.g., C. Mexicana, C. sertularioides, C. verticillata), and Halimeda spp. 

(e.g., H. discoidea, H. scabra) being most abundant. Notably, the neurotoxigenic 

Caulerpa spp. (e.g., C. prolifera, C. racemosa, C. taxifolia) were not observed any time 

during the study period. Rhodophyta were less diverse and the least represented 

macroalgae were Phaeophyta. None of the identified macroalgae species were known to 

overtly produce neurotoxic secondary metabolites. However, pervasive thick, benthic 

mats of filamentous Oscillatoriacean cyanobacteria, including an undescribed, potentially 

neurotoxigenic species of recently classified Neolyngbya spp., proliferated throughout the 

captive dolphin enclosures all year long as well. Attempts to determine the presence of 

potential neurotoxin-producing microalgae (e.g., K. brevis, Pseudo-nitzschia spp.) were 

inconclusive by light microscopy and the FlowCam apparatus.   

The persistent preponderance of cyanobacteria year-round and concurrent 

taxonomic reclassifications, using emergent, molecular phylogenetic techniques, 

warranted an attempt to more precisely characterize the cyanobacteria to the species 

level. Morphology-based taxonomic identification of the cyanobacteria specimens, using 

light microscopy and reference field guides, was conducted to assign the preliminary 

genus-level classification. The cyanobacteria comprised a mixed assemblage resembling 

members of the polyphyletic and toxigenic genus Lyngbya s.l. More precise taxonomic 

identification of the macroalgae taxa was deemed irrelevant to the scope of the 

dissertation and not pursued since no neurotoxigenic species were detected. Thus, the 

focus of the dissertation shifted to chemically evaluate the cyanobacteria for potential 

neurotoxic metabolites. Further taxonomic characterization of the cyanobacteria required 

phylogenetic techniques. 
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The morphological identification of the neurotoxigenic genus Lyngbya s.l. and its 

likely association with intoxication events occurring at the marine mammal zoological 

facility drove the focus of this investigation toward identifying potential cyanobacteria-

related neurotoxic (e.g., known, unrecognized) metabolites. The constant presence of the 

neurotoxin-producing Lyngbya s.l. morphotypes and the potential presence of HAB-

related microalgae (e.g., K. brevis, Pseudo-nitzschia spp.) warranted chemical 

investigations, specifically, for the known neurotoxic metabolites ATX-a, BMAA, STX, 

PbTx and DA. The absence of neurotoxigenic Caulerpa taxifolia and no observed 

grazing of Caulerpa spp. by the captive dolphins deemed chemical evaluations of these 

taxa irrelevant to the scope of this project.  

To conclude, no known neurotoxin-producing macroalgae were identified 

growing within the dolphin enclosures or observed being grazed by the captive dolphins. 

Epiphytic microalgae were detected but could not be decisively identified as HAB 

species. A mixed assemblage of filamentous cyanobacteria was omnipresent in the 

captive dolphin enclosures. The morphological identification of toxigenic Lyngbya s.l. 

shifted the focus of this research to chemically investigate cyanobacteria collections for 

known, or otherwise uncharacterized, neurotoxic metabolites, possibly related to the 

observed captive dolphin intoxications as detailed in next three chapters. Phylogenetic 

characterization of the cyanobacteria mat identified a dark green filamentous morphotype 

within the assemblage dominated by an undescribed species of the recently accepted 

genus Neolyngbya (Caires et al., 2018a) (see Chapter Six section 6.4 Results and 

Discussion). Chemical analysis of the cyanobacteria mat, by low-resolution LC-MS, 

suggested the production of a secondary metabolite (i.e., eudesmacarbonate) exhibiting 
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neurotoxicity in the zebrafish toxicological models comparable to PbTx-2 (see Chapter 

Six section 6.4.3 Biological Activity of Eudesmacarbonate).  

 After assessing the taxonomic results, described herein, the recommendation to 

periodically remove excessive cyanobacteria growth was proposed to the facility staff as 

a prophylactic measure to support the overall health of their resident captive dolphins. 

Likewise, monitoring for the potential presence of HAB-related microalgae (e.g., Karenia 

brevis, Pseudo-nitzschia spp., Gambierdiscus toxicus) was also suggested, especially if 

future intoxications occur. Lastly, chemical analysis of biological samples collected from 

subsequently intoxicated dolphins, for HAB-related neurotoxins, particularly brevetoxins, 

may be prudent (Maucher et al., 2007). 

Future work should include more precisely identifying the various strains of 

filamentous cyanobacteria growing within the captive dolphin enclosures to species level 

using molecular genetics and chemically evaluating these strains for other potential 

neurotoxic metabolites.  
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3. CAPTIVE DOLPHIN ALGAL GRAZING AND INTOXICATION EVENTS  

3.1 Introduction 

As described in Chapter One, human-managed bottlenose dolphins (Tursiops 

truncatus) live in a marine mammal zoological facility in the Florida Keys influenced by 

the tidal flux of the Atlantic Ocean and Florida Bay. The dolphin management program 

includes a vitamin-fortified, piscivorous diet of various fish and squid, supplemental 

hydration, and veterinarian care. Rarely, reports exist of captive dolphins experiencing 

adverse effects from HAB-related poisonings (Hokama et al., 1990). Contemporary 

scientific literature does not include accounts of wild bottlenose dolphins intentionally 

consuming macroalgae or cyanobacteria. Only one instance of zoopharmacognostic-

related behaviors involved female (i.e., gestating, lactating) Shark Bay dolphins of 

Western Australia using sponges, presumably, to supplement dietary calcium needs and 

to self-medicate by exploiting antimicrobial and anticancer natural products produced by 

the sponges (Meylan, 1988; Smolker et al., 1997).  In this research study, captive 

bottlenose dolphins have been observed grazing macroalgae, including cyanobacteria, 

growing copiously within their enclosures since 2011. The cyanobacteria comprised a 

mixed assemblage of filamentous cyanobacteria, morphologically resembling previously 

classified, neurotoxigenic Lyngbya sensu lato (s.l.) and the genetically identified genus 

Neolyngbya (Caires et al., 2018a) as previously described in Chapter Two of this 

dissertation (See Chapter Two section 2.4.1 Morphology-Based Identifications of 

Dominant Macroalgae and Cyanobacteria Taxonomies, section 2.4.3 Cyanobacteria 

Phylogenetic Characterization). Moreover, these captive dolphins periodically presented 

apparent neurotoxicity manifested by neurological symptoms including ataxia, 
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incoordination, respiratory issues and blepharospasms from which they fully recover 

under the care of the facility’s veterinarian. Chapter Three, herein, details the specific 

algal (e.g., macroalgae, cyanobacteria) ingestions and intoxication events documented by 

the facility staff with the primary goal of identifying any relationship(s) of the observed 

algal ingestions to intoxications and zoopharmacognosy (Mejia-Fava and Colitz, 2014).   

Fecal coliform serves as an anthropological contaminant indicator in aquatic 

systems. Although contamination includes fecal material from humans and animals, 

pollution from human sewage and associated pathogens are often inferred from the 

presence of FC (Paul et al., 1995; Mill et al., 2006; Mallin et al., 2007). Eutrophic 

conditions, caused by increased nutrient loading from anthropological influences (i.e., 

sewage effluents, fertilizer runoff), can lead to algal blooms, including HAB-related 

species, inducing deleterious effects on the ecosystem inhabitants (Anderson et al., 2008; 

Rhind, 2009; O’Neil et al., 2012). The seawater quality at the marine mammal zoological 

facility was periodically tested by an independent contractor between 2011 and 2014 for 

maximum fecal coliform units (FC) and water temperature (WT) in ºF. The reported data, 

from 2011 through 2014, were furnished to FIU with the secondary goal of identifying 

any potential correlations between the measured water quality parameter(s) and the 

observed dolphin intoxications and/or the algal ingestions.   

The overall intent of Chapter Three was to evaluate the facility’s observation 

records of the captive dolphin intoxication episodes relevant to the observed algal 

ingestions and/or site seawater quality measurements during the study period to identify 

any causative or predictable correlations. 
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3.2 Procedures 

3.2.1 Process for Logging Observed Captive Dolphin Algal Grazing and 

Intoxications 

Facility staff recorded, to the best of their ability, incidents of captive dolphin 

algal grazing and/or intoxication events, observed within normal daily operational hours, 

typically between 8 A.M. and 6 P.M. Pertinent data logged by facility staff included 

date(s) of observed ingestion(s), dolphin name(s), algal identification(s), and observed 

symptom(s) and date(s) of any neurological impairment(s). Facility staff identified algae 

by morphological similarity to the available reference guide provided by the FIU 

Macroalgae Laboratory using relevant common names. To facilitate identification for the 

staff observers, the FIU algae guide simplified classification of the mixed assemblage 

cyanobacteria as “Lyngbya spp.” to include morphologically similar species of the genera 

Neolyngbya, Limnoraphis and Capilliphycus. 

3.2.2 Lagoon Water Quality Assessments 

Historical data for FC and WT measurements, sampled within the north and south 

enclosures (i.e., lagoons) and the connecting canal, were obtained from the marine 

mammal facility site between 2011 and 2014. The water quality parameters were 

statistically evaluated to identify potential trends.  

3.2.3 Correlation Assessments of Captive Dolphin Observations 

Two captive dolphins, a mother-daughter pair, were chosen as the subjects of the 

investigation because of their observed algae-grazing behaviors and reported intoxication 

episodes. The observed algae ingestions were first sorted by algae-type and the number of 

days per month was determined for each type grazed. The number of days per month 
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each dolphin experienced intoxication symptoms was also calculated. Total monthly 

durations for specifically grazed algae types and intoxications for the dolphins (e.g., 

individual, combined) were plotted over time to assess any obvious patterns. The 

percentage of intoxication events relevant to each type of algae grazed was also 

determined. The seawater quality data (i.e., FC, WT) were averaged, for the three 

collection areas at the site, and plotted over time to assess any obvious patterns (e.g., 

seasonal). The north lagoon water quality parameters were also plotted over the study 

period. The FC and WT data collected from the north enclosure, where the captive 

dolphins resided, were used to statistically compare the intoxication observations for 

possible correlations.  

Statistical analyses were performed using a combination of the Real Statistics 

Resource Pack (Release 5.4.2), copyright (2013-2019) Charles Zaiontz, www.real-

statistics.com (last accessed 23JAN2018) statistical software add-in for Microsoft Excel 

(RealStats for Excel), and the IBM Corp. Released 2017. IBM SPSS Statistics for 

Macintosh, Version 25.0 (IBM Corp., Armonk, NY, USA) statistical software (IBM 

SPSS). Data amassed between 2011 through 2014 for the captive dolphin (i.e., individual, 

combined) intoxication episodes versus observed algal grazing behaviors and the FC data 

were statistically evaluated to identify potential correlations. The Shapiro-Wilk test for 

normality was applied to the intoxication events, observed for both captive dolphins 

between 2013 and 2014, and the seawater quality data (i.e., FC and WT) collected over 

the four-year period (i.e., 2011-2014). Non-parametric, two-tailed, Spearman’s rho 

correlation tests were performed to compare the observed captive dolphin intoxications 

with FC measurements. Chi Square tests of association were conducted to assess any 
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relationships between the observed algal ingestions and intoxication episodes of the 

captive dolphins (e.g., individual, combined).   

3.3 Results 

3.3.1 Captive Dolphin Observation Data and Correlation Assessments 

Initially, the facility staff provided an historical almanac of dolphin intoxication events 

(e.g., dolphin identification, dates and symptoms of observed neurological impairment) 

observed in 2011 through 2012. Additional detailed record keeping occurred between 

2013 through 2014 for the purpose of this study. Staff continued to monitor the captive 

dolphins for algal grazing behaviors and intoxication symptoms through 2016. Since 

none of the captive dolphins experienced subsequent intoxications, algae-specific 

ingestions were not reported between 2015 and 2016. Using the FIU macroalgae field 

guide, facility staff descriptively logged, to the best of their ability, individual dolphin 

ingestions (i.e., macroalgae, cyanobacteria) and intoxication events (e.g., date, 

symptoms), when directly witnessed. Photocopies of the observation logs were provided 

to FIU. The apposite data were transcribed into a Microsoft Excel spreadsheet and 

analyzed using statistical software (i.e., RealStats for Excel, IBM SPSS) to identify 

potential correlations between algal ingestions and subsequent intoxications. 

Two related captive dolphins (i.e., mother, daughter) were identified as the 

animals that predominantly grazed macroalgae, including cyanobacteria, and experienced 

apparent intoxication symptoms and became the focus of the investigation to determine 

any possible relationships between observed algal ingestions and subsequent intoxication 

events. The recorded observations, obtained for the mother and daughter captive dolphins 

during the study were first summarized (Table 3.1, Appendix). 
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Table 3.1 Summary of reported algal ingestions and intoxication events, by date(s) observed, for a mother-daughter captive dolphin pair. 

Mother JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 

2011* NA NA NA 22 NA 6 16-25 NA NA NA 18 NA 

2012* NA NA NA 18 25 12-22 17-19 31 NA 22 NA NA 

2013 28 NR NR NR NR NO NO NR NO NO NO NR 

2014 NR NR NR NR NO 5-22, 30 
1-8, 28-

31 
1,12 12 2-3 NO NR 

2015 NR NR NR NR NR NR NR NR NR NR NR NR 

2016 NR NR NR NR NR NR NR NR NR NR NR NR 

Daughter JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 

2011* NA NA NA NA NA NA NA NA NA NA 18 NA 

2012* NA 15 16 NA NA NA NA NA NA NA NA NA 

2013 NO NR NR NR NO NA NA NA 27,29 NA NA NA 

2014 NR 4 11, 21-28 15,23 NR 5-15 31 8-12 NR NR NR NR 

2015 NR NR NR NR NR NR NR NR NR NR NR NR 

2016 NR NR NR NR NR NR NR NR NR NR NR NR 

* Compiled from previous intoxication event data prior to reporting algal ingestions 

NA  = no algae ingestion data available     

NR  = no neurological symptoms observed associated with reported ingestions 

NO  = no observed ingestions or symptoms  

Note: Blue bolded entries represent simultaneously occurring dates of observations for both the mother and daughter captive bottlenose dolphins.  
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To assess possible correlations of observed intoxication events between the two 

related dolphins, the data from Table 3.1 were graphically summarized as the total 

number of days each captive dolphin exhibited intoxication symptoms per month for each 

calendar year. The study period included the four consecutive years from 2011 through 

2014 as no further intoxications occurred and logging of algae ingestions discontinued. 

The monthly intoxication event data observed for the mother and daughter captive 

dolphins were plotted consecutively over the four-year period (Figure 3.1).  

 
Figure 3.1 Monthly intoxication intervals observed for the mother and daughter captive dolphins, plotted 

consecutively from 2011 through 2014. 

The intoxication episodes seemed to occur most often during the summer months 

(i.e., June, July, August) between 2011 and 2014. The graphed data also showed a longer 

duration of intoxication symptoms during the summer months, especially during the 

summer of 2014. The fewest reported intoxication events occurred during 2013, with a 

total of three symptomatic days observed between the mother and daughter captive 

dolphins. During 2014, the daughter captive dolphin exhibited more frequent intoxication 
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events compared to the mother. Specifically, the daughter captive dolphin experienced 

three episodes lasting five days or more between March and August of 2014, whilst the 

mother endured two consecutive episodes during June and July 2014 lasting longer than 

10 days. The elder captive dolphin typically experienced intoxication symptoms of longer 

duration than the daughter. For example, the mother exhibited signs of apparent 

intoxication ranging from one to 19 days per month, whilst the daughter experienced 

symptoms ranging from one to 11 days per month. 

The intoxication episodes for each dolphin were also compared over the four-year 

period from 2011 through 2014 to identify any potential trends (Figure 3.2). 

 
Figure 3.2 Comparison of monthly intoxication occurrences observed 

for the mother (M) and daughter (D) captive dolphins over 2011-2014. 

The graphed data in Figure 3.2 showed increased intoxication events associated 

during the late spring and summer months, May through August, and peaking between 

June and July, every year except 2013. During 2011, 2012 and 2014, the total days the 
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mother captive dolphin showed signs of apparent intoxications tended to increase 

annually. Specifically, in 2011, the number of days the captive mother dolphin exhibited 

neurological symptoms totaled 13 days and increased to 18 days in 2012, whilst 2013 

was relatively intoxication free with only one symptomatic day observed. However, in 

2014, the total number of days the captive mother dolphin experienced neurological 

symptoms doubled to 36, compared to 2012. The daughter captive dolphin experienced 

only one or two days of intoxication symptoms annually until 2014 when a total of 29 

symptomatic days were observed. The mother captive dolphin also appeared to have the 

longest consecutive durations of intoxication symptoms each year compared to the 

daughter, exclusive of 2013. Particularly, in the summer of 2014, the mother experienced 

symptoms lasting a total of 36 days, more than twice that of the daughter’s 17 

consecutive symptomatic days. Moreover, the mother captive dolphin continued to 

exhibit intoxication symptoms in September and October 2014. 

Overall, intoxications occurred infrequently between 2011 and 2014 as interpreted 

from the histogram analysis of observed frequencies (Figure 3.3, Table 3.2). The 

probability of the captive dolphins experiencing intoxication symptoms lasting more than 

three days was approximately 1% compared to the 73% probability that no symptoms 

would be observed (Table 3.6). Whilst, the prospect for staff observed episode durations 

of 11 days was 2%. The likelihood of a captive dolphin exhibiting neurological 

symptoms lasting at least one day increased to 15%, whilst the chance of an episode 

lasting two days was 4%. Moreover, the monthly observed intoxication episodes were not 

normally distributed when statistically analyzed using the Shapiro-Wilk test for normality 

(Table 3.3).  
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Figure 3.3 Histogram of intoxication frequencies observed during 2011 through 2014. 

Table 3.2 Frequency table of total intoxications observed between 2011 and 2014. 

Days Symptomatic per Month Frequency % Probability 

0 70 73% 

1 14 15% 

2 4 4% 

3 1 1% 

5 1 1% 

9 1 1% 

10 1 1% 

11 2 2% 

12 1 1% 

19 1 1% 

 96 100% 

 

Table 3.3 Results of Shapiro-Wilk normality test of monthly intoxication observations during 2011-2014. 

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

W-stat 0.42 0.57 0.48 0.72 0.42 0.75 0.71 0.67 0.60 0.60 0.57 NA 

p-value 0.000 0.000 0.000 0.004 0.000 0.01 0.003 0.001 0.000 0.000 0.000 NA 

normal no no no no no no no no no no no NA 

alpha = 0.05 

  

Intoxication episodes, lasting two or more consecutive days per month, appeared 

to cluster during June and July for the mother during the four-year period (Figure 3.4). 

Similar episodes observed for the daughter captive dolphin clustered during March, June 



 

96 

 

and August. The observed monthly intoxication events, averaged for both captive 

dolphins, also displayed a general trend of one or more consecutive symptomatic days 

occurring in spring and summer (Figure 3.5).  Over the four-year period, the month of 

March showed a brief period of intoxication symptoms followed by a symptom-free 

period in late spring (i.e., May). Intoxication events peaked in the summer months of 

June and July. Overall, intoxication symptoms were experienced by one, or both, of the 

captive dolphins nearly every month over the four-year period except December. 

 

 
Figure 3.4 Average monthly intoxication episodes observed per individual captive dolphin over 2011-2014:  

A mother and B daughter. Error bars are ± SEM (n = 4). 
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Figure 3.5 Combined monthly average intoxication episodes of 

both captive dolphins between 2011 and 2014. Error bars are ± 

SEM (n = 8).  

During 2013 and 2014, the facility staff recorded the dates and common names of 

the various types of macroalgae, including cyanobacteria, observed being ingested by the 

captive dolphins, as well as the dates and symptoms of observed intoxications. Staff 

observers identified the algal specimens (i.e., macroalgae, cyanobacteria, seagrass), to the 

best of their ability, using visual inspection, cross-referenced to the FIU provided algae 

field guide. The Lyngbya spp. nomenclature, used in the FIU field guide, simplified the 

mixed assemblage cyanobacteria classification and included potential species from the 

morphologically similar genera Neolyngbya, Limnoraphis and Capilliphycus. Table 3.4 

lists the relevant algal-specific ingestion and intoxication data observed for the mother-

daughter pair of captive dolphins, extracted from the 2013-2014 facility records.   
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Table 3.4 Total days per month algal ingestions and intoxications were reported for the mother-daughter 

captive dolphin pair during 2013 and 2014. 

2013 Total Days Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Sum 

M
o

th
er

 
symptomatic 1 0 0 0 0 0 0 0 0 0 0 0 1 

Lyngbya spp. 0 0 0 0 1 0 0 1 0 0 0 0 2 

Ulva spp. 0 13 6 3 2 0 0 0 0 0 0 3 27 

Rhodophyta 0 0 1 0 0 0 0 0 0 0 0 0 1 

T. testudinum 0 0 0 0 0 0 0 1 0 0 0 2 3 

unobserved* 1 0 0 0 0 0 0 0 0 0 0 0 1 

D
a

u
g

h
te

r
 

symptomatic 0 0 0 0 0 0 0 0 2 0 0 0 2 

Lyngbya spp. 0 0 0 0 0 0 1 0 1 2 0 0 4 

Ulva spp. 0 5 1 0 0 0 1 0 0 0 0 3 10 

Rhodophyta 0 3 0 0 0 0 1 0 0 0 0 0 4 

T. testudinum 0 0 0 0 0 0 0 1 1 0 0 1 3 

unobserved* 0 0 0 0 0 0 0 0 0 0 0 0 0 

2014 Total Days Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Sum 

M
o

th
er

 

symptomatic 0 0 0 0 0 19 12 2 1 2 0 0 36 

Lyngbya spp. 0 0 0 0 0 0 0 1 0 0 0 0 1 

Ulva spp. 3 1 7 3 0 1 0 0 0 0 0 3 18 

Rhodophyta 0 1 1 0 0 0 0 0 0 0 0 0 2 

T. testudinum 1 0 0 0 0 0 0 1 0 0 0 2 4 

unobserved* 0 0 0 0 0 18 12 1 1 2 0 0 34 

D
a

u
g

h
te

r
 

symptomatic 0 1 9 2 0 11 1 5 0 0 0 0 29 

Lyngbya spp. 0 0 0 0 0 0 0 1 0 0 0 0 1 

Ulva spp. 4 1 2 1 0 0 0 0 0 0 0 0 8 

Rhodophyta 1 1 0 0 0 0 1 0 0 0 0 0 3 

T. testudinum 2 0 0 0 0 0 0 0 0 0 0 0 2 

unobserved* 0 0 0 1 0 11 0 0 0 0 0 0 12 

*No overt algal ingestions were reported by staff; the total duration of the observed intoxication symptoms 

may have resulted from undocumented algal ingestions while captive dolphins were not monitored by staff. 

 

The diversity of the algae ingested, by both dolphins, was summarized, as 

percentages of the total recorded grazing occurrences (Table 3.5, Figure 3.6) inferred 

from the observed frequencies each type of algae grazed in Table 3.4. 
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Table 3.5 Summary of total days algal ingestions were observed, by algae type, for both captive dolphins 

during 2013 and 2014. 

Algae type ingested Lyngbya spp. Ulva spp. Rhodophyta T. testudinum Total 

Total number of days ingested 8 63 10 12 93 

Percent algae ingested by type 8 68 11 13 100 

 

The captive dolphins, predominately, grazed sea lettuce, previously identified in 

Chapter Two of this dissertation, as Ulva spp. (e.g., U. lactuca, U. rigida) 68% of the 

time, followed by the seagrass, Thalassia testudinum (13%), red macroalgae 

(Rhodophyta) not typically identified (11%), and cyanobacteria, categorized as Lyngbya 

spp., including Neolyngbya spp. and potential members of the Limnoraphis and 

Capilliphycus genera, least often at 8%. 

 

 
Figure 3.6 Percentages of observed macroalgae and cyanobacteria ingestions by type. 

The number of days intoxication symptoms were concomitant to specific algal 

ingestions (Table 3.6) was calculated from the data presented in Table 3.4 and shown as 

percentages of the total ingestions for each type of algae (Figure 3.7).  
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Table 3.6 Summary of algae-specific ingestions relevant to intoxication events. 

Algae Type Lyngbya spp. Ulva spp. Rhodophyta  T. testudinum 

Number of days ingestions related to 

intoxication events 
3 5 2 1 

Total number of days algae ingested 8 63 10 12 

Percent of intoxication relevance 38 8 20 8 

 

 
Figure 3.7 Percentages of intoxication-related algal ingestions per algae type. 

The highest incidence of intoxication symptoms concomitant to ingestions, 38%, 

was observed for the filamentous cyanobacteria (i.e., Lyngbya spp.), the algal type least 

often consumed by the captive dolphins. The most frequently ingested macroalgae, sea 

lettuce (i.e., Ulva spp.), was associated 8% of the time with intoxications. Whilst, 

intoxications observed with red macroalgae (Rhodophyta) and turtle grass (i.e., Thalassia 

testudinum), grazed with similar frequency, were affiliated 20% and 8% of the time, 

respectively. As previously described in Chapter Two of the dissertation, the filamentous 

cyanobacteria often entangled and/or were epiphytic to the macroalgae specimens (e.g., 

Rhodophyta, T. testudinum). Moreover, staff observations of algal grazing by the captive 
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dolphins were constrained to normal business hours.  Thus, as previously shown in Table 

3.4, the facility staff logged incidents of apparent intoxications with, and without, directly 

observing concurrent algal ingestions. The algae ingestion category “unobserved” was 

added to account for intoxication events for which specific algal ingestions were not 

directly observed by the facility staff, particularly outside normal business hours (Table 

3.7, Figure 3.8).   

 

Table 3.7 Overall diversity of observed intoxication incidents by algae type. 

Algae Type 
Lyngbya 

spp. 

Ulva 

spp. 
Rhodophyta T. testudinum “Unobserved”  Total 

Number of days 

intoxications related to 

algae ingestions 

8 12 2 1 47 70 

Percent of algae-specific 

intoxications relative to 

total intoxication days  

12 17 3 1 67 100 

 

 
Figure 3.8 Overall percentages of intoxication events related to overt, or 

otherwise “unobserved”, algal ingestions. 

Nearly 70% of the time, reported intoxication symptoms could not be associated 

with any specifically observed algal ingestions. Whereas, grazing of Ulva spp. related to 
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intoxications 17% of the time and Lyngbya spp. ingestions associated with 12% of the 

intoxication episodes. Observed grazing of red macroalgae and turtle grass accounted for 

fewer instances of intoxication at 4% and 1%, respectively.  The grazing patterns of the 

captive dolphins were also examined over time (Table 3.8, Figure 3.9, Appendix). During 

the two-year period that algal ingestions were logged by facility staff (i.e., 2013, 2014), 

the mother and daughter dolphins grazed sea lettuce (Ulva spp.) an average of 5.3 ± 1.0 

(SEM, n = 48 months) days, compared to turtle grass (T. testudinum) grazed an average 

of 1.1 ± 0.2 days. Cyanobacteria and Rhodophyta grazing averaged less than one day 

during 2013 and 2014, at 0.7 ± 0.1 day and 0.8 ± 0.2 day, respectively. 

 

Table 3.8 Average algal grazing habits of the mother and daughter captive dolphins observed 

during 2013 and 2014. 

2013-2014 Observations Ulva spp. Lyngbya spp. Rhodophyta T. testudinum 

Average both 5.3 0.7 0.8 1.1 

SEM, n = 48 months 1.0 0.1 0.2 0.2 

Mother Average 3.8 0.3 0.3 0.6 

SEM, n = 24 months 1.0 0.1 0.1 0.3 

Daughter Average 1.5 0.4 0.6 0.5 

SEM, n = 24 months 0.4 0.1 0.3 0.1 

SEM = Standard Error of the Mean     
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Figure 3.9 Average grazing behaviors of both captive dolphins observed 2013-2014. Error 

bars are ± SEM (n = 48 months). 

The mother captive dolphin grazed sea lettuce and turtle grass more frequently 

than the daughter, and the daughter appeared to preferentially graze cyanobacteria and 

red macroalgae (Table 3.8, Figure 3.10). Over the two-year period, staff observed the 

mother grazing sea lettuce an average of 3.8 ± 1.0 days, nearly four times more often than 

the average of 1.5 ± 0.4 days by the daughter. compared to the daughter. Observed 

ingestions of turtle grass by the mother averaged 0.6 ± 0.3 days compared to the 

daughter’s average of 0.5 ± 0.1 day.  The daughter was observed grazing cyanobacteria 

and red macroalgae respectively averaging 0.4 ± 0.1 day and 0.6 ± 0.3 day. Whilst, the 

average grazing behavior of the mother appeared uniform for both cyanobacteria and red 

algae at 0.3 ± 0.1 day.   
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Figure 3.10 Average grazing behaviors observed for the mother and daughter captive dolphins during 2013 

and 2014: A two-year data for the mother and B two-year data for the daughter. Error bars are ± SEM (n = 

24 months).  

The monthly durations of intoxications and algae-specific ingestions, observed for 

the mother and daughter captive dolphin pair between 2013 and 2014 (see Table 3.4), 

were also compared over time to identify potential trends (Figure 3.11).  
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Figure 3.11 The total number of days, per month, intoxication symptoms and algae-specific ingestions were reported for the mother and daughter captive 

dolphins during 2013 and 2014: A mother 2013 data, B mother 2014 data, C daughter 2013 data and D daughter 2014 data. Note: The numerical values 

indicate the number of days intoxication symptoms were observed for the specified dolphin. 
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Statistical analyses of the 2013 and 2014 data, previously presented in Table 3.8, 

was performed using IBM SPSS could not establish any significant correlations between 

the monthly observed algal ingestions and intoxications per year shown in Figure 3.11 A-

D. The statistical results are included in the Appendix. Two instances of ingesting 

cyanobacteria and subsequent intoxication symptoms occurred during the study period, 

one for the daughter captive dolphin in September 2013 and one involving both captive 

dolphins in August 2014. The daughter 2013 and mother 2014 incidents coincided with 

reported ingestions of T. testudinum. Macroalgal ingestions, particularly Ulva spp., 

during 2014, appeared to correlate with intoxications between February and April for the 

daughter and in June for the mother. Rhodophyta ingestions related to intoxications 

observed for the daughter captive dolphin in February and July 2014. Cyanobacteria and 

macroalgae ingestions were logged for both captive dolphins without subsequent 

intoxications during 2013 and January 2014. Moreover, intoxications were reported 

without observed algal ingestions.  For example, neither the single January 2013 

intoxication episode nor the 2014 September and October intoxications, reported for the 

mother, could be attributed to any known algal ingestion. During June 2014, both captive 

dolphins exhibited intoxications lasting longer than 10 days for which no algal ingestions 

were recorded prior to the onset of symptoms. Notably, in late June 2014, the mother was 

observed ingesting Ulva spp. followed by at least one day of intoxication symptoms and 

perhaps early July (see Table 3.1, Appendix). However, no overt alga-specific ingestions 

were observed by the staff relative to the intoxication symptoms exhibited by the mother 

captive dolphin at the end of July 2014. Thus, the recorded symptoms of intoxication, 
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attributed to unknown sources, may reflect potential unobserved algal and/or 

cyanobacteria ingestions occurring outside normal hours of operations.  

Statistical evaluations of the observed captive dolphin data (i.e., individually, 

combined) were conducted, using the Pearson’s chi-square test for independence, to 

identify potential correlations between algal ingestions and intoxications (see Appendix). 

Specifically, the intoxication observations were compared to algal ingestions relative to 

algae type (e.g., Ulva spp.) and seasonal effects (i.e., winter, spring, summer, fall) (see 

Appendix). No significant correlations (e.g., p < 0.05) were identified for any of the 

statistical comparisons as summarized in Table 3.9 through Table 3.11 from the results 

data provided in the Appendix of this dissertation.  

 

Table 3.9 Summary results of Pearson’s Chi-Square test for independence between intoxications and algal 

ingestions for the mother-daughter captive dolphin pair. 

Intoxications versus Algal Ingestions Mother Daughter Both 

Pearson’s Chi-Square value 1.433 3.048 2.49 

Probability value 0.231 0.081 0.115 

Chi-Square critical value = 3.841 for 1 degree of freedom and alpha (p) = 0.05 

 

Table 3.10 Summary results of Pearson’s Chi-Square test for independence between intoxications and Ulva 

spp. ingestions for the mother-daughter captive dolphin pair. 

Intoxications versus Ulva spp. Ingestions Mother Daughter Both 

Pearson’s Chi-Square value 2.741 0.509 0.738 

Probability value 0.098 0.476 0.390 

Chi-Square critical value = 3.841 for 1 degree of freedom and alpha = 0.05 
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Table 3.11 Summary results of Pearson’s Chi -Square test for independence between intoxications and 

seasonal algal ingestions for the mother-daughter captive dolphin pair. 

Intoxications versus Seasonal Algae Ingestions Mother Daughter Both 

Pearson’s Chi-Square value 4.444 2.218 4.536 

Probability value 0.217 0.528 0.209 

Chi-Square critical value = 7.815 for 3 degrees of freedom and alpha = 0.05 

 

3.3.2 Lagoon Water Quality Data and Correlation Assessments 

A next step toward assessing the possible causes of the apparent intoxication 

symptoms exhibited by the captive dolphins involved reviewing the lagoon water quality 

data (i.e., FC, WT) measured between 2011 and 2104. The FC and WT were measured 

from 100 mL of seawater sampled from the north and south captive dolphin enclosures 

(i.e., lagoon) and the adjoining residential canal, periodically (e.g., bi-annually, monthly), 

by an independent contractor from 2011 through 2014. The compiled raw data reports, 

provided to FIU, were then transcribed into a Microsoft Excel spreadsheet for data 

analysis. First, the WT data were converted from ºF to ºC. Both water quality parameter 

data sets were respectively averaged from the three sampling areas per timepoint as 

tallied in Table 3.12. The raw data and graphical analysis are provided in the Appendix of 

this dissertation. 
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Table 3.12 Average monthly site seawater quality parameters measured 2011-2014. 

Year 2011 2012 2013 2014 

Data AFC AWT (°C) AFC AWT (°C) AFC AWT (°C) AFC AWT (°C) 

JAN - - - - - - - - 

FEB 5.8 ± 1.7 21.9 ± 0.2 - - - - 19.7 ± 3.8 23.0 ± 1.3 

MAR - - - - 5.7 ± 3.2 23.3 ± 0.0 7.3 ± 0.9 26.3 ± 0.4 

APR - - - - - - 17.3 ± 10.5 26.1 ± 0.0 

MAY - - 9.2 ± 4.4 27.8 ± 0.0 - - 25.7 ± 11.0 25.9 ± 0.2 

JUN - - 3.3 ± 1.9 29.4 ± 0.0 2.0 ± 0.0 24.4 ± 0.0 5.7 ± 1.2 28.4 ± 0.6 

JUL - - 2.7 ± 1.2 29.4 ± 0.0 - - 4.0 ± 0.8 29.4 ± 0.0 

AUG 17.5 ± 0.0 29.4 ± 0.0 5.0 ± 4.0 29.4 ± 0.0 - - 8.7 ± 1.3 29.8 ± 0.2 

SEP - - 30.0 ± 2.0 29.4 ± 0.0 - - 5.7 ± 0.9 28.5 ± 0.4 

OCT - - 16.0 ± 0.6 26.1 ± 0.0 16.0 ± 0.0 24.4 ± 0.0 8.7 ± 0.9 26.5 ± 0.2 

NOV - - - - - - 7.7 ± 0.9 24.3 ± 0.2 

DEC - - 5.0 ± 1.4 23.3 ± 0.0 - - 3.0 ± 1.5 26.1 ± 0.0 

AFC = Average maximum fecal coliform units per 100 mL seawater 

AWT  = Average seawater temperature (°C) 

-          =  seawater quality parameter was not measured. 

Error values are  SEM (Standard Error of the Mean), n = 3 

 

Application of the Shapiro-Wilk test for normality indicated the monthly average 

WT data (AWT), were not typically normally distributed over the four-year period, 

except for March (Table 3.13). The monthly average FC measurements (AFC), overall, 

showed normal distributions during the study (Table 3.14).   

Table 3.13 Results of Shapiro-Wilk normality test of 2011-2014 AWT (ºC) measurements. 

Month: Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

W-stat NA 0.70 0.92 NA 0.78 0.78 2E-33 0.54 0.77 0.72 0.75 0.68 

p-value NA 0.01 0.49 NA 0.04 0.01 0.00 2E-05 0.03 0.01 -9E-07 0.004 

normal NA no yes NA no no no no no no no no 

alpha = 0.05 

 

Table 3.14 Results of Shapiro-Wilk normality test of 2011-2014 measured AFC (units per 100 mL 

seawater). 

Month: Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

W-stat NA 0.95 0.97 0.88 0.89 0.85 0.89 0.88 0.81 0.93 0.96 0.94 

p-value NA 0.71 0.88 0.32 0.30 0.08 0.38 0.15 0.08 0.58 0.64 0.65 

normal NA yes yes yes yes yes yes yes yes yes yes yes 

alpha = 0.05 
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The measured water quality parameters (i.e., WT  and FC) were respectively 

averaged for the three sampling stations during 2011 through 2 014 (Figure 3.12) and 

examined by descriptive statistics and Box plot analysis using RealStats for Excel – the 

raw data and summary results are provided in the Appendix. Overall, the average site 

seawater temperatures tended to increase, from February lows of 22 °C through spring, 

reaching a maximum of 29 °C sustained during the summer months of June through 

August, followed by progressive cooling throughout fall as was expected (Figure 3.13, 

Appendix). Annual average site seawater temperatures, measured over the four years, 

ranged between a minimum of 21.9 ± 0.2°C (SEM, n = 3) in February 2011 and a 

maximum of 29.8 ± 0.2 °C (SEM, n = 3) in August 2014. Site seawater temperatures, 

over the four years, averaged 26.9  0.3 °C (SEM, n = 66 total measurements) with 

minima of 21.7 °C observed in February 2011 and 2012 and an absolute maximum of 

30.0 °C in August 2014. Whilst the monthly AWT (ºC), averaged over the four years, 

ranged between the February minimum of 23.1 ± 0.8 ºC (SEM, n = 6) and the August 

maximum of 29.6 ± 0.1 ºC (SEM, n = 9) with an overall average for the  year of 26.6 ± 

0.6 ºC (SEM, n = 11 months) (Figure 3.13, Appendix). 
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Figure 3.12 Average monthly site seawater quality parameters, plotted consecutively, from 2011 through 2014, with AFC indicating average maximum 

fecal coliform (units per 100 mL) and AWT indicating average seawater temperatures (ºC). Error bars are ± SEM (n = 3). 
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Figure 3.13 Box plot of 2011-2014 average site seawater temperature (AWT) 

measurements (ºC) with error bars denoting ± SD (n = 3) and  indicating means. 

The average fecal coliform measurements appeared to generally follow the same 

trend as the average seawater temperatures (Figure 3.14, Appendix). The monthly AFC 

measurements generally averaged 10.2 ± 1.6 FC (SEM, n = 11 months) during the study 

period, ranging from a July average minimum of 3.2 ± 0.8 FC (SEM, n = 5) to a 

September average maximum of 17.8 ± 5.5 FC (SEM, n = 6) and. Overall, fecal 

coliforms averaged 9.8 ± 1.2 FC (SEM, n = 66) during 2011 through 2014 and ranged 

from 1.0 to 45.0 FC. The timing of the absolute minima and maxima varied each year. 

For example, minimum measurements of 1.0 FC clustered between June through August 

of 2012 and occurred once more in December of 2014. Whilst, measurements greater 

than 30 FC were observed in September 2012 and then in April and May of 2014. 

Moreover, the variability of the AFC measurements obtained from the north and south 

enclosures and canal areas ranged from consistent (± 0.0) to inconsistent (± 11.0), as 

determined by the SEM values for the three sampling areas over time (Figure 3.14, 
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Appendix). Thus, the focus of the statistical inquiry shifted to water quality 

measurements, particularly FC, from the north lagoon where the affected captive 

dolphins resided to evaluate any potential historical or predictable trends observed for the 

pair (Figure 3.15) or each individual (Figure 3.16) during the study period. 

 

 
Figure 3.14 Box plot of 2011-2014 average maximum fecal coliform measurements (AFC) 

measured as units per 100 mL seawater with error bars denoting ± SD (n = 3) and  

indicating means.



 

114 

 

 

 
Figure 3.15 Consecutive plot of 2011-2014 monthly observed intoxication days symptomatic for both captive dolphins and the north lagoon water quality 

parameters with FC indicating maximum fecal coliform units (per 100 mL) and WT indicating lagoon water temperatures (ºC). 
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Figure 3.16 Consecutive plot of 2011-2014 monthly observed intoxication events (IE), expressed as days symptomatic, for the mother and daughter 

captive dolphins, relevant to the north lagoon seawater quality parameters with FC indicating maximum fecal coliform units (per 100 mL) and WT 

indicating lagoon water temperatures (°C).   
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The seawater temperatures for the north lagoon ranged from the February 2011 

minimum of 21.7 °C (71.0 °F) to the August 2014 maximum of 30.0 °C (86.0 °F) with an 

average temperature of 26.9  0.6 °C (80.4   1.0°F) over the four-year study period 

(Figure 3.15).  The average of the 2011 to 2014 FC measurements for the north lagoon 

was 8.6 ± 1.6 FC and ranged from the 1.0 FC minima observed during July and August of 

2012 to the 28.0 FC maximum measured in September 2012 (Figure 3.15). The maxima 

of monthly observed intoxications, expressed as days symptomatic for the mother-

daughter captive dolphin pair, individually and combined, occurred in June 2011, 2012 

and 2014 (Figure 3.15 and Figure 3.16). These intoxication maxima did not appear to 

coincide with the FC maxima observed during 2011 through 2014. Statistical analysis of 

the individual captive dolphin intoxication data and the FC data did not indicate any 

significant correlations, using a non-parametric, Spearman’s rho two-tailed test for 

significance (Appendix) between the north lagoon FC data and the combined dolphin 

intoxication observations when averaged annual over the study (Figure 3.17).   
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Figure 3.17 Comparison of annual maximum fecal coliform units per 100 mL north lagoon water (FC) versus 

annual frequencies of intoxications events observed for both captive dolphins relative to instances of no 

intoxications over the study period (2011-2014). 

Overall, the data for the site water quality and the captive dolphin observations 

were either too limited or too varied to determine a more causative relationship via 

rigorous statistical analyses using IBM SPSS. (see Appendix)  

3.4 Discussion 

During the study period, the facility staff directly observed several captive 

dolphins playing with and/or ingesting macroalgae, primarily Ulva spp. (e.g., U. lactuca, 

U. rigida) and cyanobacteria (i.e., Lyngbya spp.) with and without, subsequently 

exhibiting apparent intoxication. The observed captive dolphin algal grazing, perhaps 

indicative of active pharmacognosy-related behaviors, are reported here for the first time 

for public dissemination. The observed grazing behaviors, overall, estimated Ulva spp. 
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was ingested 68% of the time followed by T. testudinum, unspecified Rhodophyta, and 

cyanobacteria, respectively at 13%, 11% and 8% of the time (see Figure 3.6). Notably, as 

described in Chapter Two, the captive dolphins most often ingested Ulva spp., generally 

recognized as a nutritionally valuable, non-toxic genus (Abirami and Kowsalya, 2011). 

However, Ulva spp. are also known to inhibit epiphytism by the HAB organisms Karenia 

brevis and Pseudo-nitzschia spp. and to produce therapeutic secondary metabolites 

including antioxidants (Tang and Gobler, 2011; Ratnayake et al., 2013). Concomitant 

intoxications were observed relative to algae-specific ingestions (see Figure 3.7). 

Particularly, intoxications were 38% related to cyanobacteria ingestions, compared to 

20% for red macroalgae and 8% each for sea lettuce (Ulva spp.) and turtle grass (i.e., T. 

testudinum). The facility staff also logged the captive dolphins exhibiting episodic 

intoxications for which no algal ingestions were reported. These “unobserved” sources 

accounted for 67% of the overall intoxications when compared with algae-related 

incidents (see Figure 3.8). Intoxications were then associated to ingestions of Ulva spp. 

and Lyngbya spp., including Neolyngbya spp., at 17% and 12%, respectively. Whilst, 

approximately 3% of Rhodophyta and 1% of T. testudinum ingestions were related to 

intoxications. Direct observations of the captive dolphins grazing the cyanobacteria and 

macroalgae were limited to staff availability during normal hours of operation. Thus, the 

actual grazing behaviors of the captive dolphins are likely underestimated.  

The prolific and persistent abundance of neurotoxigenic Lyngbya s.l., observed 

growing within the captive dolphin enclosures throughout the study, suggested that the 

captive dolphins were ingesting the cyanobacteria at a higher frequency than witnessed 

by the facility staff. Moreover, the neurological symptoms (e.g., ataxia, uncoordinated 
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swimming, seizure-like behavior, blepharospasms) associated with the apparent 

intoxication events remained consistent overall, regardless of the type of algal ingestions 

observed (e.g., macroalgae, cyanobacteria). As previously discussed in Chapter Two, 

microalgae observed to be epiphytic on the algae and cyanobacteria samples associated 

with the reported algal consumptions. However, neither of the neurotoxin-producing 

(e.g., brevetoxin, domoic acid) HAB-related epiphytes (e.g., Karenia brevis, Pseudo-

nitzschia spp.) were positively identified. Thus, the observed intoxication events could be 

attributed to ingesting the known, neurotoxin-producing cyanobacteria (i.e., Lyngbya s.l.), 

overtly and incidentally, via grazing the macroalgae, particularly Rhodophyta. The 

findings herein led to chemical investigations of the cyanobacteria sampled from the 

captive dolphin lagoon for the presence of known or otherwise, uncharacterized, 

neurotoxic metabolites described in Chapters Four through Six. 

From the staff observational records, a mother-daughter pair of related dolphins 

appeared to preferentially graze Ulva spp. and cyanobacteria (i.e., Lyngbya s.l.) and most-

often presented intoxication symptoms. The observational data logs indicated a general 

pattern of independent grazing and symptoms of intoxication between the mother-

daughter pair of captive dolphins (see Figure 3.10 and Figure 3.11). However, both 

captive dolphins simultaneously experienced episodes of intoxications in November 2011 

and during the summer of 2014 (i.e., June, July, August) as previously shown in Figure 

3.1. Overall, the mother captive dolphin exhibited at least one major intoxication event, 

lasting up to 10 or more days per month, typically during the summer months of June 

through August in 2011, 2012 and 2014. During 2014, both captive dolphins experienced 

the most intoxications reported for the study. The mother dolphin endured a total of 33 
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symptomatic days between June and July. Comparatively, the daughter dolphin was 

symptomatic for 17 days during the summer. However, the daughter dolphin experienced 

12 additional days of intoxication symptoms between February and April of 2014, whilst 

the mother dolphin was symptom-free during that time.  

Specifically, both captive dolphins concurrently exhibited ataxia, uncoordinated 

swimming behaviors, ocular dysfunctions (i.e., blepharospasms), and respiratory issues 

(i.e., unspecified) between June and August of 2014. However, no immediate sampling or 

chemical investigations of macroalgae or cyanobacteria could be performed since the 

FIU-marine mammal zoological facility research agreement was still pending. A small 

amount of biomass, collected by the facility staff in August 2014, was stored on site at -

20 °C, until retrieval in October 2014. However, the samples were too degraded and 

limited for either taxonomic characterizations or comprehensive chemical analyses (see 

Chapter Four).  

From the observed cyanobacteria ingestion and subsequent intoxication data, 

combined for both captive dolphins, a general trend was elaborated. Intoxication events 

appeared to increase in the spring, peak during the summer months (e.g., June, July), and 

decline in the fall as typically expected with annual HAB bloom growth and subsidence 

trends. Notably, 2013 was a year relatively devoid of any reported intoxication symptoms 

despite reported algal ingestions. However, no statistically significant correlations could 

be determined between algal ingestions and apparent intoxications. The facility’s 

veterinarian addressed and typically resolved each intoxication case within several days. 

An examination of site seawater quality data, particularly fecal coliform, 

measured as the average maximum fecal coliform counts per 100 mL of collected lagoon 
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seawater, suggested an anticipated cyclic, seasonal trend. Periods of high nutrient input 

are often reflected by elevated AFC and indicative of eutrophic conditions. The observed 

AFC maxima could be attributed to anthropogenic-related inputs associated with 

increased human activities during the summertime. Likewise, spikes in AFC 

measurements greater than 9.8 ± 1.2 (SEM, n = 66) observed during the winter (e.g., 

February 2014) and spring months (e.g., April 2014) were possibly attributed to the 

“wintering over” effect resulting from the influx of seasonal residents escaping colder 

climes (see Figure 3.12 and Figure 3.15). Anthropogenic eutrophication likely 

contributed to the increased FC measurements in late summer through early fall between 

2011 and 2012. Moreover, individual AFC seawater samples could have been collected 

very near a release of captive dolphin fecal matter, thus accounting for the large 

variability observed in the calculated averages. For example, the maximum value of 30.0 

 2.0 AFC (SEM, n = 3), obtained in September 2012, was less variable than the May 

2014 observed maximum of 25.7  11.0 AFC (SEM, n = 3). Statistically, the water 

quality data (i.e., AWT, AFC) were too sporadic to establish any causal relationships 

(e.g., long-term, seasonal).  Nor were statistical correlations (i.e., Spearman’s rho, 

Pearson Chi-Square) established between the observed captive dolphin intoxications and 

the FC data sampled specifically from their lagoon.  

The fecal coliform measurements were graphically compared to the observed 

algal ingestions and intoxication events experienced by the captive dolphins during 2013 

and 2014 (see Figure 3.15 and Figure 3.16). Episodic eutrophic conditions occurred 

throughout the study period. The proliferation of Ulva spp. generally coincided with the 

seasonal elevation of AFC during the summer months as expected. The captive dolphins 
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appeared to graze Ulva spp. (e.g., U. lactuca) more frequently during the winter and the 

spring, with and without subsequently exhibiting apparent signs of intoxications. The 

copious and continuous growth of cyanobacteria growth throughout the year did not 

appear to be correlated with either temperature or fecal coliform measurements. 

Moreover, statistical analyses of these data could not determine any definitive causal 

relationships between water quality parameters, algal growth, reported grazing behaviors 

or intoxications (see Appendix). 

Notably, the mother and daughter dolphins were subsequently relocated in 2015 

from the North enclosure to the opposing South enclosure. The staff continued to observe 

the pair ingesting cyanobacteria, without displaying any further intoxication symptoms 

since their move. Additionally, the fencing along the canal of each enclosure was 

replaced and a general clean up (e.g., removal of debris, cyanobacteria) of both 

enclosures occurred.  

The facility staff observations of captive dolphins intermittently grazing of 

macroalgae and cyanobacteria, followed by apparent intoxications, led to the collection 

and subsequent morphology-based taxonomic characterizations of the algal community 

growing within the habitats. The facility staff observed the captive dolphins ingesting the 

cyanobacteria qualitatively identified as neurotoxigenic Lyngbya spp. Staff also observed 

a related pair of captive dolphins exhibiting symptoms of seemingly neurological 

impairment (e.g., ataxia, uncoordinated swimming) subsequent to the algal grazing. The 

staff observations led to chemically evaluating collections of the cyanobacteria for known 

or otherwise, previously uncharacterized, neurotoxic metabolites detailed in Chapters 

Four through Six of this dissertation.  
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3.5 Conclusions 

The results of this chapter primarily sought to establish correlations between the 

apparent intoxication episodes and observed algal grazing behaviors of the captive 

dolphins. Overt algal grazing has not yet been reported in the available literature and is 

presented here to bring public attention to the phenomenon. Herein, zoopharmacognosy 

is hypothesized to rationalize the observed algal ingestions. Facility staff observed and 

recorded captive dolphins occasionally grazing macroalgae, primarily Ulva spp., and 

significant to this research, cyanobacteria identified as the neurotoxigenic, polyphyletic 

genus Lyngbya. A mother-daughter pair of captive dolphins were most-often observed 

ingesting Ulva spp. and the cyanobacteria. Subsequently, these captive dolphins 

presented neurotoxicity seeming intoxications as evidenced by neurological impairments 

(i.e., ataxia, uncoordinated swimming, blepharospasms). Each case of apparent 

intoxication was addressed by the facility’s veterinarian, and all cases were resolved. The 

observations logged by the facility staff during the summer of 2014 suggested a positive, 

causal relationship indicative of the possible presence of neurotoxic agent related to the 

material ingested. However, in general, any observed intoxication events could not be 

well correlated (i.e., statistically) to specific ingestion observations due to the 

uncontrolled variability with overall monitoring (e.g., daily staff changes, staff 

assessment abilities, hours of facility operation).  

The summer 2014 simultaneous intoxication events of two related dolphins 

correlated to ingesting cyanobacteria (i.e., Lyngbya spp.) including Neolyngbya spp. 

fueled the chemical evaluations of collected cyanobacteria for the presence of known, or 
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otherwise unidentified, neurotoxic metabolites described in Chapters Four through Six, 

respectively.  

Future work should include continued monitoring of the captive dolphin grazing 

behaviors and subsequent intoxications to acquire a more statistically robust data set to 

better establish and/or predict future intoxication events. In addition, the results herein, 

provide an unprecedented opportunity to investigate the zoopharmacognosy hypothesis to 

explain the observed algal and cyanobacteria ingestions.  
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4. CHEMICAL EVALUATION OF CYANOBACTERIA BIOMASS FOR 

KNOWN NEUROTOXINS 

4.1 Introduction 

Literature abounds with chemical investigations of bioactive secondary 

metabolites produced by aquatic cyanobacteria (e.g., dermatoxins, hepatotoxin, 

neurotoxins) and marine phytoplankton (e.g., diatoms, dinoflagellates) associated with 

shellfish poisonings (e.g., amnesic, diarrhetic, neurotoxic, paralytic) as reviewed by 

Aráoz et al. (2010). Human activity often impacts environmental conditions to favor 

proliferation of toxin-producing algae. Harmful algal blooms (HAB) result from the 

release of high concentrations of toxins into the ecosystem during bloom subsidence. 

Erdner et al. (2008) presented an excellent overview of concerns and challenges imposed 

on human health by HAB events. Release of puissant, deleterious neurotoxins including 

anatoxins (ATX), brevetoxins (PbTx), domoic acid (DA), -methylamino-L-alanine 

(BMAA) and saxitoxins (STX) occurs during the subsidence of specific HAB 

cyanobacteria, diatom, and dinoflagellate species. Indeed, as a result of the serious health 

implications posed by human exposures, the USA Food and Drug Administration (U.S. 

FDA) developed guidance concerning several fisheries-related HAB toxins describing 

sources, control strategies, tolerable limits and detection methods per U.S. FDA 

UCM252395 Chapter 6 (U.S. FDA, 2011). Table 4.1 précises some of the culprit 

neurotoxigenic HAB genera with their respective aquatic habitats. 
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Table 4.1 Example neurotoxigenic HAB organisms. 

Neurotoxin Habitat Organism Genus Reference 

ATX 
freshwater, 

marine 
cyanobacteria 

Anabaena 
Devlin et al. (1977) 

Onodera et al. (1997) 

Aphanizomenon Wood et al. (2007) 

Cylindrospermopsis Lagos et al. (1999) 

Oscillatoria 

Phormidium 

Aráoz et al. (2005) 

Cadel-Six et al. (2007) 

Planktothrix Viaggiu et al. (2004) 

Tychonema Shams et al. (2015) 

STX 

freshwater, 

estuarine, 
cyanobacteria 

Cylindrospermopsis 
Lagos et al. (1999) 

Filho et al. (2008) 

Lyngbya* (e.g., L. wollei) Carmichael et al. (1997) 

Anabaena 

Aphanizomenon 
Mihali et al. (2009) 

Planktothrix Pomati et al. (2000) 

marine, 

estuarine 
dinoflagellate 

Alexandrium 
Anderson et al. (1990) 

Lilly et al. (2007) 

Gymnodinium Oshima et al. (1987) 

Pyrodinium Harada et al. (1982) 

BMAA 

freshwater, 

estuarine, 

marine, 

desert 

cyanobacteria 

Aphanizomenon 

Chroococcidiopsis 

Cylindrospermopsis 

Lyngbya* 

Myxosarcina 

Nostoc 

Symploca 

Trichodesmium 

Cox et al. (2005) 

marine diatom 

Chaetoceros 

Phaeodactylum 

Thalassiosira 

Skeletonema 

Réveillon et al. (2016) 

Jiang et al. (2014a) 

marine dinoflagellate Heterocapsa (e.g., H. triquetra) Jiang and Ilag (2014) 

PbTx marine dinoflagellate 

Karenia (e.g., K. brevis) 

formerly Ptychodiscus brevis, 

Gymnodinium breve 

Lin and Risk (1981) 

Haywood et al. (2007) 

DA marine diatom Pseudo-nitzschia Wright et al. (1989) 

* Taxonomic revisions include Moorea spp. and Okeania spp. (Engene et al., 2012 and 2013a, b) and 

Neolyngbya spp. (Caires et al., 2018a) 

 

Reviews by Stewart et al. (2008) and Backer et al. (2013) and, most recently, by 

Wood (2016) indicate that HAB-related neurotoxin contaminations are particularly 

worrisome because of the adverse health outcomes for exposed people and animals (e.g., 

companion, wildlife, farm). Economic concerns arise when agricultural, aquacultural, 
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recreational and potable water resources are negatively impacted by the presence of 

HAB-organisms as described by Anderson et al. (2000), Anderson (2004), and Hoagland 

et al. (2002). Allelopathic reactions to environmental stressors feasibly stimulate 

production of neurotoxic secondary metabolites in a variety of marine algae and 

cyanobacteria. For example, herbivory of Caulerpa taxifolia elicits a chemical defense 

response to produce an unpalatable (e.g., neurotoxic) cicatrizant (Weissflog et al., 2008). 

Thus, a variety of chemical classes have been biologically synthesized to elicit adverse 

neurotoxic responses within afflicted organisms via specifically targeted metabolic 

pathways and modes of action. As such, structure activity relationship studies (SAR), 

through in vitro and in vivo testing, help identify the pathway(s) at risk to neurotoxicity 

affronts.   

 As described in Chapter Two, captive bottlenose dolphins (Tursiops truncatus) 

living in the Florida Keys were observed grazing algae, and cyanobacteria, growing 

within their enclosure followed by apparent intoxications (e.g., ataxia, uncoordinated 

swimming, blepharospasms). The staff veterinarian addressed and generally resolved 

each instance of intoxication within several days. The facility staff logged the captive 

dolphins primarily ingesting sea lettuce, (e.g., Ulva spp.) and the omnipresent 

cyanobacteria. The algal ingestion-related manifestations of apparent neurotoxicity led to 

evaluating the algal community for potential neurotoxigenic taxa. None of the identified 

macroalgae were reported to produce neurotoxins. The initial taxonomic characterizations 

(e.g., morphology, light microscopy) of the pervasive, dense mats of mixed assemblage, 

filamentous cyanobacteria, collected from within the captive dolphin enclosures, 

recognized the known, neurotoxigenic, polyphyletic genus, Lyngbya C. Agardh ex 
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Gomont (Cyanophyceae). As shown in Table 4.1, Lyngbya spp.  produce a variety of 

potent neurotoxins including BMAA and STX. The genus Lyngbya is undergoing 

taxonomic revisions since the advent of molecular phylogenetic techniques. Indeed, the 

phylogenetic characterization of dark green, filamentous morphotypes within the 

collected cyanobacteria assemblage recently identified three closely related members of 

the family Oscillatoriaceae, including the genus Neolyngbya (Caires et al., 2018a). To 

date, Neolyngbya spp. have not been chemically profiled for production of neurotoxic 

secondary metabolites associated with Lyngbya spp. Positive identifications of the 

neurotoxigenic HAB-related dinoflagellate, Karenia brevis (Davis) G. Hansen et 

Moestrup (Dinophyceae), and the diatom Pseudo-nitzschia spp. (Cleve) Peragallo 

(Bacillariophyceae), were inconclusive during the morphological examinations of the 

algae and cyanobacteria collected from within the dolphin habitat. Hence, their presence 

remains plausible. As shown in Table 4.1, Karenia spp. are known to produce the 

neurotoxic PbTx, whilst the neurotoxin DA is produced by Pseudo-nitzschia spp. 

Likewise, other HAB-related microalgae (e.g., diatoms, dinoflagellates) may be present 

(Zingone and Enevoldsen, 2000; Jiang et al., 2014a; Lage et al., 2014; Jiang and Ilag, 

2014). A recommendation was proposed to the marine mammal zoological facility to 

periodically remove excessive cyanobacteria growth and monitor for HAB-related 

organisms (e.g., cyanobacteria, diatoms, dinoflagellates), especially during any future 

dolphin intoxication event.  

The taxonomic diversity within the captive dolphin habitats inferred the potential 

for HAB-related neurotoxin production as detailed in Chapter Two and summarized 

herein. No statistical correlations could confirm that overt captive dolphin ingestions of 
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the cyanobacteria morphologically categorized as the neurotoxigenic, polyphyletic 

Lyngbya spp. led to subsequent intoxication events. Thus, inadvertent ingestions of 

neurotoxigenic HAB-related microalgae (i.e., diatoms, dinoflagellates) were possible. 

These observations warranted the subsequent collection and chemical investigation of the 

cyanobacterial biomass for known, or otherwise uncharacterized, neurotoxins. 

Specifically evaluated were the HAB-related neurotoxins, anatoxin-a (ATX-a), BMAA, 

STX, brevetoxin-2 (PbTx-2) and DA for which standards and validated analytical 

methodologies exist. The results of the known neurotoxin screenings are summarily 

presented herein. The rationale and salient aspects of each HAB-related neurotoxin are 

briefly discussed below. Table 4.2 ascribes the neurotoxic secondary metabolites to the 

respective compound classes and representative source organisms with a descriptive 

sobriquet relating the nocuous human health effect. 

Table 4.2 Correlation of HAB neurotoxins to compound class and source organism(s). 

HAB Neurotoxin Compound Class Associated Ailment Source Organism 

Anatoxin-a  

(ATX-a) 
Alkaloid 

Very Fast Death Factor  

(VFDF) 
cyanobacteria 

-methylamino-L-alanine 

(BMAA) 
Amino acid 

Neurodegeneration  

(ND) 

cyanobacteria, diatoms, 

dinoflagellates 

Saxitoxin  

(STX) 
Alkaloid 

Paralytic Shellfish Poisoning 

 (PSP) 

cyanobacteria, 

dinoflagellates 

Brevetoxin-2 

(PbTx-2) 
Polycyclic ether 

Neurotoxic Shellfish Poisoning 

(NSP)  

 dinoflagellates  

(Karenia spp.) 

Domoic Acid  

(DA) 
Amino acid 

Amnesic Shellfish Poisoning  

(ASP) 

Diatoms 

(Pseudo-nitzschia spp.)  

 

4.1.1 Anatoxin-a (ATX-a) 

Of the known anatoxin analogues, naturally occurring (+)-anatoxin-a (ATX-a), is 

considered the most potent neurotoxin. Freshwater cyanobacteria of the filamentous 

genera Anabaena spp. (Devlin et al., 1977; Onodera et al., 1997), Aphanizomenon spp. 
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(Wood et al., 2007), Cylindrospermopsis spp. (Kiss et al., 2002), Oscillatoria spp. (Aráoz 

et al., 2005, 2008), and Planktothrix spp. (Viaggiu et al., 2004) chiefly produce ATX-a. 

The homologue, homoanatoxin-a, another potent neurotoxin, is produced by the 

pantropic marine, filamentous cyanobacteria, Hydrocoleum spp. (Méjean et al., 2010) and 

both marine and freshwater, filamentous Oscillatoria spp. (Skulberg et al., 1992; Aráoz et 

al., 2005, 2008). The current taxonomic classification of ATX-a producing filamentous 

cyanobacteria, as displayed in Table 4.3, blends traditional morphology-based and the 

more recently phylogenetic (e.g., 16S rRNA, molecular) revisions of genera described by 

Komárek et al. (2014) and Aguilera et al. (2018). 

 

Table 4.3 The prominent ATX-a producing cyanobacteria (Cyanophyceae) taxa. 

Order Family Genus Authority 

Nostocales 

Nostocaceae Anabaena 
Bory ex Bornet and Flahault 1886; 

Komárek et al. 2014 

Aphanizomenonaceae 

Aphanizomenon 
Morren ex Bornet and Flahault 1886; 

Komárek et al. 2014 

Cylindrospermopsis 
Seenayya and Subba Raju 1972; 

Aguilera et al. 2018 

Oscillatoriales 

Microcoleaceae Planktothrix 

Anagnostidis and Komárek 1988; 

Suda et al. 2002; Lin et al. 2010; 

Komárek et al. 2014 

Oscillatoriaceae Oscillatoria 
Vaucher ex Gomont 1892; 

Komárek et al. 2014 

 

Noteworthy, Takada et al. (2000) isolated a similarly potent ATX derivative (e.g., 

pinnamine) from an Okinawan marine clam (e.g., Pinna muricata). Expanding ATX 

research continues to identify additional ATX producing cyanobacteria genera (e.g., 

Raphidiopsis, Phormidium, Tychonema) as reported by Namikoshi et al. (2004), Hodoki 

et al. (2013), Gugger et al. (2005), Harland et al. (2013, 2014), and Shams et al. (2015). 
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As shown in Figure 4.1, ATX-a is a small, water-soluble, secondary bicyclic 

alkaloid stereoisomer derivative of glutamic acid having a molecular mass of 165.23 

grams/mole (g/mol).  

 

Figure 4.1 The molecular structure of (+) anatoxin-a (ATX-a). 

A strong neurotransmitter mimic of acetylcholine, ATX-a irreversibly activates 

nerve cell voltage-gated sodium channels of nicotinic acetylcholine receptors causing 

overstimulation of the respiratory muscles leading to rapid paralysis and, ultimately, 

asphyxiation. Death can occur within minutes of drinking water contaminated with ATX-

a, hence its moniker “Very Fast Death Factor.”  Wonnacott and Gallagher (2006) 

presented an in-depth review of the neurotoxicity mechanisms of ATX-a and its related 

analogues. First isolated in 1972 by Devlin et al. (1977), ATX-a has been implicated in 

globally reported fatalities involving companion animals (e.g., dogs, horses), livestock 

(e.g., cattle, sheep pigs), wildlife (e.g., deer, elk) and waterfowl (e.g., ducks, flamingos). 

Bioaccumulation and biomagnification of ATX-a occurs within aquatic fauna (e.g., 

mussels, snails, fish) as reported by Osswald et al. (2008, 2011) and Pawlik-Skowrońska 

et al. (2012). Little definitive toxicological data exists to clearly establish an accurate 

daily permissible level of ATX-a ingestion from water or food sources. Upon evaluating 

the available data, the Washington State Department of Ecology estimated a reference 

dose of 1 µg/L as the threshold concentration of ATX-a in recreational waters in 2012 
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(Trainer and Hardy, 2015). Several dog deaths related to ATX-a exposures in 2008-2010 

(Puschner et al., 2008, 2010) prompted the Oregon Health Authority to derive Tolerable 

Daily Intake (TDI) guideline values for humans and dogs at 0.1 μg/kg/day, 3.0 μg/L for 

human drinking water, 20.0 μg/L for human recreational freshwater, and dog-specific 

recreational freshwater at 0.4 μg/L, respectively (Farrer et al., 2015). California, Ohio, 

Vermont and Washington have proposed similar guidelines for recreational freshwater 

only. Considerable variability of measured water-volume concentrations observed across 

sampled water bodies relevant to detection methods also confounds the ability to propose 

suitable safety levels by U.S. regulators and the World Health Organization (WHO).  

Primarily produced by aquatic cyanobacteria genera of Anabaena spp., 

Oscillatoria spp. and Planktothrix spp., under eutrophic conditions, high concentrations 

of the neurotoxin can be released into the ecosystem during bloom decline. In addition, 

cyanobacteria production of ATX-a is directly proportional to increased water 

temperature, solar radiation (e.g., UV), and alkalinity which are all environmental 

conditions favorable for cyanobacteria growth. Thus, toxic blooms are most often 

associated with the summer season and, especially, tropical water bodies according to the 

recent U.S. Environmental Protection Agency (EPA) report, EPA_820-R-15-104 (U.S. 

EPA, June 2015, D’Anglada et al., 2015). The same environmental conditions that 

amplify ATX-a production also cause its rapid hydrolytic and photolytic degradation 

(e.g., hours to days) as shown by Yang (2007) into less noxious products (e.g., 

dihydroanatoxin-a, epoxyanatoxin-a). Conversely, dense cyanobacteria proliferations 

retard environmental degradation processes, allowing ATX-a to persist over time (e.g., 

weeks, months) as reported by Smith and Sutton (1993). Dynamic (e.g., diurnal, 
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seasonal) environmental conditions (e.g., insolation, water temperature, pH) affect rates 

of cyanobacteria growth, decline, toxin production and degradation further impeding 

accurate quantification of ATX-a concentrations in real time. Thus, there is often a lag 

time between HAB observation, reporting, sample collection, and analysis.  

The major analytical methods used for detection and quantification of ATX-a 

include enzyme-linked immunosorbent assay (ELISA), high performance liquid 

chromatography (HPLC) with fluorescence detection (FD), and liquid chromatography-

tandem mass spectrometry (LC-MS/MS) as reviewed by Osswald et al. (2007), and by 

Al-Sammack et al. (2013). Most recently, Fayad et al. (2015), developed an on-line solid 

phase extraction-liquid chromatography-tandem mass spectrometry (SPE-LC-MS/MS) to 

expedite analysis time. The ELISA method provides a fast, economical, high throughput, 

qualitative, screening tool with high enough sensitivity to allow quantitation. Although, 

cross reactivity and matrix effects can yield false positive results, requiring additional 

analysis for confirmation. The less specific HPLC-FD methods often requires post-

column derivatization to enhance detection and are also subject to matrix effects. Very 

specific and sensitive LC-MS and LC-MS/MS methods afford high throughput, 

unambiguous confirmation, but are more time consuming (e.g., analysis time) and costly 

(e.g., instrumentation, specialty columns, operator training). The approved U.S. EPA 

Method 545, U.S. EPA_815-R-15-009, employs LC-MS/MS with the electrospray 

ionization technique and the use of internal standards over a range of 0.029-5.87 ng/mL 

ATX-a (U.S. EPA, April 2015). Applying emergent Matrix-Assisted Laser 

Desorption/Ionization Time-of-Flight (MALDI-TOF-MS) technology, Aráoz et al. (2008) 

developed a rapid, high-resolution MS method to directly analyze cyanobacteria 
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filaments (e.g., lyophilized, fresh) with minimal sample preparation for the presence of 

secondary metabolites. 

The Florida Everglades, sourced from central Florida’s East Lake Tohopekaliga 

emptying into Lake Okeechobee approximately 100 miles south via the Kissimmee 

River, comprise a vast drainage basin covering much of south Florida with outflow 

directly into Florida Bay and continuing through the Florida Keys into the Atlantic 

Ocean. Heavy anthropogenic activities throughout this watershed during the last century 

(e.g., urbanized land development, agriculture enterprises, water flow manipulations) 

have led to deleterious water quality and ecosystem declines stimulating episodic HAB 

events. Although, to date, no estuarine or marine cyanobacteria have been shown to 

produce ATX-a, it remains plausible that the neurotoxin could be present if associated 

with a persistent bloom in and around Florida Bay. The interconnectedness of the 

Everglades watershed with the Florida Keys warranted testing the cyanobacteria mats 

collected from the eutrophic captive dolphin lagoons for the presence of ATX-a. 

4.1.2 -methylamino-L-alanine (BMAA) 

Although an amino acid secondary metabolite produced by cyanobacteria, lichen 

and plants worldwide (Cox et al., 2005), -methylamino-L-alanine (BMAA) is not found 

in any genetic sequences. As a neurotoxin, BMAA purportedly induces 

neurodegeneration (Delcourt et al., 2018). Marine cyanobacteria known to produce 

BMAA include species of the genera Lyngbya spp., Nostoc spp., Prochlorococcus spp., 

Symploca spp., and Trichodesmium spp., (Cox et al., 2005). Table 4.4 shows the current 

taxonomies of BMAA-producing cyanobacteria (e.g., aquatic, marine) genera including 

classifications by molecular phylogeny. 
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Table 4.4 The prominent BMAA producing cyanobacteria (Cyanophyceae) taxa. 

Order Family Genus Authority 

Nostocales Nostocaceae Nostoc 

Vaucher ex Bornet and Flahault 1886; 

Rajaniemi et al. 2005a, b;  

Komérek et al. 2014 

Oscillatoriales 

Microcoleaceae 

Symploca 
Kützing ex Gomont 1892;  

Thacker and Paul 2004; Komérek et al. 2014 

Trichodesmium 
Ehrenberg ex Gomont 1892, nom. Cons.; 

Abed et al. 2006; Komérek et al. 2014 

Oscillatoriaceae Lyngbya* 
C. Agardh ex Gomont 1892;  

Komárek et al. 2014 

Synechococcles Prochloraceae Prochlorococcus Chisholm et al. 1992; Komérek et al. 2014 

* Taxonomy revisions include Moorea spp. and Okeania spp. (Engene et al., 2012, 2013a, b) and 

Neolyngbya spp. (Caires et al., 2018a) 

 

As shown in Figure 4.2, BMAA is a small, water-soluble, amino acid derivative 

of alanine having a molecular mass of 118.14 g/mol. 

 

Figure 4.2 The molecular structure of -methylamino-L-alanine (BMAA). 

A non-protein amino acid, current research postulates that BMAA is misencoded 

for the naturally occurring amino acid, L-serine during protein synthesis (Dunlop et al., 

2013). Glover et al. (2014) revealed BMAA is capable of substituting for L-alanine 

during neuroprotein synthesis in humans. The misincorporated BMAA activates receptors 

involved with sodium and calcium channel regulation (e.g., NMDA, AMPA, glutamate, 

kainite) leading to potential neural protein (e.g., tau, neurofibrillary) entanglements and 

–amyloid plaques within the central nervous system, motor neuron damage and 

apoptosis, and, eventually, irreversible tauopathies (e.g., neurodegeneration). Especially 
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targeted are neurons involved with cognition, movement, and regulatory receptors (e.g., 

dopamine, serotonin) as described by Lindström et al. (1990). Cox et al. (2003) and 

Bradley and Mash (2009) implicated acute and chronic BMAA exposures to subsequent 

development of neurodegenerative diseases such as Alzheimer’s Disease (AD), 

Parkinson’s Dementia Complex (PDC), and Amyotrophic Lateral Sclerosis (ALS), also 

known as Lou Gehrig’s Disease.  

The high prevalence of neurodegenerative disease (e.g., AD, ALS, PDC) 

symptoms observed in the isolated Chamorra population of Guam spurred the initial 

investigations of BMAA. Recognition of dietary BMAA exposures led to identifying 

sources, causes, effects, and roles of BMAA production, and specifically, by HAB 

forming cyanobacteria as reported by Lobner et al. (2007), Dunlop et al. (2013) and 

Masseret et al. (2013). Additional studies showed BMAA both bioaccumulates and 

biomagnifies in humans and animals (e.g., mollusks, crustaceans, sharks, birds, rats, 

flying foxes) including rodent maternal transfer through nursing neonates (e.g., rats) as 

described by Cox and Sacks (2002), Banack and Cox (2003), Banack, et al. (2006),  

Mondo et al. (2012), Andersson et al. (2013), Andersson (2015) and Karlsson et al. 

(2009). Karlsson et al. (2009, 2011) observed acute and chronic neonatal exposure of 

BMAA impaired learning and memory in both neonate and adult rats. Further studies by 

Karlsson et al. (2014, 2017) subsequently linked learning and memory deficiencies in rats 

to BMAA activation of glutamate receptors (e.g., NMDA) and calcium channels using 

mass spectrometry imaging techniques in rodent models. Cox et al. (2016) implicated 

chronic BMAA exposure (e.g., dietary, environmental) in progressive neurodegenerative 

disease over a lifetime. However, in some case studies of neurodegeneration (e.g., 
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human, mice), BMAA was anticipated but not detected (Snyder et al., 2009; Montine et 

al., 2005; Cruz-Agado et al., 2006). These conflicting reports stirred debate (Faassen, 

2014; Jiang et al., 2014b) revealing inconsistencies with organism sampling (e.g., 

species), preparation (e.g., tissues), quantification techniques (e.g., wet weight, dry 

weight, derivatization) and the targeted analyte (e.g., free versus protein-bound BMAA). 

The Jiang et al. (2014b) study focused on localized seafood (e.g., fish, crustaceans, 

bivalve mollusks) consumed in Sweden. Their results confirmed that BMAA levels vary 

with organisms (e.g., species, age), sampled tissues (i.e., edible), and targeted analyte 

(e.g., free, bound). The BMAA levels also varied with environmental factors (e.g., 

eutrophication, location, season). As expected, elevated BMAA levels in lower trophic 

species, consistent with filter feeders (e.g., blue mussel, oyster) and planktonic feeders 

(e.g., shrimp, flatfish), compared to higher trophic species, verified bioaccumulation. 

Trophic transfer was also observed in farmed and wild fish (Jonasson et al., 2010; Al-

Sammak et al., 2104). Most recently, Banack et al. (2014) correlated the development of 

ALS in a Florida fisherman directly to chronic (e.g., 30 years) consumption of BMAA 

contaminated shellfish (e.g., lobsters). Davis et al. (2019) detected elevated levels of 

BMAA in the brains of coastal bottlenose dolphins that stranded in Florida and pelagic 

common dolphins stranded in Massachusetts using chromatographic and hyphenated 

mass analysis methods (e.g., HPLC, LC-MS/MS). Increased -amyloid plaques observed 

in brain tissue samples collected from the common dolphins were not directly correlated 

to measured BMAA concentrations. Currently, no conclusively positive correlation exists 

between BMAA exposure and neurodegeneration. Thus, health authorities (e.g., Oregon, 
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U.S. EPA) require more definitive dose-response data to set appropriate BMAA guideline 

limits (Farrer et al., 2015). 

In contrast with ATX-a, many cyanobacteria symbionts (e.g., lichens, plants) 

produce BMAA across several ecosystems (e.g., terrestrial, desert, aquatic, marine) as 

described by Cox et al. (2005). More recently, diatoms (Jiang et al., 2014a) and 

dinoflagellates (Jiang and Ilag, 2014; Lage et al., 2014) were reported to produce BMAA. 

Thus, BMAA exposure may be much more prevalent than previously expected. 

Laboratory culturing of pure cyanobacteria (e.g., Microcystis spp., Synechocystis spp.) by 

Downing et al. (2011) suggest BMAA production varies with species, strain and tends to 

accelerate in nitrogen poor environments (i.e., oligotrophic) versus eutrophic conditions. 

However, increased anthropological activity in and around the South Florida watersheds 

during the 1980s resulted in large, episodic cyanobacteria blooms stimulated by 

considerable eutrophication (Brand et al., 2002). Significant environmental impacts 

caused by human activities and hurricanes during 2005 enriched the Florida Bay 

ecosystem with phosphorus perpetuating cyanobacteria blooms (Gilbert et al., 2009). 

Subsequently, Brand et al. (2010), observed elevated levels of BMAA in crustaceans 

(e.g., pink shrimp) compared to fish (e.g., grey snapper) relevant to the cyanobacteria 

subsidence occurring in the Florida Bay watershed. Noteworthy, Jiang et al. (2014b) 

measured elevated BMAA levels in shrimp fished from the Northern Atlantic Ocean near 

Sweden. Investigations of BMAA levels present in cyanobacteria are limited to the 

studies by Downing et al. (2011), Spáčil et al. (2010) and Réveillon et al. (2014). 

Evaluation of BMAA entails analyte extraction (e.g., acid hydrolysis), 

concentration, detection and quantification. The analytical methods most commonly used 
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to detect and quantify BMAA include HPLC-FD and LC-MS/MS. Without specialized 

hydrophilic interaction liquid chromatography (HILIC) column stationary phases used for 

HPLC, both techniques require post-column derivatization to enhance BMAA detection 

(Eriksson et al., 2009; Salomonsson et al., 2013). Regardless of method choice, addition 

of isomeric internal standards (e.g., DAB, BAMA, AEG) confirmed BMAA 

identification and quantitation for mass spectrometry methods by reducing isobaric 

interferences from phenylalanine (Kubo et al., 2008; Faassen et al., 2009; Spáčil et al., 

2010; Al-Sammak et al., 2013; Réveillon et al., 2014). Currently, detection limits are 

method specific because of the varied analytical approaches. The advent of MALDI-

TOF-MS allowed fast, high-resolution analyses of cyanobacteria metabolites from 

minimally prepared extracts or intact specimens (Esquenazi et al., 2008).  

The elevated levels of BMAA detected within Florida Bay crustaceans (e.g., 

shrimp, lobster), by Brand et al. (2010) and Banack et al. (2014) and particularly, wild 

dolphins (Davis et al., 2019) warranted the chemical evaluation for the presence of 

BMAA in the cyanobacteria growing within the Florida Keys captive dolphin enclosures 

by LC-MS/MS and MALDI-TOF-MS, techniques available at the Analytical Mass 

Spectrometry Facility at Florida International University (FIU-AMSF). 

4.1.3 Saxitoxin (STX) 

Saxitoxin (STX), akin to ATX-a, exhibits the most neurotoxic effects within its 

chemical family of more than 55 analogues. Being the parent molecule, STX was 

assigned a relative toxicity value of 1.000 to facilitate direct toxicity equivalence 

comparisons between the less potent derivatives. Marine dinoflagellates known to 

specifically produce STX include species in the genera of Alexandrium spp., 
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Cochlodinium spp., Gymnodinium spp. and Pyrodinium spp. (Phlips et al., 2006; Zingone 

and Enevoldsen, 2000). Several aquatic cyanobacteria species also produce STX (Deeds 

et al., 2008a; Filho et al., 2008; Moustafa et al., 2009) as shown in Table 4.5. 

Table 4.5 The prominent STX producing cyanobacteria (Cyanophyceae) taxa. 

Order Family Genus Authority 

Nostocales 

Aphanizomenonaceae 

Aphanizomenon 
Morren ex Bornet and Flahaut 1886; 

Komárek et al. 2014 

Cylindrospermopsis 
Seenayya and Subba Raju 1972; 

Aguilera et al. 2018 

Nostocaceae Anabaena 
Bory ex Bornet and Flahault 1886; 

Komárek et al. 2014 

Rivulariaceae Rivularia C. Agardh ex Bornet et Flahault 1886 

Oscillatoriales 

Microcoleaceae Planktothrix 

Anagnostidis and Komárek 1988;   

Suda et al. 2002; Lin et al. 2010; 

Komárek et al. 2014 

Oscillatoriaceae 
Lyngbya*  

(e.g., wollei) 

C. Agardh ex Gomont 1892;  

(e.g., Farlow ex Gomont, 1892); 

Komárek et al. 2014 

* Taxonomy revisions include Moorea spp. and Okeania spp. (Engene et al., 2012, 2013a, b) and 

Neolyngbya spp. (Caires et al., 2018a) 

 

As shown in Figure 4.3, STX is a small, water-soluble, alkaloid having a 

molecular mass of 299.29 g/mol. 

 

Figure 4.3 The molecular structure of saxitoxin (STX). 

Another voltage-gated sodium channel neurotransmitter mimic, STX reversibly 

inhibits nerve cell sodium channels indiscriminately causing nerve signal transmission 
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failure leading to paralysis of the affected area, and even death. Discrete neurological 

symptoms including ataxia, localized numbness and tingling, gastrointestinal, respiratory 

and speech issues can occur within 30 minutes of ingestion, causing death by respiratory 

paralysis within 2-12 hours. The suite of STX analogues exhibits similar, less potent 

neurotoxicity, hence, the collective moniker “Paralytic Shellfish Poisoning” (PSPs). No 

antidote is currently available for STX. A comprehensive review by Cusick and Sayler 

(2013) concisely captured the salient ion channel biochemistry of PSPs (e.g., Na+, K+, 

Ca2+). Most recently, Diehl et al. (2016) implicated chronic exposure to STX with 

memory impairment in rats when drinking water was contaminated with a known PSP 

producing cyanobacteria (e.g., Cylindrospermopsis raciborskii). 

Saxitoxin is aptly named for being first isolated from the butter clam, Saxidomus 

giganteus by Shantz et al. (1957). Bioaccumulation and biomagnification of STX chiefly 

occurs within lower trophic levels (e.g., crustaceans, gastropods, fish, shellfish) in most 

tissues (Landsberg et al., 2006; Shearn-Bochsler et al., 2014). Thus, marine mammals 

(e.g., seals, sea lions, dolphins, whales) are susceptible to morbidity and/or mortality 

events via trophic transfer from STX contaminated prey sources (Zingone and 

Enevoldsen, 2000). Ingestions of contaminated mollusks (e.g., clams, gastropods, 

mussels, oysters,) and puffer fish are the primary vector for human poisonings (Deeds et 

al., 2008b). Worldwide, health authorities have set stringent guidelines pertaining to PSP 

exposure and food contamination limits. The U.S. FDA and EPA jointly established an 

action limit of 80 μg STX-eq/100 g, using the official mouse bioassay method (MBA), 

for all marine and aquatic organisms (e.g., fin fish, crustaceans, mollusks) intended for 

human consumption per Appendix 5 of the FDA and EPA Safety Levels in Regulations 
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and Guidance, UCM252448 (U.S. FDA, 2011). Wild and domesticated birds and 

mammals were excluded from this list. However, fowl and animal consumers of 

contaminated prey can also be adversely affected by STX poisoning. Prudently, the 

Oregon Health Authority calculated Tolerable Daily Intake (TDI) guideline values for 

humans at 0.05 μg/kg/day and for dogs at 0.005 μg/kg /day, 1.0 μg/L for human drinking 

water, 10.0 μg/L for human recreational freshwater, and dog-specific recreational 

freshwater at 0.02 μg/L based on the European Food Safety Authority 2009 STX-eq data 

as reported by Farrer et al. (2015). 

Globally, dinoflagellates comprise the main STX producers. Whilst, STX 

production is limited to freshwater cyanobacteria species, especially where anthropologic 

nutrient enrichment occurs. Ballast water transport also introduces STX-producing, and 

other invasive, HAB species. Eutrophic conditions, inducing HAB formations, are 

especially problematic when copious amounts of toxins are subsequently released during 

subsidence. Akin to ATX-a, environmental conditions and warmer climates favor STX 

HAB organism proliferations, impacting the level of PSPs present, except in suppressive, 

alkaline environs. Bioaccumulation and metabolite stability (e.g., heat, polar solvent, 

biological pH) allow STX to remain detectable in contaminated organisms for long 

periods (Wiese et al., 2010). Landsberg et al. (2006) detected STX, after 12 months of 

captivity, in wild puffer fish (e.g., skin mucous, liver, muscle, ovaries) captured from the 

Florida Indian River Lagoon.  

The major analytical methods employed to achieve STX detection and 

quantification include biological (e.g., MBA) and chemical (e.g., ELISA) assays (Codd et 

al., 2001), hyphenated chromatographic methods such as HPLC-UV/FD, LC-MS, LC-
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MS/MS, LC-ion trap (IT)-MS (Harju et al., 2015a, 2015b), LC-TOF-MS (Fang et al., 

2004). Although considered the official test method, the MBA lacks specificity and 

requires animals. Whereas ELISA (e.g., AOAC 2011.27) relies on antibody specificity to 

improve confirmatory results. Alternative AOAC official methods (e.g., EU-2005.06, 

US/Canada-2011.02) use HPLC-FD with pre- or post- column derivatization (Van De 

Riet et al., 2011). Among the chromatographic methods, high-resolution techniques (e.g., 

LC-TOF-MS and LC-IT-MS) are most specific. The U.S. EPA recently sanctioned a 

compilation of analytical methods for official use for selected biotoxins prepared by 

Campisano et al. (2017). Most often used is LC-MS/MS because of instrumentation 

availability and selectivity. Specialized HILIC HPLC column stationary phases 

significantly enhanced separation and specificity of LC-MS methods (Dell’Aversano et 

al., 2005; Foss et al., 2012a, 2012b). Most recently, Boundy et al. (2015) employed 

graphitized carbon SPE to improve specificity with LC-MS methods. Detection and 

quantitation limits, expressed in STX-eq values, vary by method choice and sample 

matrix. Other challenges include the sheer number of chemical variants (e.g., more than 

30) and lack of standards to confirm detection and quantification as reviewed by 

Humpage et al. (2010). Resultant, no official LC-MS method currently exists for STX 

resulting from validation issues (e.g., sensitivity differences, matrix interferences, lack of 

applicable standards) as shown by Costa et al. (2009).  

The transient neurological symptoms exhibited by the captive dolphins, evokes 

causative non-lethal ingestion of PSP contamination (i.e., STX) from epiphytic PSP 

producers (e.g., dinoflagellates) and/or other biota (e.g., gastropods, fish) present within 

the enclosures. Akin to ATX-a, proximity to the Everglades watershed, coupled with the 
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tidal flux from the Atlantic Ocean, warranted testing the cyanobacteria mats collected 

from the eutrophic captive dolphin lagoons for the presence of saxitoxin. 

4.1.4 Brevetoxin-2 (PbTx-2) 

Brevetoxin-2 (PbTx-2) belongs to a suite of analogous neurotoxic metabolites 

termed brevetoxins (PbTx). Primarily produced by the marine dinoflagellate, Karenia 

brevis, formerly Gymnodinium breve (Davis cf. Hansen et Moestrup), PbTx are most 

associated with HAB mortality events afflicting coastlines of the Gulf of Mexico 

(Flewelling et al., 2005; Fire et al., 2007; Twiner et al., 2012). Although, Bourdelais et al. 

(2002) implicated the phytoflagellate, Chattonella cf. verruculosa (Raphidophyceae), 

with the fish kills along the U.S. Eastern seaboard (e.g., Delaware) during the fall of 2000 

(e.g., September, October). Previously, Khan et al. (1996) reported brevetoxin production 

(i.e., PbTx-2, PbTx-3) by Chattonella antiqua. 

Along Florida’s Gulf Coast, the HAB events associated with significant marine 

fauna (e.g., fish, birds, mammals) mortalities are referred to as “Florida red tides.” Two 

distinct structural classes of PbTx exist, as the A form (Figure 4.4) and the B form 

(Figure 4.5), consisting of large, polycyclic, polyethers with molecular masses around 

900 Daltons (Hua et al., 1996). Each class exhibits neurotoxicity with the parent 

structures, PbTx-1 (i.e., A) and PbTx-2 (i.e., B) being the most potent (Baden et al., 

2005). Individual derivatives in both classes typically differ by common moietal 

interchanges at the terminal ether ring labeled “R” in the figures below (Figure 4.4, 

Figure 4.5). The PbTx B class includes two additionally modified analogues (e.g., PbTx-

5, PbTx-6) having the confirmed structures (Figure 4.6).  The unconfirmed structure of 

the B class PbTx-4 analog was not included. 
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Figure 4.4 The molecular structures of the brevetoxin A class (PbTx-A) analogs denoted by R. 

 

Figure 4.5 The confirmed molecular structures of the brevetoxin B class (PbTx-B) analogs denoted by R. 

 

Figure 4.6 The molecular structures of brevetoxin B class analogs PbTx-5 and PbTx-6. 
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Of the PbTx-B class, PbTx-2 is the most potent and abundantly produced 

metabolite. As shown in Figure 4.7, PbTx-2 is a large, lipophilic, polycyclic polyether 

having a molecular mass of 895 g/mol. 

 

Figure 4.7 The molecular structure of brevetoxin-2 (PbTx-2). 

Akin to ATX, brevetoxins activate voltage-gated sodium channels, however, 

indiscriminately and irreversibly, inducing STX-like neuron overstimulation primarily 

afflicting gastrointestinal, neurological and respiratory systems as reviewed by Baden et 

al. (2005). Additionally, being lipophilic, PbTx can cross the blood-brain barrier to effect 

a host of neurological conditions (e.g., temperature reversal, ataxia, incoordination). 

Symptoms reported by human cases describe similar, less severe PSP symptoms and not 

usually life threatening. On average, symptom onset occurs within 3-4 hours with 

seemingly full recovery within 2-3 days. Baden et al. (2005) provides an overview of the 

structure activity relationships observed within the PbTx analogs with respect to 

inhalation toxicities. Whilst, Pierce and Henry (2008) examined PbTx analog diversities 

and concentrations within various marine environmental (e.g., water, aerosols) and 

biological (e.g., shellfish) samples relevant to ecosystem stress causing marine animal 

(e.g., fish, mammals, birds, turtles) kills. Akin to PSPs, PbTx were first affiliated with 

consumption of contaminated lower trophic marine life, particularly, shellfish (e.g., 
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gastropods, mollusks). Thus, collectively, PbTx earned the moniker “Neurological 

Shellfish Poisoning” (NSP) in humans. The term brevetoxicosis denotes PbTx poisoning 

in marine mammals and birds. Cocilova and Milton (2016) confirmed the PbTx 

neurotoxic pathway (i.e., PbTx-3) in freshwater turtle brain cells is analogous to 

mammals. Akin to STX, PbTx are quite stable for long periods. Unlike STX, a non-toxic, 

annotated derivative (i.e., brevenal), shown in Figure 4.8, exists that inhibits PbTx 

binding and has potential as a pulmonary therapeutic (Gold et al., 2013). 

 

Figure 4.8 The molecular structure of brevenal. 

The primary, culprit dinoflagellate, K. brevis, resides in the Gulf of Mexico, 

Caribbean Sea, and New Zealand coastal waters, but K. brevis can be transported globally 

via currents and shipping ballast water impacting areas as far away as the United 

Kingdom (Turner et al., 2015). Eutrophic conditions and El Niño weather patterns 

contribute to noxious K. brevis HAB blooms (Vargo et al., 2008; Vargo 2009). Trophic 

transfer (e.g., bioaccumulation, biomagnification) of PbTx parallels that of STX (Plakas 

et al., 2002; Naar et al., 2007; Perrault et al., 2016). More recently, PbTx have been 

shown to accumulate in marine vertebrates (e.g., fish, dolphins, manatee) as described by 

Fire et al. (2007). Major marine vertebrate die offs (e.g., birds, dolphins, fish, manatees) 

observed since the 1840s, have been attributed now to excessive K. brevis HAB events, 

occurring mostly seasonally, especially along the Florida Gulf Coast K. brevis HAB 
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(Flewelling et al., 2005; Twiner et al., 2011, 2012). Moreover, bloom declines create 

anoxic conditions further contributing to marine life mortalities (e.g., fish). Notably, 

HAB frequencies and persistence have increased in step with Florida’s urban and 

agricultural development (Brand and Compton, 2007). Significant to the research herein 

are the reports of PbTx-producing epiphytes persisting on the seagrass, Thalassia 

testudinum, throughout Florida (Sotka et al., 2009; Hitchcock et al., 2012). The marine 

mammal zoological facility staff recently noted their captive bottlenose dolphins 

occasionally grazing the T. testudinum growing within their habitats. Additionally, 

morphological taxonomic evaluations detected the presence of epiphytic cyanobacteria 

(e.g., Lyngbya spp.) and microalgae (e.g., diatoms, dinoflagellates) growing on the 

collected reference specimens. 

Along the Florida Gulf Coast, background levels of 1000-5000 K. brevis cells/L 

are common, thus the threshold for shellfish bed contamination was set at the upper limit. 

Ingestion of PbTx contaminated shellfish is the primary vector for humans, although 

reports of aerosolized NSPs exist (Backer et al., 2003). In Florida’s wild bottlenose 

dolphin populations, the primary vectors of brevetoxicosis are feeding on PbTx 

contaminated marine life (e.g., fish, crustaceans) and inhaling aerosolized PbTx at the 

water surface (Naar et al., 2007; Fire et al., 2008; Twiner et al., 2012). Inhalation of 

aerosolized PbTx causes respiratory complications resembling asthma. As PbTx-2 is the 

major congener of the B class of brevetoxins, environmental detection methods often 

measure relative PbTx-2 concentrations in similar fashion to STX-eq values. However, 

living marine mammals (e.g., dolphins, manatees) can metabolize PbTx-2 into the PbTx-

3 analogue, as previously shown in Figure 4.5, having similar neurotoxic potency 
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(Watkins et al., 2008). Thus, PbTx-3 is used for detecting PbTx levels in marine 

mammals (e.g., dolphins). Akin to STX, insufficient toxicological data and the numerous 

analogues prevent setting applicable human exposure limits. However, the U.S. FDA 

established a PbTx-2 action level of 80 μg PbTx-2/100 g of tissue for shellfish intended 

for human consumption using the official MBA method per the National Shellfish 

Sanitation Program Guide for the Control of Molluscan Shellfish, UCM2006754 (U.S. 

FDA, 2015) and the U.S. FDA UCM252448 Appendix 5 (U.S. FDA, 2011).  

The major analytical methods used include the AOAC official methods for MBA 

and ELISA (Naar et al., 2002), and LC-MS/MS (Twiner et al., 2007). However, the in 

vivo MBA method lacks specificity while incurring costs, analysis time and ethical 

concerns. The increased specificity of ligand receptor binding analyses (e.g., ELISA, 

radiochemical) allows quantifiable detection of PbTx (e.g., PbTx-2, PbTx-3) in crude 

extracts, thus affording a more efficient, in vitro, method. Among the three methods, LC-

MS/MS is highly specific but requires advanced instrumentation and laboratory skills. 

Moreover, method detection limits vary with method choice, sample type (e.g., extract 

purity, liquid, biological) and any matrix effects. For example, Twiner et al. (2012) 

demonstrated detection limit variability between the ELISA and LC-MS/MS methods for 

BTX-3 levels analyzed in biological samples collected from the wild bottlenose dolphin 

mortality events in Sarasota, FL. The LC-MS/MS method detection limit of 1.0 ng/mL 

proved more sensitive than the 2-8 ng/mL detection limit range observed for the ELISA 

method.  

The transient neurological symptoms exhibited by the FL Keys captive bottlenose 

dolphins suggested the possibility of sub-lethal brevetoxicosis. The captive dolphins may 
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have inadvertently ingested potential PbTx-producing organisms, including epiphytes, 

associated with grazing the algae (e.g., T. testudinum, Lyngbya spp.) growing within their 

habitats. The FL Keys susceptibility to red tide HAB events also warranted testing the 

cyanobacteria, collected from the eutrophic dolphin enclosures, for the presence of PbTx-

2. Additionally, PbTx-2 served as the positive control for the zebrafish larvae 

neurobehavioral studies used for the bioassay-guided investigation of the cyanobacteria 

detailed in Chapter Five. 

4.1.5 Domoic Acid (DA) 

Domoic acid (DA), is a native amino acid secondary metabolite derived from 

proline. Mimicking glutamic acid, DA acts as an irreversible excitatory neurotransmitter 

targeting glutamate receptors in the brain (Rao et al., 1988). Globally produced by marine 

pennate diatoms, the primary neurotoxigenic species is Pseudo-nitzschia spp. H. 

Peragallo (Bacillariaceae). Smida et al. (2014) reported increased awareness of domoic 

acid monitoring and more precise taxonomic characterization methods are leading to the 

discovery of additional P. species and diatom genera (e.g., Nitzschia spp., Halamphora 

spp.) with pending taxonomic revisions. 

As shown in Figure 4.9, DA is a small, water-soluble, amino acid derivative of 

proline having a molecular mass of 311.33 grams/mole. 

 

Figure 4.9 The molecular structure of domoic acid (DA). 
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Structurally and neurotoxicologically akin to kainic acid, also produced by marine 

microalgae, DA acts as an irreversible agonist to glutamate receptors including the 

kainite (KA) and -amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMDP) subtypes 

(Cendes et al., 1995). Neurotoxicity results from overstimulation of Na+, K+, and Ca2+ 

channels, particularly targeting the hippocampus (e.g., short-term memory, learning), as 

studied in rats (Debonnel et al., 1989; Teitelbaum et al., 1990; Strain and Tasker 1991). A 

classic symptom observed with human DA poisonings includes transient to permanent 

short-term memory loss, giving rise to the moniker Amnesic Shellfish Poisoning (ASP).  

To date, eleven DA isomers (A-H) have been isolated, although neurotoxic 

characterization data was limited to non-mammalian toxicological and KA binding 

affinity studies of isomers D-F (Hampson et al., 1992). Recently, Sawant et al. (2010, 

2008) investigated the isomers for KA and AMPA binding affinities and seizure potential 

within rats to assess predictive structure-potency relationships. Despite being water-

soluble and readily excreted via urine, DA can cross the blood-brain barrier to effect 

deleterious neurological damage to the hippocampal region (Teitelbaum et al., 1990). 

Manifestations of DA poisonings include motor incoordination, disorientation, copious 

mucosal secretions, seizures, and death in humans and marine mammals. Akin to BMAA, 

DA is quite stable, resisting thermal degradation, and has no known antidote.  

Bates et al. (1989) and Wright et al. (1989) correlated the first reported cases of 

human ASP, in 1987, to consuming contaminated Canadian shellfish (e.g., Prince Edward 

Island blue mussels). Early toxicology studies in mice, via intraperitoneal injections, 

established a no observable adverse effect level (NOAEL) of 0.59 mg/kg-body weight 

(bw) and corresponding LD50 of 2.4 mg/kg-bw (Iverson et al., 1989). Neurotoxicity was 
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expressed, increasingly, as stereotypic behaviors from scratching, trembling, seizing and 

culminating in death. Although oral doses required 35-60 mg/kg-bw to induce similar 

outcomes, no LD50 value is currently available. Likewise, simian (e.g., Macaca 

fascicularis) and rat DA studies, by Tryphonas et al. (1990 a-c) and Tryphonas and 

Iverson (1990), yielded analogous neurobehavioral and toxicological effects over 

comparable dose ranges and administration routes (e.g., intraperitoneal injection, oral), 

targeting the limbic system (e.g., hippocampus, amygdala) and thalamus.  

 The U.S. EPA regulates DA levels to not exceed 20 ppm in aquatic (e.g., fresh, 

marine) organisms intended for human consumption per the U.S. FDA UCM252448 

Appendix 5 (U.S. FDA, 2011). Although, DA levels up to 30 ppm are permissible in 

Dungeness crab viscera. Birds and mammals are excluded from the list. Scholin et al. 

(2000), Sherman (2000), and Fire et al. (2010) affirmed marine and coastal vertebrate 

(e.g., whales, dolphins, birds, raccoons) DA poisonings led to acute mortality events 

along the western U.S. coastline. During blooms of Pseudo-nitzschia spp., DA 

pervasively contaminates prey foods at the lower trophic levels (e.g., plankton, krill, 

clams, crabs) through upper level consumers (e.g., sardines, anchovies, menhaden) 

contributing to massive DA poisoning among apex predators and scavengers (Costa and 

Garrido, 2004; Del Rio et al., 2010). Recently, Twiner et al. (2011) and Fire et al. (2009) 

observed increased DA production and frequency of DA poisoning events within aquatic 

habitats (e.g., estuarine, mangrove, aquaculture), symptomatic of increased 

anthropological activities. Similar occurrences, including newly identified DA producing 

P. species, have been reported in Northern Gulf of Mexico estuaries (Liefer et al., 2013; 

Del Rio et al., 2010) and globally. Worldwide reports include Mediterranean Sea 
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aquaculture (Smida et al., 2014), Malaysian mangroves (Tan et al., 2016), along 

Australian coasts (Ajani et al., 2017), and European Union waters (McNamee et al., 

2016). Production and distribution of DA varies with nutrient loading from upwelling 

along western US and Spanish coasts (Trainer et al., 2010; Dittami et al., 2013), coastal 

eutrophication (Parsons and Dortch, 2002; Shanks et al., 2016), and seasonal conditions 

including temperature, photoperiod and solar flux (Downes-Tettmar et al., 2013; Thorel 

et al., 2014). Studies involving marine mammal DA poisonings improved analytical 

methodologies affording quantification of trace amounts (Barbaro et al., 2013; Frame and 

Lefebvre, 2013). Akin to STX, insufficient toxicological data and the numerous 

analogues prevent setting applicable human exposure limits.  

He et al. (2010) provided a thorough review of the major analytical methods (e.g., 

AOAC PSP MBA, ELISA, HPLC-DAD/FD, LC-MS/MS) used to quantify DA 

contamination in a variety of shellfish (e.g., clams, mussels, scallops), microalgae, and 

seawater samples. The AOAC PSP official MBA 40 mg/g limit of detection exceeded the 

20 mg/g regulatory limit, rendering the MBA method inapplicable. Thus, alternative 

methods were adopted and validated for screening by ELISA (e.g., AOAC 2006.02) and 

detection by HPLC-UV (e.g., AOAC 991.26, AOAC 2000b) as reviewed by Quilliam 

(2003). The European Union Harmonization Commission generated a DA Standard 

Operating Procedure adopted from the 1995 HPLC-UV method developed by Quilliam et 

al. (1995), requiring careful desalting of shellfish samples. Domoic acid, extracted from 

seawater using reversed-phase extraction disks, was accomplished by de la Iglesia et al. 

(2008) for subsequent chemical analysis by LC-MS/MS. Whilst, Mafra et al. (2009) 

achieved chemical detection (e.g., HPLC-UV, LC-MS) of trace amounts of domoic acid 
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from marine samples (e.g., seawater planktonic) without using derivatization techniques. 

Recently, Iglesia et al. (2011) developed and validated an ultra-fast (e.g., 2.5 min total 

run time) and sensitive (e.g., 0.06 mg/kg LOD, 0.2 mg/kg LOQ) LC-MS/MS method for 

AOAC screening of shellfish (e.g., clam, mussels, scallops). Although, any positive 

results still required confirmation via the official HPLC-UV method. Emergent 

technologies including polymeric molecular imprinting (Lin et al., 2016) and high- 

resolution MS using laser ablation (Beach et al., 2016) are being developed as 

alternatives to current AOAC methods. These promising techniques afford DA 

determinations with increased specificity, sensitivity and throughput for shellfish 

samples. Urgent needs for rapid, detection of DA poisoning in marine mammal (e.g., 

seals, sea lions) body fluids (e.g., blood, urine, feces, gastric and amniotic fluid) have 

driven improvements in ELISA (Seubert et al., 2014) and LC-MS/MS (Zhang et al., 

2016) extraction techniques.  

The frequency, distribution and co-occurrence of DA-producing organisms in the 

Gulf of Mexico, resulting in marine vertebrate (e.g., fish, mammals, birds) DA 

poisonings, along the Florida Gulf Coast, justified prudent examination of the 

cyanobacteria collected from the captive dolphin habitats for the presence of DA. 

In summary, the literature evidence, reviewed herein, identified five plausible 

HAB-specific neurotoxins, having comparative analytical standards. Thus, the sampled 

neurotoxigenic cyanobacteria (i.e., Lyngbya spp.), and potential for epiphytic HAB 

microalgae (e.g., Karenia brevis, Pseudo-nitzschia spp.), growing within the captive 

dolphin habitats and subject to grazing by the captive dolphins, warranted chemical 

evaluation for the presence of the five known neurotoxins, ATX-a, BMAA, STX, PbTx-2 
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and DA. These potent neurotoxins are also most associated with relevant marine mammal 

intoxications observed in Florida marine ecosystems (e.g., Florida Bay, Sarasota Bay).  

4.1.6 Investigation Targets 

This chapter focused on the following two investigational targets to address the 

key question regarding the possible presence of known HAB-related neurotoxins 

posed in Chapter One: 

4.1.6.1 Known Lyngbya spp. Neurotoxins 

The first target to chemically investigate was the cyanobacteria Lyngbya s.l. taxa, 

persistently growing within the captive dolphin habitats, for the presence of neurotoxins 

(i.e., ATX-a, BMAA, STX) associated with this toxigenic, polyphyletic genus. 

4.1.6.2 Known Marine HAB-Microalgae Neurotoxins 

The second targeted investigation was to chemically explore these mixed 

assemblage cyanobacteria for the presence of the known neurotoxins, PbTx-2 and DA, 

produced, respectively, by K. brevis, Pseudo-nitzschia spp., and other HAB-related 

microalgae, perhaps epiphytic to the cyanobacteria mat. 

4.2 Chemical Evaluation Methodologies  

Dense mats of mixed cyanobacteria assemblages, including Neolyngbya spp., 

were sampled, as previously described in Chapter Two, from the captive dolphin 

enclosures, for taxonomic and chemical investigations at timepoints associated with HAB 

species blooms and declines when toxins, if present, would be at higher concentrations 

(e.g., summer, winter). Briefly, previously prepared cyanobacteria samples were 

lyophilized and homogenized prior to chemical analysis (see Chapter Two, section 

2.2.1.4 Cyanobacteria Chemical Evaluation Samples). Subsamples (ca. 25 g) of the 
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lyophilized material, from each collection, were retained for separate extraction and 

detection of the selected neurotoxins of interest, according to previously published 

analytical methods. Method choice depended on neurotoxin specificity and compatibility 

with the facilities and equipment available at FIU (e.g., HPLC-UV/FD, LC-MS/MS), 

respective of the neurotoxin of interest (e.g., ATX-a, BMAA, STX, PbTx-2, DA). 

Chemical investigations of BMAA and STX over three cyanobacteria collection 

timepoints were conducted at the FIU-AMSF. GreenWater Laboratories/CyanoLab was 

contracted to chemically evaluate the presence of ATX-a, PbTx-2, DA and STX from one 

sample of the cyanobacteria collected in January 2016. The aliquots from each collection 

point were analyzed for the respective neurotoxin as listed in Table 4.6. 

Table 4.6 The cyanobacteria collections chemically screened for potential known neurotoxins. 

Collection Date 
Neurotoxin Analyzed 

BMAA STX ATX-a PbTx-2 DA 

October 2014 FIU-AMSF FIU-AMSF NT NT NT 

December 2014 FIU-AMSF FIU-AMSF NT NT NT 

January 2015 NT FIU-AMSF NT NT NT 

June 2015 FIU-AMSF NT NT NT NT 

January 2016 NT GWL GWL GWL GWL 

FIU-AMSF  

GWL      

NT      

= Florida International University-Analytical Mass Spectrometry Facility, Miami, FL 

= GreenWater Laboratories/CyanoLab, Palatka, FL  

= Not Tested 

  

Individual method details for each neurotoxin chemical analysis are summarized 

below, respective of analyte tested.  

4.2.1 BMAA Analyses 

4.2.1.1 BMAA Materials and Sample Preparation 

Reference standards of L-BMAA hydrochloride and DL-2,4-DAB 

dihydrochloride were respectively purchased from Sigma Aldrich (St. Louis, MO, USA) 
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and Alfa Aesar (Ward Hill, MA, USA). LC-MS grade solvents (e.g., acetonitrile, water), 

reagent grade chloroform, concentrated hydrochloric acid (HCl), and concentrated formic 

acid (FA) were purchased from Fisher Scientific (Fair Lawn, NJ, USA).   

Aliquots of approximately 5 grams (dry weight) were removed from each of the 

lyophilized, bulk cyanobacteria samples, stored at -20 ºC, and homogenized using a mini 

food chopper, prior to extraction and mass spectrometric analysis for total BMAA. As 

shown in Table 4.7, the samples were chosen from the three seasonally different 

collection timepoints for the chemical evaluation for the presence of BMAA by MALDI-

TOF-MS and/or LC-MS/MS. Specific sample preparation and chemical analyses were 

adapted from the previously published analytical methods for MALDI-TOF-MS 

(Esquenazi et al., 2008) and LC-MS/MS (Réveillon et al., 2014) using DL-2,4-DAB as an 

internal standard. 

Table 4.7 The cyanobacteria samples chemically evaluated for the presence of BMAA. 

Collection Date Sample Identification Sample Code Analysis Method 

October 2014 DP19OCT2014 BMAA XTN 

SE-O14 
MALDI-TOF-MS,  

LC-MS/MS 

SE-O14 LFM*  

(10 ppm) 
LC-MS/MS 

December 2014 DP24DEC2014 BMAA XTN CMX-D14 
MALDI-TOF-MS, 

 LC-MS/MS 

January 2015 DP19JAN2015 BMAA XTN 
21A LC-MS/MS 

21AS* (20 ppm)  LC-MS/MS 

* Post-extraction, BMAA spiked replicate to confirm LC-MS/MS detection of BMAA. 

Note: The MALDI-TOF-MS and LC-MS/MS analyses were adapted from the previously published 

methods by Esquenazi et al. (2008) and Réveillon et al. (2014), respectively.  

 

4.2.1.2 BMAA Extraction and Mass Analysis Sample Preparation 

From each timepoint sample, duplicate 2 g (0.1 g) aliquots were each extracted 

with 20 mL of 6 M aqueous HCl by acid hydrolysis for 24 hours at 110 ºC (±1 ºC). Once 
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cooled, each crude extract underwent vacuum filtration (Whatman 42.5 mm 0 circles, 11 

µm porosity) to remove residual particulates. Each filtrate was successively passed 

through 0.45 µm polyvinylidene fluoride (PVDF) syringe filters (VWR, Radnor, PA, 

USA) into 20 mL scintillation vials (VWR) for lyophilization. The dried extracts were 

reconstituted with 0.1% aqueous formic acid to 2 mL volumes while quantitatively 

transferring 1 mL aliquots into individual 1.5 mL amber glass vials (ThermoScientific, 

Rockwood, TN, USA). Each sample was partitioned with 500 µL of chloroform to 

dissolve remaining lipids and dried under nitrogen after removing the organic layer.  

After drying, each sample solution was reconstituted with LC-MS grade water and spiked 

with an isobaric internal standard (e.g., 25 ppm DAB) to a final 1 mL volume, 

comprising 1 ppm DAB, for mass analyses by MALDI-TOF-MS and LC-MS/MS. For 

the LC-MS/MS analysis, duplicate 300 µL aliquots were prepared by passing each 

solution through 0.2 µm polyvinylidene fluoride (PVDF) syringe filters (VWR) into a 

glass insert within a 1.5 mL amber glass vial (ThermoScientific). To confirm mass 

detection, a 20 ppm BMAA spiked lab fortified sample (21AS) was prepared from a 0.2 

m filtered aliquot of 200 µL taken from the JAN 2105 LC-MS/MS sample. In addition, 

an aqueous blank sample of 1 ppm DAB (BE5A IS) was prepared in 1 mL of LC-MS 

grade water. All samples were stored at -20 °C until analyzed at the FIU-AMSF. 

4.2.1.3 BMAA MALDI-TOF-MS Analysis 

A Bruker Autoflex III Smartbeam MALDI-TOF/TOF (Bruker Daltronics Inc., 

Billerica, MA, USA), operated in positive ion reflector mode, acquired spectral data for 

two of the hydrolyzed cyanobacteria samples (e.g., SE-O14, CMX-D14, CHCA matrix 

blank) using a BMAA selective method, previously developed and validated by the FIU-
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AMSF (Conklin, 2015). Briefly, individual 1µL aliquots of each sample were deposited 

by the dried droplet technique, using 1 µL of -cyano-4-hydroxycinnamic acid (CHCA) 

matrix (i.e., blank), onto separate wells of the MALDI target plate (e.g., MTP384 ground 

steel). Data acquisition covered the 80-143 m/z mass range. Monitoring of the protonated 

isobaric molecular ion, [M+H]+, m/z 119.0815 was performed. Processing of raw spectral 

data by the Bruker Daltronics flexAnalysis software (version 3.4, build 70) generated 

mass specific peak data (e.g., height, area S/N, resolution), exported as a Microsoft Excel 

spreadsheet, and analyte-specific (e.g., BMAA) chromatograms for each sample 

analyzed. The full FIU-AMSF MALDI-TOF-MS Sample Analysis Report is attached to 

the Appendix of this dissertation. 

4.2.1.4 BMAA LC-MS/MS Analysis 

One LC-MS/MS prepared extraction sample, spiked with 1 ppm DAB IS, from 

the three timepoints (i.e., SE-O14, CMX-D14, 21A), the 20 ppm BMAA spiked LC-

MS/MS prepared sample (21AS), spiked with 1 ppm DAB IS, and the 1 ppm DAB blank 

sample (BE5A IS) were submitted to the FIU-AMSF for mass analysis. The FIU-AMSF 

prepared an additional 10 ppm BMAA lab fortified matrix (LFM) sample from the SE-

O14 sample. The HILIC LC-MS/MS analytical method previously developed by 

Réveillon et al. (2014) was adapted for the chromatographic equipment and mass 

spectrometer at the FIU-AMSF (Conklin, 2015). Briefly, a Shimadzu Prominence LC-

20AD Ultra-Fast Liquid Chromatograph (Shimadzu Corporation, Kyoto, Japan) achieved 

chromatographic separation using a Kinetix HILIC (Phenomenex, Torrence, CA, USA) 

column (100 x 4.6 mm, 2.6 µm) set at 40 ºC. A binary mobile phase system consisted of 

(A) 0.1% aqueous formic acid in LC-MS grade water and (B) 0.1% formic acid in LC-
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MS grade acetonitrile. Elution of 20 µL injections occurred via a 10-min step gradient at 

0.5 mL/min flow rate from 30% A held for 0.5 min, ramped to 95% A in 5 min, held at 

95% A for 0.75 min, ramped to 5% A in 0.25 min, held at 5% A for 1.5 min to flush the 

column, then ramped back to 30% A in 1.5 min and re-equilibrated at 30% A for 1.75 

min.  

Mass analysis of BMAA employed the AB Sciex (AB Sciex LLC, Framingham, 

MA, USA) QTRAP 5500 Triple-Quadrupole mass spectrometer, equipped with a 

Turbospray ESI ion source, tuned to detect the [M+H]+ ion (m/z 119.0) and 

fragmentation product ions (m/z 76.1, 87.9) by Selective Ion Monitoring (SIM) and 

Multiple Reaction Monitoring (MRM), respectively as described by Réveillon et al. 

(2014). Previous interference from the isobaric internal standard, DAB IS, determined the 

choice of fragment ions monitored. As such, MRM detected the DAB IS transitions of 

m/z 119.005>101.200 and 119.005>56.300. Sample analysis was performed in 

conjunction with the method validation of another BMAA related study (Conklin, 2015) 

using their previously prepared calibration standards. The full FIU AMSF Sample 

Analysis Report was attached to the Appendix. 

4.2.2 STX Analysis 

4.2.2.1 STX Materials and Sample Preparation 

Reference standards of saxitoxin were purchased from Abraxis, Inc. (Warminster, 

PA, USA). LC-MS grade solvents (e.g., acetonitrile, water), and concentrated acetic acid 

(HOAc) were purchased from Fisher Scientific (Fair Lawn, NJ, USA).   

Aliquots of approximately 5 grams (dry weight) were removed from each of the 

lyophilized, -20 ºC stored, cyanobacteria samples and homogenized using a mini food 
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chopper, prior to extraction and mass spectrometric analysis for STX. As shown in Table 

4.8, the samples were chosen from the three seasonally different collection timepoints for 

the chemical evaluation for the presence of STX by LC-MS/MS. Specific sample 

preparation, extraction and analytical methodology were adapted from the protocol 

detailed by Foss et al. (2012b), for STX analysis of the freshwater cyanobacteria, 

Lyngbya wollei.  

Table 4.8 The cyanobacteria samples chemically assessed for the presence of STX. 

Collection Date Sample Identification Sample Code 

October 2014 DP19OCT2014 STX XTN SE-O14 

December 2014 DP24DEC2014 STX XTN CMX-D14 

January 2015 
DP19JAN2015 STX XTN 21A 

DP19JAN2015 STX-SPIKED* 21AS 

* Post-extraction, 20ppm STX spiked replicate to confirm LC-MS/MS detection of STX. 

 

4.2.2.2 STX extraction and Mass Analysis Sample Preparation  

In triplicate, 1 g (0.1 g) aliquots were each extracted with 50 mL of 0.1 M 

aqueous HOAc, by boiling (c.a. 100 ºC) in a beaker on a hot plate for at least 5 minutes, 

with constant stirring. Once cooled, the total volume of each crude extract was 

replenished to 50 mL with 0.1 M HOAc. Triplicate, 1 mL aliquots, from each extraction 

sample, were prepared for MS analysis, by passing the extract solution sequentially 

through 0.45 µm and 0.20 µm polyvinylidene fluoride (PVDF) syringe filters (VWR) into 

1.5 mL glass vials (Fisher Scientific). Each aliquot was dried under nitrogen, at room 

temperature, and reconstituted with 0.003 M HCl, prepared with LC-MS grade water, to a 

final 20 mg/mL concentration for LC-MS/MS analysis. A fourth aliquot was similarly 

prepared from the January 2015 timepoint extraction solution. This reconstituted aliquot 
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was then spiked with 20 ppm STX standard (21AS) for use as a post-extraction LFM to 

confirm STX detection above the 10 µg/mL anticipated LC-MS/MS method LOD. 

4.2.2.3 STX LC-MS/MS Analysis 

One replicate LC-MS/MS prepared STX extraction aliquot, from each sampled 

timepoint (i.e., SE-O14, CMX-D14, 21A), and the 20 ppm LFM prepared aliquot (21AS), 

were submitted to the FIU-AMSF for qualitative mass analysis. The Foss et al. (2012) 

analytical method was adapted for the Shimadzu Prominence LC-20AD Ultra-Fast Liquid 

Chromatograph coupled to the AB Sciex QTRAP 5500 Triple-Quadrupole mass 

spectrometer, equipped with a Turbospray ESI ion source. Briefly, the previously 

described Kinetix HILIC column, maintained at 40 ºC, afforded chromatographic 

separation via a binary mobile phase step gradient system. Mobile phases consisted of 

(A) LC-MS grade (A) aqueous buffer containing 2 mM formic acid and 3.6 mM 

ammonium formate and (B) 95:5 (v/v) LC-MS grade acetonitrile and LC-MS grade 

aqueous buffer. Elution of 20µL injections followed a 10-min step gradient at 0.5 

mL/min flow rate from 10% A held for 0.5 min, ramped to 90% A in 5 min, held at 90% 

A for 0.75 min, ramped to 10% A in 0.25 min, held at 10% A for 1.5 min to flush the 

column, then ramped back to 90% A in 1.5 min to re-equilibrate the column at 90% A for 

1.75 min. Mass detection utilized the STX [M+H]+ ion (m/z 300.046) and fragmentation 

product ion transitions (m/z 282.100, 204.100) by SIM and MRM, respectively. Each 

extract was qualitatively analyzed for the detection of STX. Thus, only positive results 

would warrant further quantitative analysis (e.g., calibration data, LOD, LOQ). The full 

FIU-AMSF Sample Analysis Report is attached in the Appendix. 
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4.2.3 Commercial Chemical Evaluations 

An aliquot of approximately 25 grams (dry weight) was removed from the bulk, 

lyophilized, -20 ºC stored, cyanobacteria collected January 2016. This sample was 

overnight shipped, frozen, to GreenWater Laboratories/CyanoLab (Palatka, FL, USA) for 

chemical evaluations for of the presence of ATX-a, PbTx-2, DA, and STX. The full 

report provided by the commercial marine biotoxin laboratory is attached in the 

Appendix of this chapter and describes all the protocols used for subsample preparations, 

detection analysis, and results obtained for each of the neurotoxin analytes.  

Briefly, the bulk lyophilized sample was homogenized using a coffee grinder. 

Appropriate subsamples were removed to prepare duplicate samples, including an LFM 

sample, for each neurotoxin analyte. For mass analyses, a lab fortified blank (LFB) was 

also prepared using the neurotoxin of interest. The analytes of ATX-a and DA were 

analyzed using previously developed, neurotoxin-specific LC-MS/MS methods, whilst 

PbTx-2 and STX were analyzed using commercially available, neurotoxin-selective 

ELISA kits (Abraxis Inc., Warminster, PA, USA).  

4.2.3.1 ATX-a Sample Preparation and LC-MS/MS Analysis 

Duplicate 100 mg (5 mg) samples were extracted with 75% acidified methanol 

solution. One of the samples was spiked with ATX-a as a 100 ng/g ATX-a LFM sample. 

Both samples were sonicated for 25 minutes, using a water bath, then centrifuged for 10 

minutes at 3000 rpm. For each sample, the supernatant was collected, and the remaining 

pellet extracted again with the 75% acidified methanol solution. The resultant 

supernatants were respectively pooled, for each sample. The methanol was removed 

using heat and nitrogen gas. Sample clean-up employed Strata-X (Phenomenex, 
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Torrence, CA, USA) solid phase extraction (SPE), followed by 0.45 m PVDF filtration. 

A sample concentration of 0.1 g/mL was prepared for LC-MS/MS analysis for the ATX-a 

[M+H]+ ion (m/z 166) and fragmentation product ions (m/z 43.5, 91.5, 107.3, 131.1). 

The 10 ng/g method limit of detection was based on the current instrument sensitivity and 

the LFM. 

4.2.3.2 DA Sample Preparation and LC-MS/MS Analysis 

Duplicate 100 mg (5 mg) samples were extracted twice with 80% methanol 

solution. One of the samples was spiked with DA standard as a 500 ng/g LFM. Both 

samples were sonicated for 25 minutes using a water bath then centrifuged for 10 minutes 

at 3000 rpm. For each sample, the respectively collected supernatants were pooled and 

the methanol solution was removed. Sample clean-up employed Strata-X SPE followed 

by 0.45 m PVDF filtration. A sample concentration of 0.1 g/mL was prepared for LC-

MS/MS analysis for the DA [M+H]+ ion (m/z 312) and fragmentation product ions (m/z 

145.5, 220.3, 248.5, 266.2) with a 50 ng/g method limit of detection (e.g., LFM, 

instrument sensitivity) 

4.2.3.3 STX Sample Preparation and ELISA Analysis 

Duplicate 500 mg (5 mg) samples were used for STX extraction. One sample 

was spiked with STX standard as a 100 ng/g LFM sample. Each sample was extracted 

with 7.5 mL of 0.1 M HOAc solution and placed in a boiling water bath for 5 minutes. 

The samples were cooled and centrifuged. For each sample, the supernatant was retained, 

and the remaining pellet rinsed with 2.5 mL 0.1 M HOAc solution. The resultant 

supernatant for each sample was pooled, respectively. Sample clean-up employed Strata-

X SPE followed by 0.45 m PVDF filtration. The LFB sample was also prepared using 
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0.2 ng STX/mL LFM. Sample aliquots of 10 mg/mL, in kit diluent, were analyzed using 

a Saxitoxin ELISA kit (Abraxis, Inc.). The 5 ng/g detection and quantification limits were 

based on the LFM dilution factors and 0.05 g/L kit sensitivity. 

4.2.3.4 PbTx-2 Sample Preparation and ELISA Analysis 

Duplicate 500 mg (5 mg) samples were extracted twice with an 80% methanol 

solution. One of the samples was spiked with PbTx-2 as a 1 g/g PbTx-2 (e.g., dry 

weight) LFM. Both samples were sonicated for 25 minutes using a water bath then 

centrifuged for 10 minutes at 3000 rpm. For each extracted sample, the resultant 

supernatants were, respectively pooled, and the methanol removed. Sample clean-up 

employed Strata-X SPE followed by 0.45 m PVDF filtration. An LFB sample was also 

prepared using as 1.0 ng PbTx-2/mL LFM. Sample aliquots of 1 mg/mL in 5% methanol 

were analyzed using a Brevetoxin (NSP) ELISA kit (Abraxis Inc., Warminster, PA, 

USA). The 50 ng/g detection and quantification limits were based on the LFM dilution 

factors and 50 g/L kit sensitivity. The calibration curve was prepared from a PbTx-3 

standard solution (e.g., 5% MeOH), while PbTx-2 was used to prepare the quality control 

samples. 

4.3 Results and Discussion 

4.3.1 BMAA Results 

Analysis by MALDI-TOF-MS conducted at the FIU-AMSF, did not detect 

BMAA as [M+H]+ (m/z = 119.0815 m/z) in either of the two 2014 cyanobacteria sample 

extracts (e.g., SE-O14, CMX-D14) above the S/N of 3 or below the calibrants’ mass 

errors of ≤ 3 ppm. Notably, mass spectral data revealed < 3 S/N ion peaks, at m/z = 
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119.0566 (mass error 209.1 ppm) and 119.0384 (mass error 361.9 ppm), respectively, for 

the SE-O14 and CMX-D14 extracts.  

Moreover, BMAA was not detected by the LC-MS/MS analysis acquired at the 

FIU-AMSF in the SE-O14, CMX-D14, 21A extracts. The LC-MS/MS method required 

the use of 1 ppm DAB internal standard (IS), BMAA calibration standards (e.g., 0.25-50 

ppm), 10 ppm BMAA quality control samples (e.g., CS4) and the LFM and 21AS 

samples, respectively spiked with BMAA at 10 ppm and 20 ppm. The 0.25 ppm 

calibration standard defined the limit of detection. Due to isobaric interference from DAB 

IS, the BMAA multiple reaction monitoring (MRM) m/z transitions were set at 119>76 

(main) and 119>88 (secondary), whilst the main DAB IS MRM was set at 119>101. The 

10 ppm and 20 ppm BMAA spiked samples showed respective recoveries of 89% and 

70% for SE-O14 LFM and 21AS when compared to the 10 ppm CS4 calibration 

standard.  

4.3.2 STX Results 

Analysis by LC-MS/MS, conducted at the FIU-AMSF, did not detect STX in any 

of the cyanobacteria samples extracts (e.g., SE-O14, CMX-D14, 21A) when qualitatively 

compared to a 20 ppm STX spiked extract (21AS) and blank sample (e.g., LC-MS 

Water). Positive identification in the spiked extract by LC-MS/MS employed the STX 

MRM m/z transitions at (300>204) and (300>282). The qualitative absence of STX in the 

three un-spiked extract samples warranted no further analytical quantitation (e.g., 

calibration standards, detection limits).  

Analysis by STX-selective ELISA, conducted at GreenWater 

Laboratories/CyanoLab, did not detect STX in the respective subsample extract derived 
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from the January 2016 cyanobacteria collection. A sample concentration of 10 mg/mL 

was prepared with the STX ELISA (Abraxis, Inc.) kit diluent for analysis at 10 mg/mL 

sample concentration with a detection/quantification limit of 5 ng/g based on the dilution 

factors and 0.05 g/L kit sensitivity. Pre-extraction and post-extraction results of the 

LFM resulted were 55% and 70%, respectively. The low LFM pre-extraction result 

suggested the possible loss of STX to the matrix and/or destruction due to the extraction 

process. Thus, STX was not observed in any of the cyanobacteria samples using either 

LC-MS/MS or ELISA.  

4.3.3 ATX-a Results 

A sample concentration of 0.1 g/mL was prepared for LC-MS/MS analysis for the 

ATX-a [M+H]+ ion (m/z 166) and fragmentation product ions (m/z 43.5, 91.5, 107.3, 

131.1). The 10 ng/g method limit of detection was based on the current instrument 

sensitivity and the LFM. Analysis by LC-MS/MS of the January 2016 cyanobacteria 

sample, conducted by GreenWater Laboratories/CyanoLab, did not detect the presence of 

ATX-a above the 10 ng/g detection limit defined by the LFM sample.  

4.3.4 DA Results 

A sample concentration of 0.1 g/mL was prepared from the respective January 

2016 cyanobacteria subsample for LC-MS/MS analysis of the DA [M+H]+ ion (m/z 312) 

and fragmentation product ions (m/z 145.5, 220.3, 248.5, 266.2). The results, obtained by 

GreenWater Laboratories/CyanoLab, did not detect the presence of DA above the 50 ng/g 

detection limit established from the LFM sample and instrument sensitivity. 
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4.3.5 PbTx-2 Results 

Using an Abraxis PbTx-selective ELISA kit, GreenWater Laboratories/CyanoLab 

did not detect PbTx (e.g., PbTx-2, PbTx-3) in the respective January 2016 cyanobacteria 

extract. Pre-extraction and post-extraction results for the PbTx-2 spiked LFM sample 

were 64% and 110%, respectively. The lower LFM pre-extraction result suggested 

possible loss of PbTx-2 to the matrix and/or destruction due to the extraction process. 

4.3.6 Results Summary  

As previously described in Chapter Two, the green macroalgae, Ulva spp., and 

cyanobacteria, morphologically identified as the neurotoxigenic, polyphyletic Lyngbya 

s.l., including Neolyngbya spp., were observed growing abundantly within the enclosures 

of the marine mammal zoological facility located in the Florida Keys. Moreover, the 

facility staff observed their captive bottlenose dolphins intermittently grazing the Ulva 

spp. and, important to this study, potential HAB-related cyanobacteria (e.g., Lyngbya s.l., 

Neolyngbya sp.). Occasionally, after these algal ingestions, the captive dolphins exhibited 

apparent intoxications of seemingly neurotoxicity (e.g., ataxia, uncoordinated swimming, 

blepharospasms). Each apparent intoxication case was addressed and typically resolved  

within several days by the facility’s veterinarian. Numerous neurotoxic secondary 

metabolites have been isolated from freshwater, estuarine and marine Lyngbya spp. 

including ATX, BMAA and STX. The cyanobacteria were sampled, seasonally during 

the study, for taxonomic characterization and comparative chemical analysis to determine 

the presence of ATX-a, BMAA and STX using conventional analytical methods (e.g., 

ELISA, LC-MS/MS, MALDI-TOF-MS). The known neurotoxin-producing HAB-related 

microalgae, Karenia brevis (i.e., PbTx) and Pseudo-nitzschia spp. (i.e., DA) were not 
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conclusively identified among the epiphytes observed during the algal (e.g., macroalgae, 

cyanobacteria) morphology examinations. However, these HAB organisms are frequently 

associated with wild bottlenose dolphin intoxications and mortalities along the Florida 

Gulf Coast. Thus, one cyanobacteria sample was also chemically evaluated for the known 

HAB neurotoxins, PbTx-2 and DA. 

Each neurotoxin was chemically analyzed using an adapted, previously published 

neurotoxin-specific method (i.e., mass spectrometry, ELISA) from an applicably 

extracted aliquot of the relevant cyanobacteria collections. For chemical investigations of 

BMAA and STX, conducted at FIU, two seasonally representative (e.g., fall, winter) 

cyanobacteria collection timepoints were chosen, after the captive dolphins exhibited 

intoxication events over the summer of 2014. Specifically, the October 2014 

cyanobacteria sample (SE-O14) was known to be ingested by one of the afflicted captive 

bottlenose dolphins and represented the near maximum of potential HAB-neurotoxin 

presence. The January 2015 cyanobacteria sample (21A) represented the near minimum 

of HAB-neurotoxin potential. Whilst, the December 2014 cyanobacteria collection 

(CMX-D14) consisted of all the cyanobacteria the facility staff had collected from 

January through August 2014; the year multiple intoxication events were observed for the 

captive dolphins. These three cyanobacteria samples were chemically investigated at FIU 

for the presence of BMAA and STX using mass spectrometry (e.g., MALDI-TOF-MS, 

LC-MS/MS). The LC-MS/MS method served to confirm the absence of BMAA in the 

extracted samples evaluated by MALDI-TOF-MS. Whilst, the January 2016 

cyanobacteria sample, was chemically evaluated for the presence of ATX-a, PbTX-2, DA 

and STX by a commercial analytical laboratory specializing in biotoxins. The negative 
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ELISA results further confirmed the absence of STX as observed in extracts analyzed 

using the FIU-ASMF LC-MS/MS method. 

The results of this chapter provided a snapshot answer to the key question 

originally presented in Chapter One regarding the potential presence of HAB-related 

neurotoxin(s) present in collected samples of cyanobacteria and possibly associated with 

algal ingestions by the captive dolphins. Specifically, cyanobacteria samples were 

chemically evaluated for the potential presence of the neurotoxic cyanotoxins ATX-a, 

BMAA, and STX and the marine microalgae neurotoxins, PbTx-2 and DA. As 

summarized in Table 4.9, none of the known neurotoxins were detected above the 

respective method limit of detection, where applicable, in any of the cyanobacteria 

samples collected from within the captive dolphin enclosures. However, a 

recommendation to monitor for the presence of the HAB-related neurotoxins during any 

future captive dolphin algal ingestion related intoxication events was proposed to the 

marine mammal zoological facility staff.   
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Table 4.9 Summary results for cyanobacteria samples chemically screened for known neurotoxins. 

Collection 

Date 

Sample  

Code 

Neurotoxin 

Analyzed 

Detection 

Method 

LOD 

(ng/g) 

Analytical 

Results 

(ppm) 

Analytical 

Test 

Facility 

January 

2016 
DP16 

ATX-a LC-MS/MS 10 ND 

GreenWater 

Laboratories

/CyanoLab 

PbTx-2 ELISA 50 ND 

DA LC-MS/MS 50 ND 

STX ELISA 5 ND 

January 

2015 

21A-LFM  

(20 ppm) 

STX LC-MS/MS NA 

6.0 

FIU- 

AMSF 

21A ND 

October 

2014 
SE-O14 ND 

December 

2014a 

CMX-

D14 ND 

January 

2015 

BE5A IS 

BMAA 

LC-MS/MSb 

0.25 

ND 

FIU- 

AMSF 

21AS  

(20 ppm) 
19.8 

21A ND 

October 

2014 

SE-O14 

LFM 

 (10 ppm) 

LC-MS/MSb 8.9 

SE-O14 

LC-MS/MSb ND 

MALDI- 

TOF-MS ≥ 3 S/Nc ND 

December 

2014a 

CMX-

D14 

LC-MS/MSb 0.25 ND 

MALDI- 

TOF-MS ≥ 3 S/Nc ND 

a DEC2014 represents the combined biomass collected by DP staff during 2014 except for OCT2014. 
b Samples were spiked with internal standard (IS) DAB to 1 ppm prior to LC-MS/MS analysis. 
c The MALDI-TOF-MS LOD was expressed as a Signal to Noise ratio (S/N) greater than or equal to 3 

and mass error less than 3 ppm based on calibrant mass errors. 

LFM           = Laboratory Fortified Matrix (analyte spiked) 

LOD           = Method Limit of Detection 

ND             = Not Detected above Method LOD 

NA             = Not Available/Applicable 

FIU-AMSF = Florida International University-Advanced Mass Spectrometry Facility 

  

4.4 Conclusions 

To conclude, none of the known neurotoxins, specifically ATX-a, BMAA, PbTx-2, DA, 

and STX, were detected above the limit of detection for their respective methods in any 
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of the cyanobacteria samples chemically evaluated. Thus, the dissertation research focus 

returned to chemically investigating the cyanobacteria for other potentially neurotoxic 

secondary metabolites, known or otherwise uncharacterized, as guided by the zebrafish 

embryo-larvae neurobehavioral model of toxicity. Results are detailed in the next two 

chapters, Chapter Five and Chapter Six. 

Despite the absence of known neurotoxins, the potential remains for future HAB 

related events to occur as favorable growing conditions arise within the captive dolphin 

enclosures. As such, a prudent recommendation advised the marine mammal zoological 

facility staff to continue monitoring dolphin algae ingestions, particularly cyanobacteria, 

and any subsequent symptoms of intoxication to allow for more-timely chemical 

evaluations of HAB-related neurotoxins. Likewise, as no definitive correlation could 

statistically link algal and cyanobacteria ingestions to intoxication episodes as described 

previously in Chapter Three of this dissertation, the staff were cautioned to be cognizant 

for HAB contaminated dietary fish supplies, especially those derived from the Gulf of 

Mexico (e.g., menhaden), as a further step to identify the intoxication source. 
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5. BIOASSAY-GUIDED INQUEST OF A MARINE FILAMENTOUS 

CYANOBACTERIAL ASSEMBLAGE ASSOCIATED WITH 

INTOXICATIONS OF CAPTIVE BOTTLENOSE DOLPHINS (TURSIOPS 

TRUNCATUS) IN THE FLORIDA KEYS USING ZEBRAFISH (DANIO 

RERIO) MODELS OF NEUROTOXICITY (in preparation for Harmful Algae) 

5.1 Abstract 

A marine filamentous cyanobacterial assemblage (i.e., mat) was recently 

implicated in apparent ingestion-related intoxications of captive bottlenose dolphins 

Tursiops truncatus) in the Florida Keys. The cyanobacterial mat morphologically 

resembled the formerly classified, toxigenic, polyphyletic genus Lyngbya 

(Oscillatoriales). Phylogenetic characterization of the cyanobacterial assemblage inferred 

Oscillatoriacean membership including species from the genus Neolyngbya. Chemical 

analysis of the cyanobacterial mat determined the absence of plausible HAB-related 

neurotoxins: anatoxin-a, saxitoxin, brevetoxin-2 and domoic acid. Successive classical 

bioassay-guided fractionation of the cyanobacteria assemblage led to the isolation and 

characterization of a previously undocumented eudesmane-type sesquiterpene as a 

secondary metabolite exhibiting neurotoxic effects in the zebrafish (Danio rerio) embryo-

larvae toxicological model, adapted to comparatively assess neurotoxicity against 

brevetoxin-2. Herein, the zebrafish neurotoxicological model used to investigate the 

biological activity of the cyanobacteria fractions are described relative toward exploring 

potential new HAB cyanoneurotoxins and understanding the role of cyano-HABs on 

marine mammals more generally.   
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5.2 Introduction 

Florida’s vast coastal and estuaries provide major habitats for bottlenose dolphins 

(Tursiops truncatus), often sustaining discrete residential groups of these apex predators 

considered the sentinels for these ecosystems (Bossart, 2011). These environments are 

particularly vulnerable to eutrophication related to Florida’s rapid urbanization and 

agricultural growth over the last century (Lapointe and Clark, 1992; Wang et al., 1999; 

Sigua et al., 2000). The unique dolphin pods have been deleteriously afflicted (e.g., mass 

mortalities, diseases) by recurring Harmful Algal Bloom (HAB) events involving 

neurotoxin poisonings from brevetoxins (PbTx), domoic acid (DA) and saxitoxins (STX), 

particularly within Sarasota Bay along Florida’s Gulf Coast and within the Atlantic 

Intercoastal Waterway (Twiner et al., 2011; Fire et al., 2015; Landsberg et al., 2006). 

Increased anthropogenic inputs to Florida’s waterways have contributed to the rise in 

HAB frequencies and intensities (Phlips et al., 2011; Milbrandt et al., 2012; Lapointe et 

al., 2015). Consequently, estuarine residential bottlenose dolphins have been increasingly 

subjected to co-occurring marine and freshwater HAB-related toxins, particularly 

cyanotoxins, with detrimental outcomes including mortality, organ damage (i.e., internal, 

dermal) and neurodegeneration (Fire et al., 2008; Brown et al., 2018; Davis et al., 2019). 

Moreover, only recently has the co-occurrence of marine and freshwater HAB species 

been investigated (Bukaveckas et al., 2018; Peacock et al., 2018). 

The Florida Keys, interfaced between Florida Bay and the Atlantic Ocean, are 

home to wild and human-managed bottlenose dolphins. The commercial marine mammal 

zoological facilities are connected to the surrounding native ecosystems via man-made 

canals and/or water pumping stations allowing for adequate flushing of their aquaria. 
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Wild bottlenose dolphins, known to primarily prey on seasonally available native fish, 

crustaceans and other living marine invertebrates, are fed, in captivity, strict piscivorous 

diets including sprat, herring, mackerel and squid, supplemented with prophylactic 

vitamins and freshwater to ensure proper nutrition and hydration. Recently, some captive 

bottlenose dolphins were observed, by staff, occasionally grazing members of the 

macrophytic algal community, including filamentous cyanobacteria, growing within their 

enclosures. The dolphins presented ensuing intoxication events of seemingly transient 

neurotoxicity, manifested by neurological symptoms of ataxia, blepharospasms and 

respiratory stress, as evaluated by the staff veterinarian. The facility’s veterinarian 

addressed and typically resolved each apparent case of intoxication within several days. 

Although the macrophytic algal communities within the enclosures comprised several 

diverse taxa, and the dolphins grazed multiple members, the apparent intoxication events 

were generally linked to ingestions of the filamentous cyanobacteria.  

Among the recognized cyanobacterial taxa associated with HABs, members of the 

polyphyletic, filamentous genus, Lyngbya (Oscillatoriales), are frequently linked to 

toxigenic blooms in freshwater, estuarine and marine ecosystems worldwide, including 

Florida (Capper et al., 2016; Foss et al., 2012; Burns, 2008). In freshwater habitats, 

Lyngbya wollei (Farlow ex Gomont) Speziale & Dyck 1992 has been associated with the 

production of multiple, water-soluble toxins, and specifically, the potent neurotoxic 

alkaloid, saxitoxin (STX) and its analogues (Carmichael et al., 1997). Moreover, the 

previously classified marine, filamentous species Lyngbya majuscula (Harvey ex 

Gomont) afforded copious biologically active, secondary metabolites, notably including 

several neurotoxic lipopeptides (Aráoz et al., 2010) and the non-proteinogenic amino 
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acid, β-methylamino-L-alanine (BMAA), controversially linked to neurodegenerative 

disease (Rodgers et al., 2018). The neurotoxin homoanatoxin-a, a potent analogue of the 

deadly anatoxin-a (ATX-a), primarily associated with freshwater cyanobacteria taxa, was 

identified in the marine, mat-forming filamentous cyanobacteria Hydrocoleum 

lyngbyaceum (Oscillatoriales) (Méjean et al., 2010).  

More generally, Lyngbya sensu lato (s.l.) is, arguably, one of the most prodigious 

cyanobacterial producers of a largely unequalled diversity of bioactive metabolites 

including, several compounds which have been explored as leads to novel drugs (Swain 

et al., 2015).  The potential role, however, of these biologically active metabolites as 

“toxins”, aside from the recognized “cyanotoxins” (e.g., STX, ATX-a, BMAA), has been 

relatively unexplored. Moreover, the genus Lyngbya is now recognized as a polyphyletic, 

mixed assemblage comprising multiple, closely related species, making morphological 

differentiation nearly impossible (Jones et al., 2011). Recent molecular and phylogenetic 

characterizations of Lyngbya spp. identified several new genera including Limnoraphis 

(Komárek et al., 2013), Microseira (McGregor et al., 2015), Neolyngbya (Caires et al., 

2018a), and Capilliphycus (Caires et al., 2018b; Caires et al., 2019). Indeed, the 

cyanobacteria mixed assemblage (i.e., mat), chemically explored herein, resembled the 

polyphyletic, toxigenic Lyngbya s.l., thus requiring a molecular and genetic identification 

approach (Lydon et al., submitted), was dominated by an undescribed species of 

Neolyngbya. 

The present study used a dual strategy to identify neurotoxic metabolites from 

collections of the marine filamentous cyanobacteria mat affiliated with the captive 

dolphin intoxications. Collections of the cyanobacterial mat were chemically investigated 
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for the presence of the known HAB neurotoxins ATX-a, STX, PbTx-2 and DA, possibly 

contributing to the dolphin intoxications, and for which there are available standards and 

established analytical methods. In tandem, classical bioassay-guided fractionation 

techniques were used to explore known, or otherwise, uncharacterized neurotoxic 

metabolites. The biological assays, described herein, adapted the well-established 

zebrafish (Danio rerio) embryo developmental (Berry et al., 2007) and larval behavioral 

(Legradi et al., 2015) toxicological modes to comparatively assess the neurotoxicity of 

extracts and subsequent fractions against PbTx-2 as the positive control and negative 

controls of the untreated aquaria system water (ASW) and the methanolic (MeOH) 

solvent control.  

5.3 Methods and Materials 

5.3.1 Cyanobacteria Material 

The mixed assemblage cyanobacteria sampled for the study were collected by 

snorkeling at a depth of 2-5 m (8-16 ft) at the marine mammal zoological facility in the 

Florida Keys, Florida, United States (25.084192 N, 80.442295 W), in January 2016. 

Initial morphology-based examination by light microscopy, of a small portion of the 

sample, associated the filamentous cyanobacteria with the polyphyletic, toxigenic genus 

Lyngbya. Aliquots of the main morphotypes were cleaned with deionized water and 

stored in 5 mL RNAlater (Ambion, Austin, TX, USA) at (-80 ºC) for phylogenetic 

characterization. Voucher specimens (Lydon-DP2016-Lyngbya spp.) were prepared with 

4% formalin (Fisher Scientific, Fair Lawn, NJ, USA) in ethanol (Fisher) and stored at the 

Marine Macroalgae Research Laboratory at Florida International University, Miami, FL, 

as previously described in Chapter Two of this dissertation (see 2.2.1.2 Taxonomic 
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Reference Samples). The remaining sample of mixed assemblage cyanobacteria mat was 

cleaned of obvious debris, fauna and macroalgae, excess moisture removed, then 

lyophilized and stored frozen (-20 ºC) until chemically explored. 

5.3.2 Chemical Explorations of Cyanobacteria Samples 

Wet samples (ca. 5 gallons) of the mixed assemblage cyanobacteria mat, collected 

January 2016, were rinsed well with site seawater to remove obvious debris, fauna and 

macroalgae and prepared as previously described in Chapter Two of this dissertation (see 

2.2.1.4 Cyanobacteria Chemical Evaluation Samples). Briefly, the cyanobacteria biomass 

was lightly rinsed with deionized water and patted dry with paper towels to remove 

excess moisture. The semi-dried material was then frozen (-80 ºC) and lyophilized in 

preparation for chemical exploration of known or otherwise, previously uncharacterized 

neurotoxic secondary metabolites. The lyophilized cyanobacteria material was stored 

frozen (-20 ºC) until chemical analyses were performed. 

5.3.2.1 Known Neurotoxin Evaluation of Cyanobacteria Samples  

A 25 g portion of the lyophilized cyanobacteria was shipped, frozen, to a 

commercial analytical laboratory (GreenWater Laboratories/CyanoLab, Palatka, FL, 

USA) for chemical analysis of the harmful algal neurotoxins ATX-a, STX, PbTx-2, and 

DA. The analytical detection (i.e., LC-MS/MS, ELISA) methods are detailed in Chapter 

Four (see 4.2.3 Commercial Chemical Evaluation, Appendix). Briefly, for each 

neurotoxin investigated, an appropriate sample (ca., 5 mg) was aliquoted from the 

lyophilized cyanobacteria material to prepare replicate extracts. One replicate of each 

extract was spiked with the applicable analyte standard, as a Laboratory Fortified Matrix 

LFM, to establish the relevant method detection limit. Neurotoxin-specific ELISA kits 
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(Abraxis, Inc., Warminster, PA, USA) were used to evaluate the presence of STX and 

PbTx-2. Previously established, neurotoxin-specific LC-MS/MS methods were used to 

detect the presence of ATX-a and DA.  

5.3.2.2 Bioassay-Guided Fractionation of Cyanobacteria Samples Using Zebrafish 

Neurotoxicological Models 

As described in Chapter Six (see 6.3.7 Zebrafish Neurotoxicity Assays), Wild-

type AB, embryonic (4-6 hours post-fertilization [hpf]) and larval (3-5 days post-

fertilization [dpf]) zebrafish (Danio rerio), were purchased from the Zebrafish Core 

Facility, University Miami, Miami, FL. All experiments were performed according to 

IACUC approved animal protocols (Appendix). Existing toxicological methods were 

adapted to evaluate developmental (Berry et al., 2007) and behavioral (Legradi et al., 

2015) neurotoxicity endpoints including percent mortality, 24-hpf spontaneous coiling 

frequency, hatching rate, heart rate, and the percentage of embryos exhibiting swimming-

related issues (i.e., irregular swim bladder, abnormal swim behavior) as described by 

Henry et al. (1997) and Kalueff et al. (2013). The experiments were conducted in solvent-

resistant, polypropylene 24-well (embryos) and 96-well (larvae) plates (Evergreen 

Scientific, Caplugs CA, Rancho Domingo, CA, USA). Test concentrations were added to 

individual wells and allowed to air-dry prior to exposing test subjects. Replicate zebrafish 

test subjects (i.e., embryos) were exposed to three concentrations of cyanobacteria 

extracts at 10, 25 or 50 ppm, respectively, or the positive control, PbTx-2 standard 

(Sigma Aldrich, Saint Louis, MO, USA), at 2.79, 5.59, 11.17 and 27.93 nM respectively, 

or the negative control, aquarium system water (ASW). Five embryos (4-6 hpf) per 1 mL 

of ASW per well (24-well plate) were used for the ZDN studies. The ZLNB studies used 
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one, 5-dpf larva, with its swim bladder inflated and exhibiting normal beat and glide 

swim behavior, per 100 µL ASW per well (96-well plate), with 6 or 12 replicate test 

subjects per concentration. Herein, additional (e.g., up to 24) test subjects were used to 

evaluate larval behavioral neurotoxicity of PbTx-2 and cyanobacteria material (i.e., 

extracts, fractions) at four exposure concentrations, respectively 2.5 ppb, 5 ppb, 10 ppb 

and 25 ppb over 24 hpe. All experiments were conducted at 28 ºC and a 14-h light and 

10-h dark photoperiod. A Spot Imaging Solutions TLB-4000 equipped with a Fisher 

Bioblock Scientific Carl Zeiss Microimaging STEMI 2000-C stereomicroscope and an 

Optronics Microcast HD Studio 3CCD 1080P 2MP digital camera was used to examine 

the zebrafish embryo-larva development and behavior at selected timepoints. Daily 

monitoring of embryogenesis, through 5 dpf, included percentages of adverse neurotoxic 

and developmental effects including mortality, atypical 24-hpf spontaneous coiling 

frequencies, abnormal growth and hatching rates, irregular heart rhythms, and abnormal 

swimming behaviors, relative to ASW negative controls. Larva were monitored over 24 

hours for percentages of mortality, aberrant swimming behaviors and swim bladder 

irregularities compared to the untreated controls. Data were statistically analyzed by one-

way ANOVA followed by Tukey’s Honestly Significant Difference (HSD) multiple 

comparison test, using the Real Statistics Resource Pack software (Release 5.4.2), 

copyright (2013-2019) Charles Zaiontz www.real-statistics.com (last accessed 

23JAN2018). Statistical significance was defined by p values of   0.05,  0.01, and/or  

0.001.  

Fractionation of the lyophilized cyanobacteria biomass began after preliminary 

exposure concentrations of 25, 75, and 100 ppm, prepared from a 1 mg aliquot of 
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lyophilized cyanobacteria biomass, dissolved in 1 mL MeOH, indicated biological 

activity using the zebrafish developmental neurotoxicity (ZDN) and larval 

neurobehavioral (ZLNB) assays. The bioassay-guided fractionation methodology is fully 

detailed in Chapter Six (see 6.3.3 Bioassay-Guided Fractionation of Eudesmacarbonate). 

At each fractionation step, neurotoxicological activity was assessed using the ZDN and 

ZLNB assays until the putative metabolite (i.e., compound 1) was obtained as 

(4S,5R,6R,7S,10S)-eudesman-(4S,6R)-cyclocarbonate (i.e., eudesmacarbonate). Briefly, 

50 g (dry weight) of lyophilized cyanobacteria biomass, sampled in January 2016, was 

systematically extracted with EtOAc-MeOH (1:1), concentrated in vacuo, and thrice 

partitioned between EtOAc-H2O (3:1). The pooled, lipophilic (i.e., EtOAc) crude extract 

was concentrated in vacuo whilst, the pooled polar crude extract immediately partitioned 

between 2-butanol (BuOH) and HPLC-grade water (H2O). The BuOH crude extract and 

the aqueous (Aq) crude extract were concentrated in vacuo. Aliquots (ca. 2 mg) of the 

crude cyanobacteria extract and the solvent partitioned extracts were removed and 

resuspended in methanol to prepare 1 mg/mL bioassay samples. The EtOAc crude extract 

bioassay sample exhibited neurotoxicological activity comparable to PbTx-2. Thus, a 500 

mg aliquot of the EtOAc crude extract was dissolved in EtOAc and concentrated onto a 

Büchi Reveleris HP silica gel, 60-75 Å mesh, 16-24 µm cartridge and subjected to 

normal-phase semi-preparative flash chromatography using a Büchi Reveleris X2 

automated flash chromatography system equipped with UV/ELSD detection (Büchi 

Corp., Flawil, Switzerland). A stepwise solvent gradient of n-hexanes-EtOAc-MeOH 

from 95:5:0 to 0:0:100 at 20 mL/min was used to collect fractions at approximately 20 

mL intervals over 80 min. Fractions were monitored for purity by normal-phase thin layer 
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chromatography (TLC). Aluminum-backed silica gel TLC plates with UV 254 nm 

fluorescence, 250 µM (Whatman LTD, Maidstone, Kent, England) were developed using 

65:30:5 n-hexanes-EtOAc-EtOH. Fractions with multiple retention factors were pooled 

by similar retention factor (Rf )values, dried in vacuo, and retained for potential future 

separation. Semi-pure fractions were dried in vacuo and reconstituted with EtOAc to 1 

mg/mL concentrations to comparatively assess neurotoxicity against PbTx-2 (see below). 

A semi-pure fraction (i.e., F29), eluted with 50:50:0 n-hexanes-EtOAc-MeOH, exhibited 

bioactivity aligned with PbTx-2. Further separation, using reversed-phase C18 (Varian 

BondElut, 1.6 g) vacuum assisted column chromatography, with a step gradient of 20-0% 

aqueous methanol, yielded the bioactive fraction F29-1 in the first eluent. Isocratic 

elution using C18 with 20% aqueous methanol isolated the bioactive metabolite in the first 

fraction. Subsequently purified with MeOH, the structural elucidation of the neurotoxic 

metabolite was determined, by the chemical analysis methods, to be the novel, cyclic 

carbonate ester of an eudesmane-type sesquiterpene, (4S,5R,6R,7S,10S)-eudesman-

(4S,6R)-cyclocarbonate (i.e., eudesmacarbonate) as detailed in Chapter Six of this 

dissertation (see 6.3.4 Chemical Characterization of Eudesmacarbonate). All solvents 

were HPLC or LC-MS grade (Fisher Scientific, OmniSolv). 

5.4 Results 

Commercial analysis (GreenWater Laboratories/CyanoLab, Palatka, FL, USA) of 

the 2016 collected cyanobacteria biomass did not detect any of the known HAB-related 

neurotoxins (i.e., ATX-a, STX, PbTx-2, DA) at levels above the respective method limit 

of detection. The full report is attached in the appendix (See Appendix). The absence of 

these neurotoxins prompted the bioassay-guided fractionation of a portion of the 
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remaining lyophilized cyanobacteria biomass (50 g, dry weight) for the potential presence 

of neurotoxic secondary metabolites. Bioactivity was established if extracts exhibited 

neurotoxicity in the zebrafish embryo and larval-behavioral toxicological models 

compared to the recognized, marine HAB-neurotoxin, PbTx-2. Embryo development and 

behaviors over five days and larval behaviors over 24 hours were monitored for key 

endpoints associated with neurotoxicity. Quantitative developmental neurotoxicity 

assessments were based on abnormal spontaneous coiling frequencies, percent mortality 

and deformity, abnormal hatching rates and heart rhythms, and swim bladder dysfunction 

(e.g., irregular swim bladder inflation, aberrant swimming behaviors). Larval behaviors, 

indicative of neurotoxicity, were monitored including percent mortality, ataxia-related 

swimming behaviors and swim bladder dysfunction (i.e., irregular swim bladder 

morphologies). Biological activity (i.e., neurotoxicity, teratogenicity) was assessed at 

each fractionation step until a putative, compound exhibiting neurotoxic effects aligned 

with PbTx-2, was isolated and structurally identified as eudesmacarbonate (Figure 5.1).   
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Figure 5.1 Bioassay-guided fractionation scheme of invest cyanobacteria collected January 2016. 

The * denotes biologically active fractions exhibiting neurotoxicity aligned with PbTx-2 positive 

control in the zebrafish embryo-larvae neurotoxicological models. 
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Developmental neurotoxicity was assessed for three concentrations of each 

fraction compared to the ASW negative control, the MeOH solvent control and four 

concentrations of PbTx-2 standard used as the positive controls. Fractions were tested at 

the respective exposure concentrations of 10, 25 and 50 ppm based on the results of 

preliminary exposures to the crude cyanobacteria extract exhibiting 100% lethality at 

concentrations of 75 ppm and higher. The larval neurotoxicity assessments of 

cyanobacteria fractions included the additional exposure concentration of 2.5 ppm. 

Exposures to PbTx-2 were evaluated using 2.5, 5, 10 and 25 ppb, respectively for the 

embryo bioassay. Larvae were respectively exposed to 2.5, 10, 25 and 50 ppb PbTx-2 or 

cyanobacterial material (i.e., extracts, fractions) at 2.5, 10, 25 and 50 ppm or the negative 

controls (i.e., ASW, MeOH). The fractions exhibiting neurotoxicity, relevant to PbTx-2, 

guided the ultimate isolation and purification of eudesmacarbonate (F29-1A) and are 

reported herein. The biological activity of eudesmacarbonate are detailed in Chapter Six 

(see 6.4.3 Biological Activity of Eudesmacarbonate, Appendix). 

5.4.1 Average Percent Mortality of Embryos 

No mortalities were observed through Day Five (5) for any of the four PbTx-2 

standard exposure concentrations or either of the negative controls (i.e., ASW, MeOH). 

Bioassays of the crude extracts obtained from the initial fractionation of the lyophilized 

cyanobacteria indicated neurotoxicity in the non-polar (i.e., EtOAc) fraction, lethality in 

the mid-polar BuOH fraction, and inconclusive (i.e., variable) biological activity in the 

polar (i.e., Aq) fraction (Figure 5.2, Appendix). Thus, the EtOAc crude extract was 

pursued due to the sublethal biological activity observed (Figure 5.2). The LD50 value of 

36.1 ppm for the EtOAc crude extract was extrapolated by linear regression analysis of 
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the logarithmic (Log10) concentration versus percent mortality plot through five dpf 

(Figure 5.3). 

 
Figure 5.2 Percent mortality of crude cyanobacteria extracts through 5 dpf compared 

to controls. Error bars indicate ± SEM (n = 5). The *, **, *** respectively denote p < 

0.05, p < 0.01 and p < 0.001 significance derived by one-way ANOVA followed by 

the Tukey HSD multiple comparison test relative to untreated ASW control. 

 
Figure 5.3 The LD50 value of the cyanobacteria 

EtOAc extract at 5 dpf (Day 5) extrapolated by linear 

regression analysis of the Log10 concentration versus 

percent mortality plot with error bars indicating the ± 

SEM (n = 5). 
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Automated, normal phase (i.e., Si-gel) chromatographic separation of the EtOAc 

crude extract yielded 74 fractions of which fraction F29 exhibited potential neurotoxicity 

in the ZFNT bioassay. Subsequent, orthogonal reversed-phase (i.e., C18) chromatographic 

separation of F29 afforded three fractions that were tested for neurotoxicity against PbTx-

2 (see Appendix). Only subfraction F29-2 exhibited 20% ± 20% (SEM, n = 5) mortality 

within 24 hours and increased to 100% by Day 3 compared to the controls (Figure 5.4).  

 
Figure 5.4 Percent mortality of cyanobacteria EtOAc extract F29 

fractions through 5 dpf compared to controls. Error bars are ± SEM (n = 

5). The *, **, *** denote the respective p < 0.05, p < 0.01 and p < 0.001 

significance derived by one-way ANOVA followed by the Tukey HSD 

multiple comparison test relative to the untreated ASW control. 

5.4.2 Average Percent Deformed Embryos 

Within 24 hpe, significant deformities, quantified by the percentage of deformed 

embryos (%D), were observed in all PbTx-2 treatments above 2.79 nM (2.5 ppb) 

compared to the ASW and MeOH controls, indicating neurotoxic and/or teratogenic 

effects (Figure 5.5, Appendix). During the first two exposure days, the percentages of 

deformed embryos remained consistent at approximately 30% for the three highest PbTx-
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2 treatments (Figure 5.5a). Deformities occurred in the lowest PbTx-2 exposure condition 

by Day 3 (Figure 5.5b). The percentages of deformed embryos of the two highest PbTx-2 

exposure conditions significantly increased to 40% and 93%, respectively, by Day 4 

(Figure 5.5c). By Day 5, all embryos exposed to 2.79 nM (25 ppb) PbTx-2 were 

deformed (Figure 5.5d). The 5 dpf ED50 was approximated by the 46.7 ± 6.7% (SEM, n = 

3 replicates of 5 embryos each) of deformed embryos observed in the 11.2 nM treatment.  

 
Figure 5.5 Percentages of deformed embryos exposed to PbTx-2 positive control 

compared to the negative controls (i.e., ASW, MeOH) through 5 dpf: a) Day 1-2 results, 

b) Day 3 results, c) Day 4 results and d) Day 5 results. Error bars are ± SEM (n = 3). The 

*, **, *** denote the respective p < 0.05, P < 0.01 and p < 0.001 significance relative to 

the MeOH solvent control derived from one-way ANOVA followed by the Tukey HSD 

multiple comparison test. 
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Thus, the highest test concentration of PbTx-2 standard(i.e., 0.025 ppm) was 

chosen as the positive control to comparatively assess the potential neurotoxicity of the 

crude cyanobacteria and subsequent fractions against the ASW and MeOH negative 

controls (Figure 5.6, Appendix). Within 24 hpf, embryos exposed to the positive control 

(i.e., 0.025 ppm PbTx-2) and the cyanobacteria extracts, except the lowest BuOH extract 

treatment, exhibited deformities compared to the negative controls (i.e., ASW, MeOH), 

indicative of neurotoxicity (Figure 5.6). Embryos exposed to the 25 and 50 ppm crude 

cyanobacteria crude and lipophilic (i.e., EtOAc, BuOH) extracts and the 50 ppm EtOAc-

derived fraction F29-2 exhibited significant deformities relative to the negative controls 

through Day 5 (Figure 5.6). However, no significant differences in the average 

percentages of deformed embryos were observed between the 0.025 ppm PbTx-2 positive 

control and any of the cyanobacteria test solutions through Day 5 (Figure 5.6). Dose-

dependent trends were observed at 24 hpf (Day 1) for the crude cyanobacteria and EtOAc 

extracts with respective ED50 values determined to be 17.3 and 16.6 ppm (Figure 5.7). 

Results obtained for the aqueous extract were variable and generally not significantly 

different than the untreated ASW control (see Figure 5.6). 
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Figure 5.6 Daily percentages of deformed embryos per cyanobacteria extract exposure condition compared 

to controls with error bars indicating ± SEM (n = 5): a) Day 1, b) Day 2, c) Day 3 and d) Day 4-5. The *, 

**, *** denote the p < 0.05, p < 0.01 and p < 0.001 significance, respectively derived by one-way ANOVA 

followed by the Tukey HSD multiple comparison test relative to untreated ASW control. 
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Figure 5.7 The 24-hpf (Day 1) dose-dependent trends of percent deformed embryos 

observed for crude cyanobacteria extracts with extrapolated ED50 values: a) Linear trend 

of cyanobacteria crude extract and b) Logarithmic trend for EtOAc extract. Error bars are 

± SEM (n = 5). 

Embryonic exposure to the lipophilic (i.e., EtOAc) F29 subfractions induced 

deformities through Day 5 with only the 50 ppm F29-2 subfraction exhibiting 

significantly more deformed embryos than the untreated ASW control (Figure 5.8). 

Subfraction F29-2 exhibited a linear trend on Day 1 with an extrapolated ED50 value of 

29.7 ppm that continued through 5 dpf allowing extrapolation of the respective ED50 

values of 26.7 and 23.2 ppm observed for Days 2-3, Days 4-5 (Figure 5.9). An ED50 

value of 78.2 ppm was extrapolated from the logarithmic dose-dependent trend observed 

on Day 2 for subfraction F29-1 (Figure 5.10). By Day 3, 40 ± 24.5% (SEM, n = 5) of the 

embryos exposed to 25 and 50 ppm F29-1 were deformed, persisting through Day 5 (see 

Appendix). 
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Figure 5.8 Daily percentages of deformed embryos per treatment with EtOAc-derived F29 fractions relative 

to controls with error bars indicating ± SEM (n = 5): a) Day 1, b) Day 2, c) Day 3 and d) Day 4-5. The *, **, 

*** denote the p < 0.05, p < 0.01 and p < 0.001 significance, respectively derived by one-way ANOVA 

followed by the Tukey HSD multiple comparison test relative to untreated ASW control. 
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Figure 5.9 Linear dose dependency of lipophilic subfraction F29-2 deformed embryos through 5 dpf with 

error bars indicating ± SEM (n = 5): a) Day, b) Day 2-3and c) Day 4-5. 

 
Figure 5.10 Extrapolated Day 2 percent deformed 

embryos ED50 value for lipophilic subfraction F29-1 

with error bars denoting ± SEM (n = 5). 

5.4.3 Average 24-hpf Spontaneous Coiling Frequencies  

The average 24-hpf spontaneous coiling frequencies (SCF) were quantified as the 

number of coils per minute (cpm) per embryo per test solution after 24 hours of exposure 

(see Appendix). The 3.5 ± 0.4 cpm (± SEM, n = 15) average SCF of the ASW negative 

control did not significantly differ from the MeOH solvent control average of 3.2 ± 0.3 

cpm (SEM, n = 15) (Figure 5.11a). Of the PbTx-2 exposure conditions, only the 11.2 nM 
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concentration exhibited a significantly slower average SCF than the ASW and MeOH 

controls, indicative of neurotoxicity (Figure 5.11a, Appendix). The average SCF for all 

PbTx-2 exposed embryos varied between a minimum of 1.3 ± 0.3 cpm (SEM, n = 15) for 

the 11.2 nM concentration and a maximum of 3.2 ± 0.4 cpm (SEM, n = 13) for the 5.59 

nM concentration. None of the embryos exposed to the cyanobacteria extracts or 

subsequent lipophilic subfractions exhibited significantly different average SCF values 

compared to the 2.79 nM (0.025 ppm) PbTx-2 positive control average of 2.0 ± 0.6 cpm 

(SEM, n = 5) (Figure 5.11b, Figure 5.12, Appendix). The average SCF values of all 

cyanobacteria test solutions with surviving embryos, ranged between 0.0 ± 0.0 cpm 

(SEM, n = 5) and 3.2 ± 0.8 cpm (SEM, n = 5), suggesting neurotoxicity. Although no 

specific dose-dependent trends were observed for the cyanobacteria extracts, the average 

SCF values for the were generally aligned with that of the PbTx-2 positive control, 

implying neurotoxic effects (Figure 5.11b). Linear dose-dependent trends were observed 

for the average SCF values for the lipophilic F29-2 and F29-3 fractions (Figure 5.13). 

Specifically, embryos exposed to increasing concentrations of fraction F29-2 exhibited 

reduced average SCF values (Figure 5.13a) whilst F29-3 exposure induced a positive 

trend (Figure 5.13b).   
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Figure 5.11 The 24-hpf average spontaneous coiling frequencies of embryos exposed to PbTx-2 and 

cyanobacteria extracts, quantified as coils per minute: a) Plot of PbTx-2 test solutions compared to ASW and 

MeOH controls with error bars indicating ± SEM (n = 15) and b) Plot of cyanobacteria extracts compared to 

controls with error bars indicating ± SEM (n = 5). The *, **, *** denote the p < 0.05, p < 0.01 and p < 0.001 

significance, respectively derived by one-way ANOVA followed by the Tukey HSD multiple comparison 

test. Note: Significance is relative to untreated ASW in a) and relative to PbTx-2 in b). 

 
Figure 5.12 The 24-hpf average spontaneous coiling frequencies of 

embryos exposed to the lipophilic fractions of F29 compared to controls. 

Error bars are ± SEM (n = 5). One-way ANOVA followed by the Tukey 

HSD multiple comparison test (p < 0.001) showed no significant 

differences between fractions and PbTx-2 positive control. 
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Figure 5.13 Linear dose-dependency of 24-hpf average spontaneous coiling frequencies 

for the lipophilic fractions a) F29-2 and b) F29-3 with error bars denoting ± SEM (n = 5). 

5.4.4 Average Embryo Hatching Rates and Percentages  

As anticipated, no embryos in any of the solutions tested had hatched at the 24-

hpf (Day 1) monitoring interval. The Day 2 and Day 3 average hatching rates (%H), 

quantified as the percentage of hatched embryos, of all four PbTx-2 test concentrations 

were not significantly different from those of the ASW and MeOH controls (Figure 

5.14a). The average Day 2 %H for the ASW and MeOH controls were 46.7 ± 6.7% 

(SEM, n = 3) and 40.0 ± 11.5% (SEM, n = 3). The average %H for the PbTx-2 treatments 

ranged between 41.7 ± 22.0% (SEM, n = 3) for 55.9 nM PbTx-2 and 68.3 ± 22.4% (SEM, 

n = 3) for 2.79 nM PbTx-2, with no specific trend observed. All control embryos were 

100% hatched by Day 3. No specific hatching trends were observed for PbTx-2 exposed 

embryos, implying any neurotoxic effects related to PbTx-2 exposure during 

embryogenesis do not affect hatching time or success. In contrast, exposures to the 

cyanobacteria extracts and fractions generally adversely affected hatching rates through 

five dpf (Figure 5.14b). The average %H of surviving embryos exposed to the 

cyanobacteria crude extracts were delayed, compared with embryos exposed to 27.9 mM 
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(0.025 ppm) PbTx-2 through Day 5, excepting the 10 ppm BuOH and 25 ppm aqueous 

(Aq) exposure conditions (Figure 5.14b). The crude EtOAc extract displayed a 

logarithmic dose-dependent hatching rate, suggesting teratogenicity, perhaps associated 

with neurotoxicity, and an extrapolated ED50 value of 36.1 ppm (Figure 5.15).  

 
Figure 5.14 Percent hatch rates of controls and cyanobacteria extracts: a) Day 2 and Day 3 hatch rate data 

for PbTx-2 compared to ASW and MeOH negative controls with error bars indicating ± SEM (n = 3) and b) 

Hatch rate data through Day 5 for the cyanobacteria crude extracts, compared to the PbTx-2 positive control, 

with error bars indicating ± SEM (n = 5). The *, **, *** denote, respectively, p < 0.05, p < 0.01 and p < 

0.001 significance derived from one-way ANOVA followed by the Tukey HSD multiple comparison test 

relative to untreated ASW control a) and PbTx-2 b). 
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Figure 5.15 Determination of the cyanobacteria EtOAc extract 

Day 5 hatch rate (% H) ED50 value by linear regression analysis 

of the Log10 concentration versus % H with error bars denoting 

± SEM (n = 5). 

The %H of the surviving embryos exposed to the lipophilic fraction F29 and 

subfractions were not significantly different compared to any of the controls at Day 2 and 

Day 3 (Figure 5.16, Appendix). Moreover, the %H of embryos exposed to the F29 

fractions, particularly F29-1 and F29-2, were aligned with those of PbTx-2, suggesting 

similarity of any potential neurotoxic effects. Dose dependent hatch rates were observed 

for fractions F29-2 and F29-3 on Day 2 (Figure 5.17), with respective ED50 values 

extrapolated to be 6.9 ppm and 26.7 ppm. 
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Figure 5.16 Average percent hatch rates of lipophilic F29 related fractions compared to controls through 5 

dpf with error bars indicating ± SEM (n = 5). No significant differences were observed relative to untreated 

ASW control by one-way ANOVA followed by Tukey’s HSD multiple comparison test at p < 0.001. 

 
Figure 5.17 Linear regression analysis determination of the Day 2 percent hatched ED50 

values for embryos exposed to lipophilic fractions a) F29-2 and b) F29-3 with error bars 

denoting ± SEM (n = 5). 

5.4.5 Average Day 2 and Day 3 Embryonic Heart Rate Measurements 

Embryo heart rates (HR) were measured as beats per minute (bpm) on Day 2 and 

Day 3 and the average heart rates determined per test condition (see Appendix). All 
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control data were normally distributed using the d’Agostino-Pearson test for normality 

(see Appendix). Deceased embryos were counted as exhibiting no heartbeat and thus, 

contributed to significant differences in average heart rates observed between the 

cyanobacteria exposed embryos and controls. All PbTx-2 exposure concentrations 

induced significant tachycardia of approximately 30 bpm faster than the ASW and MeOH 

controls (Figure 5.18a), indicating neurotoxicity (Sarmah and Marrs, 2016, Henry et al., 

1997). The Day 2 HR of the ASW negative control embryos ranged from 132 to 146 bpm 

with an average of 138.4 ± 1.0 bpm (SEM, n = 15). For the MeOH solvent control, the 

Day 2 HR averaged 132.3 ± 1.5 bpm (SEM, n = 15), ranging between 120 and140 bpm. 

The Day 2 average HR of the PbTx-2 exposure conditions varied from 168.9 ± 4.2 bpm 

(SEM, n = 15) to 178.1 ± 1.3 bpm (SEM, n = 14), respectively, for 27.9 nM and 2.79 nM, 

with no observed trend in the data (Figure 5.18a). Heart rates of the PbTx-2 exposed 

embryos ranged between 140 and 188 bpm. Overall, the crude cyanobacteria extracts, 

exhibited bradycardia compared to the controls, except for the aqueous extract test 

solutions (Figure 5.18b). A linear dose dependent decrease in average HR was observed 

for the crude cyanobacteria extract (Figure 5.19a), whilst the crude EtOAc extract 

displayed a logarithmic dose dependent decreasing trend (Figure 5.19b). No ED50 values 

could be determined from the cyanobacteria crude extract D2 HR measurements. 
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Figure 5.18 The Day 2 average heart rates (HR) quantified as beats per minute (bpm) per exposure condition: 

a) Box plot of PbTx-2 data compared to the ASW and MeOH controls and b) Box plot of cyanobacteria 

extracts compared to all three control conditions. Error bars are ± SD with n = 15 for a) and n = 5 for b) and 

× indicates the mean HR value. Significance levels, p < 0.05, p < 0.01 and p < 0.001, derived from one-way 

ANOVA followed by the Tukey HSD multiple comparison test, are respectively denoted by *, **, *** 

relative to the untreated ASW control. 

 
Figure 5.19 Day 2 average heart rate trends observed for the cyanobacteria a) crude and b) EtOAc extracts 

with error bars indicating ± SEM (n = 5), quantified as beats per minute (bpm). 
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Generally, treatments with the lipophilic (i.e., EtOAc) F29-related fractions, at 

Day 2 of development, were consistent with the negative controls, implying any 

potentially associated neurotoxicity did not affect embryo heart rates (Figure 5.20). 

However, exposure to 50 ppm of subfraction F29-2 induced significant bradycardia, in 

contrast to the tachycardia associated with exposure to 0.025 ppm PbTx-2 (Figure 5.20). 

The average D2 HR of embryos exposed to 50 ppm subfraction F29-2 was 85.6 ± 21.6 

bpm (SEM, n = 5). Average D2 HR for all other F29 related treatments ranged between 

128.4 ± 3.1 bpm (SEM, n = 5) and 145.6 ± 2.3 bpm (SEM, n = 5) with no specific dose-

dependent trends observed (see Appendix).  

 
Figure 5.20 Box plot of the Day 2 average heart rates (HR) of the lipophilic F29 fractions, 

quantified as beats per minute (bpm) per treatment, compared to the controls. Error bars 

indicate ± SD (n = 5) and × indicates the mean HR value. Significance levels, p < 0.05, p 

< 0.01 and p < 0.001, derived from one-way ANOVA followed by the Tukey HSD multiple 

comparison test, are respectively denoted by *, **, *** relative to untreated ASW control. 
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Overall, embryos exposed to PbTx-2 through Day 3 exhibited average heart rates 

(HR) consistent with those of the ASW and MeOH controls, perhaps suggesting a 

developmental recovery (Figure 5.21a, Appendix). Heart rate measurements ranged from 

162 to 192 bpm across all control conditions. The D3 average HR of the PbTx-2 exposed 

embryos, ranging between 180.4 ± 1.2 bpm (SEM, n = 14) and 183.7 ± 0.8 bpm (SEM, n 

= 13), were overall not significantly (i.e., p < 0.01, p < 0.001) higher than the respective 

D3 average HR and of 175.2 ± 2.3 bpm (SEM, n = 15) and 176.0 ± 2.1 bpm (SEM, n = 

15) for the ASW and MeOH controls (Figure 5.21a, Appendix). However, the D3 

average HR of embryos exposed to 5.59 nM PbTx-2 was significantly elevated compared 

to the controls, for p < 0.05 significance (Figure 5.21a).  Generally, embryos exposed to 

the crude cyanobacteria extracts continued to exhibit bradycardia at Day 3 compared to 

the controls, indicative of lingering teratogenic and/or neurotoxic effects (Figure 5.21b). 

The significantly lower average D3 HR of the mid and high treatments of cyanobacteria 

crude extracts relative to the control averages were largely attributed to the increased 

mortalities observed at Day 3. Logarithmic dose dependency was observed for the crude 

cyanobacteria and EtOAc extracts (Figure 5.22). An extrapolated ED50 value of 22.0 ppm 

for the EtOAc crude extract was derived from the number of embryos per treatment 

exhibiting abnormal HR relative to the controls (Figure 5.23). Embryo hear rates below 

162 bpm and above 192 bpm were considered abnormal. No other trends or ED50 values 

could be determined for the other crude extracts.  
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Figure 5.21 The Day 3 average heart rates (HR) quantified as beats per minute (bpm) per exposure condition: 

a) Box plot of PbTx-2 data compared to the ASW and MeOH controls and b) Box plot of cyanobacteria 

extracts compared to controls. Error bars are ± SD with n = 15 for a) and n = 5 for b) and × indicates the 

mean HR value. Significance levels, p < 0.05, p < 0.01 and p < 0.001, derived from one-way ANOVA 

followed by the Tukey HSD multiple comparison test, are respectively denoted by *, **, *** relative to 

untreated ASW control. 

 
Figure 5.22 Day 3 average heart rate trends observed for the cyanobacteria a) crude and b) EtOAc extracts 

with error bars indicating ± SEM (n = 5), quantified as beats per minute (bpm). 
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Figure 5.23 Extrapolation of the Day 3 ED50 value for 

the percentage of embryos exposed to the 

cyanobacteria EtOAc extract exhibiting abnormal 

heart rates relative to normal controls. 

Average D3 HR for surviving embryos exposed to the lipophilic (i.e., EtOAc) F29 

subfractions remained consistent with the controls (Figure 5.24). Notably, all embryos 

exposed to the 50 ppm F29-2 subfraction were deceased by 3 dpf. The average D3 HR of 

all F29 related fractions ranged between 166.8 ± 5.2 bpm (SEM, n = 5) and 186.0 ± 4.2 

bpm (SEM, n = 5), within the range of the heart rates measured for controls. Bradycardia 

dose dependency was observed at 3 dpf in embryos treated with fraction F29 and 

subfraction F29-1 (Figure 5.25). However, no ED50 values could be determined from 

these data. 



 

227 

 

 
Figure 5.24 The Day 3 average heart rates (HR) of the lipophilic F29 fractions, quantified 

as beats per minute (bpm) per treatment. Error bars are ± SD (n = 5) and × indicates the 

mean HR value. Significance levels, p < 0.05, p < 0.01 and p < 0.001, derived from one-

way ANOVA followed by the Tukey HSD multiple comparison test, are respectively 

denoted by *, **, *** relative to the PbTx-2 positive control. 

 
Figure 5.25 Day 3 dose dependency of average heart rates (bpm) for the lipophilic fractions 

a) F29 and b) F29-1 with error bars indicating ± SEM (n = 5). 

5.4.6 Average Swimming-related Assessments of 5-dpf Larvae  

5.4.6.1 Chronic Embryogenic Exposure Swimming Assessments  

Swim bladder development and swimming behaviors were assessed in all 

exposure conditions at Day 5 with deceased embryos counted as abnormal (Appendix). 
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Swim bladder dysfunction (SBD) was quantified as the percentage of embryos, per 

treatment, having irregular swim bladder development (e.g., inflation issues, misshapen, 

undeveloped) compared to ASW negative controls. Aberrant swimming behaviors (ASB) 

were quantified as the percentage of embryos, per exposure condition, exhibiting 

movements characteristic of neurotoxicity associated ataxia (e.g., laying on side, spasms, 

titling) relative to swimming patterns exhibited by the negative controls (e.g., beat-and-

glide) as described by Kalueff et al. (2013). None of the embryos in the ASW and MeOH 

solvent controls exhibited any issues with swim bladder development on Day 5 (Figure 

5.26a, Appendix). However, significant, dose dependent SBD was observed in all PbTx-2 

treatments at 5 dpf, consistent with neurotoxic effects (Figure 5.26a, Appendix). An ED50 

value of 1.12 nM PbTx-2 was determined by probit analysis (Figure 5.27). Embryonic 

exposures to the cyanobacterial extracts through 5 dpf also caused significant SBD, 

relative to the negative controls, and qualitatively aligned with the 0.025 ppm PbTx-2 

treatment, implying neurotoxicity (Figure 5.26b, Appendix). Moreover, all embryos 

exposed to 0.025 ppm PbTx-2 and all cyanobacteria crude extract treatments exhibited 

irregular swim bladder development (Appendix). The cyanobacteria EtOAc extract 

displayed logarithmic dose dependency allowing the extrapolation of an ED50 value of 

6.9 ppm (Figure 5.28). Significant SBD, analogous to PbTx-2, was also observed in 

embryos exposed to the lipophilic F29 related fractions compared to the negative 

controls, suggesting neurotoxic effects (Figure 5.29).  However, no dose-related trends 

were observed for the F29 fractions.  
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Figure 5.26 The Day 5 average percent swim bladder dysfunction of embryos chronically exposed to a) 

PbTx-2 and b) the cyanobacteria extracts compared to the ASW and MeOH controls. Error bars are ± SEM 

with n = 3 for a) and n = 5 for b). Significance levels, p < 0.05, p < 0.01 and p < 0.001, derived from one-

way ANOVA followed by the Tukey HSD multiple comparison test, are respectively denoted by *, **, *** 

relative to untreated ASW control for a) and PbTx-2 positive control for b). 

 
Figure 5.27 Probit analysis determination of the D5 percent swim bladder dysfunction (% 

SBD) ED50 value for chronic PbTx-2 exposure: a) Concentration versus %SBD plot with 

error bars denoting ± SEM (n = 3) and b) Probit analysis plot. 
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Figure 5.28 Extrapolated D5 percent swim 

bladder dysfunction ED50 value for chronic 

cyanobacteria EtOAc extract exposure. 

 
Figure 5.29 The D5 average percent swim bladder dysfunction of embryos chronically 

exposed to the cyanobacteria lipophilic F29 fractions with error bars indicating ± SEM (n 

= 5). Respectively, the *, **, *** denote significance levels p < 0.05, p < 0.01 and p < 

0.001, relative to untreated ASW control, derived by one-way ANOVA followed by the 

Tukey HSD multiple comparison test.   
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All embryos in the ASW and MeOH solvent controls displayed normal swimming 

behaviors indicated by maintaining upright postures and typical beat-and-glide swimming 

patterns with no buoyancy issues when examined at 5 dpf (Figure 5.30a). In contrast, 

embryos exposed to all PbTx-2 treatments exhibited significant aberrant swimming 

behaviors associated with neurotoxic effects including ataxia manifested by the inability 

to stay upright, laying on side, and spasms. Buoyancy issues, expressed as head up or 

down drifting, were also detected in PbTx-2 exposed embryos and most likely associated 

with swim bladder dysfunctions. No specific concentration-related trend was observed 

for PbTx-2 as over 60% of embryos in each PbTx-2 treatment exhibited significant ASB 

compared to the negative controls (Figure 5.30a). Embryos exposed to cyanobacteria 

extracts and the lipophilic F29 related fractions also displayed significant ASB, aligned 

with PbTx-2 behaviors, relative to the negative controls (Figure 5.30b, Figure 5.31). 

Significantly fewer embryos exhibited ASB when exposed to the 10 ppm EtOAc extract 

compared to the 0.025 ppm PbTx-2 treatment (Figure 5.30b). However, no dose 

dependency was observed for any of the cyanobacteria treatments.  
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Figure 5.30 The Day 5 average percent aberrant swimming behaviors of embryos chronically exposed to a) 

PbTx-2 and b) the cyanobacteria extracts compared to the ASW and MeOH controls. Error bars are ± SEM 

with n = 3 for a) and n = 5 for b). Significance levels, p < 0.05, p < 0.01 and p < 0.001, derived from one-

way ANOVA followed by the Tukey HSD multiple comparison test, are respectively denoted by *, **, *** 

relative to untreated ASW control for a) and PbTx-2 positive control for b). 

 
Figure 5.31 The Day 5 average percent aberrant swimming behaviors of embryos 

chronically exposed to the cyanobacteria lipophilic F29 fractions with error bars indicating 

± SEM (n = 5) were not significantly different from the PbTx-2 treatment for p < 0.05, P 

< 0.01 and p < 0.001 significance levels derived by one-way ANOVA and the Tukey HSD 

multiple comparison test. 
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Figure 5.32 Representative embryos chronically 

exposed to 27.9 nM (25 ppb) PbTx-2 through 5 dpf 

indicating irregular swim bladder development, laying 

on side, and head-up passive drift orientation (A) 

relative to normal development exhibited by MeOH 

solvent control embryos examined at 5 dpf (B). 

 
Figure 5.33 Representative embryos chronically exposed to 10 ppm 

concentrations of cyanobacteria extracts and fractions versus controls, examined 

at 5 dpf: a ASW untreated control, b MeOH solvent control, c 0.025 ppm PbTx-2 

positive control, d crude cyanobacteria extract, e EtOAc extract, f BuOH extract, 

g Aq extract, h F29, i F29-1, j F29-2, k F29-3. Shown are irregular swim bladder 

development in c, d, f-h and j-k and bent body axis in f, h and k. Aberrant 

swimming behaviors are indicated by laying on side in c, d and g and head-up 

passive drifting in e, f, and h-k relative to upright orientation and normal swim 

bladder development in controls a and b.   

5.4.6.2 Acute Larval Exposure Swimming Assessments 

During the bioassay-guided fractionation process, 24-hour acute exposure studies 

were conducted to assess potential neurotoxicity induced effects of PbTx-2 and the 

cyanobacteria extracts and subsequent fractions on otherwise normally developed 5-dpf 

larvae. Larvae with fully inflated swim bladders and displaying appropriate swimming 

behaviors (e.g., beat-and-glide, upright orientation) were exposed to four different 

concentrations of test material (i.e., PbTx-2, cyanobacteria fraction) and compared to the 



 

234 

 

negative controls (i.e., ASW, MeOH). Percent mortality (%M) and the percentage of 

larvae exhibiting swimming issues (SI) related to neurotoxicity (e.g., ataxia, irregular 

swim bladder morphologies, aberrant swimming behaviors) were quantified at five 

timepoints after initial exposure (see Appendix). Deceased embryos were considered to 

have swimming issues. These observational data were used to help guide the 

cyanobacteria fractionation and not statistically analyzed.  

Larval mortalities were first observed in the 11.2 nM PbTx-2 treatment within 2 

hpe, possibly related to hyperactivity. At 6 hpe, mortalities occurred in all but the lowest 

PbTx-2 treatment and continued through 24 hpe (Figure 5.34). The 18.5 nM LD50 value 

for PbTx-2 exposure was established at 24 hpe by probit analysis (Figure 5.34). An 

increasing linear trend in %M was observed for the 27.9 nM PbTx-2 treatment from 23.8 

%M at 6 hpe to 57.1%M at 24 h. At 1 hpe, all larvae in each PbTx-2 treatment displayed 

swimming issues including hyperactivity at lower concentrations, lethargy at higher 

concentration, tilting, and spasms, characteristic of neurotoxicity. Buoyancy issues also 

occurred, manifested by altered swim bladder morphologies including diminished 

inflation and deemed a swimming issue. Quantitation of swim bladder irregularities could 

not be achieved due to larval mobility. Active larvae generally appeared to have normal 

responses to light and tap exposures. All larvae remained 100% affected by PbTx-2 

exposure at all concentrations through 24 hpe (see Appendix). No larvae appeared to 

recover from any PbTx-2 treatment during the 24-hour study. The 0.025 ppm (27.9 nM) 

PbTx-2 concentration was chosen as the positive control treatment used to evaluate the 

cyanobacteria fraction based on the %M data. 
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Figure 5.34 Lethality of the 24-hpe (t24) acute PbTx-2 larval exposures 

compared to negative controls, with error bars indicating ± SEM (n = 

24). Significance levels, p < 0.05, p < 0.01 and p < 0.001, derived from 

one-way ANOVA followed by the Tukey HSD multiple comparison test, 

are respectively denoted by *, **, *** relative to untreated ASW control. 

 
Figure 5.35 Probit analysis determination of the 24-hpe (t24) LD50 value for acute PbTx-

2 larval exposure: a) Concentration versus percent mortality plot and b) Probit analysis 

plot. Error bars are ± SEM with n = 20, 21, 21 and 24 replicate embryos for the respective 

2.79, 5.59, 11.2 and 27.9 nM PbTx-2 treatments. 

No specific dose dependency was observed for the percent mortality of larvae 

exposed to any of the cyanobacteria extracts or lipophilic (i.e., EtOAc) F29 fractions at 

24 hpe (Figure 5.36). Generally, cyanobacterial extract concentrations less than 50 ppm 

were not as lethal as the positive control, and particularly, no larval mortality was 
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observed from exposures to the lipophilic fractions F29-2 and F29-3. Moreover, fractions 

F29 and F29-1 most aligned with PbTx-2 lethality. No LD50 values could be determined 

for the cyanobacteria extracts or lipophilic F29 fractions.  

 
Figure 5.36 Lethality of acute larval exposures to the cyanobacteria extracts compared to 

controls with error bars indicating ± SEM (n = 12 for extracts and n = 24 for controls). 

Significance levels, p < 0.05, p < 0.01 and p < 0.001, derived from one-way ANOVA 

followed by the Tukey HSD multiple comparison test, are respectively denoted by *, **, 

*** relative to untreated ASW control. 
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Figure 5.37 Lethality of acute larval exposures to the cyanobacteria lipophilic F29 

fractions compared to controls. Error bars indicate ± SEM (n = 5 for fractions and n = 24 

for controls). Significance levels, p < 0.05, p < 0.01 and p < 0.001, derived from one-way 

ANOVA followed by the Tukey HSD multiple comparison test, are respectively denoted 

by *, **, *** relative to untreated ASW control. 

Within 1-hpe, all larvae treated with the crude cyanobacteria extracts exhibited 

swimming issues, qualitatively aligned with the PbTx-2 treatment, suggesting 

neurotoxicity (see Appendix). However, by 24 hpe, some larvae appeared to have 

recovered in each of the cyanobacteria extract test conditions compared to the persisting 

effects from exposure to PbTx-2 (Figure 5.38).Indeed, 24-hpe ED50 values of 4.8 ppm 

and 17.5 ppm were extrapolated for the crude cyanobacteria and BuOH extracts (Figure 

5.39). Although, no other specific dose dependency was observed for the EtOAc and 

Aqueous cyanobacteria extract treatments, approximately half of the treated larvae 

appeared to have recovered in each exposure concentration.  
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Figure 5.38 Percentages of larvae acutely exposed to cyanobacteria extracts exhibiting 

swimming issues at 24 hpe (t24) relative to controls. Error bars indicate ± SEM (n = 12 for 

extracts n =24 for controls). Significance levels, p < 0.05, p < 0.01 and p < 0.001, derived 

from one-way ANOVA followed by the Tukey HSD multiple comparison test, are 

respectively denoted by *, **, *** relative to untreated ASW control. 

 
Figure 5.39 Linear regression analysis extrapolation of the 24-hpe (t24) percent swimming 

issues ED50 values for the cyanobacteria a) crude and b) BuOH extracts with error bars 

denoting ± SEM (n = 12). 

Generally, larvae exposed to the lipophilic (i.e., EtOAc) F29-related fractions 

exhibited fewer percentages of swimming issues (SI) compared to the PbTx-2 treatment 

when examined at 1 hpe (Figure 5.40). Notably, none of the fraction F29-3 treatments 
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affected larval swimming behaviors in the first hour of exposure. Whereas, dose 

dependency was observed for fractions F29-1 and F29-2 with respective ED50 values of 

12.7 ppm and 14.0 ppm determined at 1 hpe (Figure 5.41). Moreover, the effects from 

exposure to the lipophilic fraction treatments appeared to peak at 2 hpe, including the 25 

and 50 ppm F29-3 test solutions, after which the larvae seemed to begin recovering (See 

Appendix). Indeed, by 24 hpe, the percentages of larvae exhibiting swimming issues 

were almost halved in nearly all F29-related test solutions and the affected 25 and 50 

ppm F29-3 treated larvae appeared fully recovered (Figure 5.42, Appendix). Moreover, 

for the F29-2 treatments, the ED50 value, determined by probit analysis to be 238 ppm at 

24 hpe (Figure 5.44), a nearly 20-fold increase in exposure concentration relative to the 

1-hpe ED50 value of 14.0 ppm, further supported larvae recovery after initial exposure 

(Figure 5.44). However, this large increase is suspect, due to the low correlation 

coefficient of 0.8608.  
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Figure 5.40 Percentages larvae acutely exposed to lipophilic F29 fractions exhibiting 

swimming issues at 1-hpe (t1) relative to controls. Error bars indicate ± SEM (n = 5 for 

extracts and n = 24 for controls). Significance levels, p < 0.05, p < 0.01 and p < 0.001, 

derived from one-way ANOVA followed by the Tukey HSD multiple comparison test, are 

respectively denoted by *, **, *** relative to PbTx-2 control. 

 
Figure 5.41 Determination of the 1-hpe (t1) percent swimming issues (% SI) ED50 values for acute larval 

exposures to fractions F29-1 and F29-2: a) F29-1 concentration versus % SI plot, b) F29-1 probit analysis 

plot and c) F29-2 concentration versus % SI plot. Error bars are ± SEM (n = 5). 
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Figure 5.42 Percentages of larvae acutely exposed to lipophilic F29 fractions exhibiting 

swimming issues at 24 hpe (t24) compared to controls. Error bars indicate ± SEM (n = 5 

for extracts and n = 24 for controls). Significance levels, p < 0.05, p < 0.01 and p < 0.001, 

derived from one-way ANOVA followed by the Tukey HSD multiple comparison test, are 

respectively denoted by *, **, *** relative to untreated ASW control. 

 
Figure 5.43 Probit analysis determination of the 24-hpe (t24) percent swimming issues 

ED50 value for acute larval exposure to the lipophilic fraction F29-2 with error bars 

denoting ± SEM (n = 5). 

5.5 Discussion 

Mixed assemblage, marine, filamentous cyanobacteria, initially identified, by 

morphology, belonging to polyphyletic, HAB-related Lyngbya s.l., were recently 
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implicated in apparent ingestion related intoxications of captive bottlenose dolphins, 

managed at a marine mammal zoological facility in the Florida Keys. The dolphins then 

presented symptoms, seemingly associated with neurotoxicity, including uncoordinated 

swimming, ataxia, ocular dysfunction and respiratory issues. Under staff veterinarian 

care, the dolphins generally recovered from each apparent intoxication event within 

several days. Bounded by the Gulf of Mexico and the Atlantic Ocean, the Florida Bay-

Florida Keys watershed is subject to heavy anthropogenic eutrophication leading to HAB 

events involving neurotoxin-producing organisms including cyanobacteria (e.g., Lyngbya 

s.l.), dinoflagellates (e.g., Karenia brevis) and diatoms (e.g., Pseudo-nitzschia spp.) 

within its waterways (Mylavarapu et al., 2017).  

Samples of the cyanobacteria mixed assemblage (i.e., mat) were collected from 

within the captive dolphin enclosures for chemical exploration of known, or otherwise, 

uncharacterized neurotoxic metabolites. Chemical analysis of a portion of the sampled 

cyanobacteria mat, conducted by a commercial biotoxins laboratory, concluded the most 

culpable, marine HAB-related neurotoxins (i.e., ATX-a, STX, PbTx-2, DA), were below 

detectable limits, affirming the absence of any major blooms. Simultaneously, bioassay-

guided fractionation, using the well-established zebrafish embryo-larvae toxicological 

models, was undertaken, in search of a putative neurotoxin. The neurotoxicological, and 

teratogenic, effects of PbTx-2 were first profiled in the zebrafish embryo and larval 

behavioral toxicological models. Neurotoxicity, and teratogenicity, were comparatively 

assessed, at each cyanobacteria fractionation step, against PbTx-2, used as the positive 

control. The aims of this research emphasized the use of the zebrafish embryo and larval 

behaviors as neurotoxicological models to chemically explore cyanobacteria and 
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characterize the relevant neurotoxicity of extracts and subsequent fractions, toward 

obtaining a putative metabolite. The chemical exploration of the cyanobacterial mat, 

associated with captive dolphin intoxications, led to the isolation of a secondary, from the 

lipophilic extract, exhibiting neurotoxicity in the zebrafish embryo-larval 

neurotoxicological model, consistent with the neurotoxic effects observed in the positive 

control, PbTx-2 (Lydon et al., submitted). 

Characterization of neurotoxicological and teratogenic effects using PbTx-2 

treated zebrafish embryos and larvae led to the selection of a suitable exposure 

concentration (i.e., 25 ppb [27.9 nM] PbTx-2) to comparatively, and quickly, screen 

cyanobacteria extracts and subsequent fractions for potential neurotoxicity using the 

zebrafish embryo-larva neurobehavioral models. The physical and behavioral neurotoxic 

effects of four PbTx-2 exposure concentrations, profiled against negative controls (i.e., 

untreated in aquaria system water, methanol solvent) in the zebrafish embryo and larval 

behavioral models, led to a suitable concentration to quickly and comparatively, guide the 

fractionation of the cyanobacterial material. The PbTx-2 treatments evaluated in the 5-

day embryogenesis study included 2.5, 5, 10 and 25 ppb and normally developed 5-dpf 

larvae were exposed to 2.5, 10, 25 and 50 ppb PbTx-2 over 24 hours. Normal larval 

development was defined by fully inflated swim bladders and exhibiting typical beat-and-

glide swimming behaviors and buoyancy regulation (i.e., upright orientation). The PbTx-

2 concentrations evaluated during embryogenesis were non-lethal to all developing 

embryos through 5 dpf, whereas larval treatments with PbTx-2 established an LD50 value 

of 16.6 ppb (18.5 nM) at 24 hpe, by probit analysis. Whilst, embryos chronically exposed 

to PbTx-2 during embryogenesis exhibited little to no effects regarding mortality, SCF 
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and hatch rates, neurotoxicity was particularly evident by the D2 tachycardia and D5 

impaired swimming behaviors. Indeed, a D5 ED50 value of 1.0 ppb (1.12 nM) was 

determined by probit analysis of the percentage of embryos having swim bladder 

dysfunction. Teratogenicity was implied from the percentages of deformed embryos 

observed through D5 where an ED50 value was estimated from the nearly 50% deformed 

embryos associated with the 10 ppb (11.2 nM) PbTx-2 treatment. Interestingly, the 10 

ppb PbTx-2 treated embryos exhibited significantly decreased average SCF relative to 

controls, indicative of neurotoxicity. The variable results observed during the 

embryogenesis study may be attributed to the mode of action of PbTx-2 as a 

neuromodulator and the fact that developing zebrafish can undergo neuronal regeneration 

(Villegas et al., 2012).  

Neurotoxicity-related effects (e.g., swim bladder deformations, erratic swim 

behaviors) in otherwise normally developed 5-dpf larvae treated with PbTx-2 were 

observed within one hour and persisted through the end of the 24-hour study. Notably, 

PbTx-2 treatments adversely impacted swim bladder morphology and function, affecting 

buoyancy regulation. Erratic swimming behaviors (e.g., corkscrew patterns), hyperkinesis 

(e.g., convulsions, twitching), and general inactivity (e.g., laying on side). Moreover, the 

lethality of PbTx-2 to zebrafish larvae established a 24-hour LD50 value of 18.5 nM (16.6 

ppb). A previous ichthytoxicity study by Rein et al. (1994) quantified a 24-hour LD50 

value of 14.3 nM of PbTx-2 in exposed female mosquitofish (Gambusia affinis), a North 

American subtropical, freshwater species akin to zebrafish.  

Most abundant in nature, PbTx-2 is readily metabolized into the PbTx-3 congener 

and bioaccumulates in the visceral (e.g., liver, stomach) and muscle tissues of several 
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marine fish species exposed via contaminated prey, particularly shellfish (e.g., oysters, 

clams) and HAB producing phytoplanktons (Naar et al., 2007). A recent developmental 

toxicity study with PbTx congeners, by Colman and Ramsdell (2003), microinjected 

PbTx-3 directly into fertilized eggs of freshwater Japanese rice fish, medaka (Oryzias 

latipes), defining an LD50 value of 4 ng PbTx-3 per egg. Tachycardia was evident with 

PbTx-3 exposure, whilst exposure to PbTx-1 caused bradycardia, further supporting 

different modes of action for these voltage-gated sodium channel agonists. The 

lipophilicity of PbTx-2 allows entry into cell membranes and across the blood-brain 

barrier, overstimulating nerve, skeletal and heart muscle cells, resulting in ataxia (e.g., 

uncontrolled tremors, twitching, ocular dysfunction). The neurotoxicological results 

presented herein demonstrated that PbTx-2 can cross the zebrafish chorion membrane 

during development as evidenced by the deformities observed at 1 dpf including yolk and 

pericardial edemas (not shown) continuing through 5 dpf manifested as bent body axis, 

deficient swim bladder development and aberrant swimming behaviors (see Figure 5.32). 

Thus, based on the overall developmental and behavioral neurotoxicity effects profiled in 

the 5-day embryogenesis and 24-hour larval studies, the 25 ppb (0.028 µM) PbTx-2 

exposure concentration was chosen as the positive control treatment to guide the 

fractionation of the cyanobacteria material towards a putative metabolite.  

The cyanobacteria crude extract displayed sublethal bioactivity in the range of 2.5 

to 50 ppm consistent with PbTx-2. The crude extracts (i.e., EtOAc, BuOH, Aq), obtained 

from the initial fractionation of the cyanobacteria material, continued to exhibit 

neurotoxic and teratogenic bioactivity analogous to PbTx-2 within the tested 

concentrations. The EtOAc extract most aligned with effects observed for the 
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cyanobacteria crude extract and PbTx-2 whilst the BuOH extract proved lethal and the 

Aq extract displayed inconsistent results. Indeed, an LD50 value of 36 ppm was 

established at D1 of the embryogenesis study, persisted through D5. Thus, fractionation 

of the EtOAc crude extract was undertaken by normal-phase (i.e., silica gel) automated, 

flash chromatography, with a mobile phase gradient of n-hexanes:EtOAc:MeOH (H-E-

M) of increasing polarity from 95:5:0 to 0:0;100, resulting in 74 fractions. A semi-pure 

fraction eluted with 50:50:0 H-E-M (i.e., F29), exhibiting biological activity aligned most 

with that of PbTx-2 in the five-day developmental neurotoxicity and the 24-hour larval 

neurobehavioral assays. Particularly, treatments with F29 were not lethal, the percentages 

of deformed embryos and observed larval swimming issues at D5 and 24 hours were 

consistent with those of PbTx-2. An orthogonal approach used reverse-phase (i.e., C18) 

column chromatography with an aqueous MeOH mobile phase gradient from 20-0%, to 

further separate F29. The first of three eluted fractions, F29-1, displayed neurotoxicity 

effects most consistent with PbTx-2 including average SCF, deformed embryos, and 

swimming issues. Purification of F29-1 via C18 column chromatography with an isocratic 

20% aqueous methanol mobile phase isolated the compound of interest in the first eluent 

as F29-1A (see Figure 5.1). As reported in Chapter Six (see section 6.4.2 Structural 

Elucidation of Eudesmacarbonate), structural elucidation and characterization of F29-1A 

identified the neurotoxic metabolite from F29-1A to be eudesmacarbonate, a cyclic 

carbonate ester of the sesquiterpene eudesmane, exhibiting neurotoxicity in the zebrafish 

neurotoxicity models used during the fractionation of the cyanobacterial material 

described herein. 
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In comparison to PbTx-2, the developmental neurotoxicity, and teratogenicity, of 

the cyanobacteria extracts (i.e., EtOAc) and subsequent fractions (i.e., F29, F29-1), 

manifested as decreased SCF at 24 hpf, increased deformities, bradycardia and delayed 

hatching rates observed at D2 and D3, and swimming issues at D5 related to irregular 

swim bladders and aberrant swimming behaviors compared to the ASW and MeOH 

negative controls (see Figure 5.33). Indeed, the swimming issues observed were well 

aligned with those elicited by PbTx-2 exposures, including head-up passive drifting, 

erratic corkscrew swim patterns and swim bladder deformations (e.g., shrunken) affecting 

buoyancy regulation, in both the embryogenic and larval studies (see Appendix). 

Interestingly, altered heart rhythms of bradycardia and tachycardia are both 

neurotoxicity-specific effects owing to potentially different modes of action. Thus, the 

bradycardia observed with embryonic exposure to cyanobacterial extracts and fractions 

may hint of neurotoxicity induced by a different mechanistic action than the tachycardia 

effects expressed by PbTx-2 exposure. Moreover, during the 24-hour larval 

neurobehavioral studies, some of the larvae exposed to the cyanobacteria extracts and 

fractions appeared to recover from the effects of these treatments also implying a 

different, mode of action than that of PbTx-2. Indeed, approximately half of the larvae in 

the each of the cyanobacteria (i.e., extracts, fractions) treatment conditions, appeared to 

recover within 24 hours. For the F29-2 treatments, the 17-fold increase in ED50 values 

from 14.0 to 238 ppm after 1 and 24 hours of exposure suggested larval recoveries.  

However, the correlation coefficient was lower than desired at 0.8608.   

Application of PbTx-2 as a positive control in the zebrafish developmental 

toxicological model afforded reliable characterization of teratogenic and neurotoxic 
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effects to quickly assess the cyanobacteria extracts and subsequent fractions for 

neurotoxicity. The differences in observed effects between PbTx-2 and cyanobacteria 

samples such as tachycardia versus bradycardia also hinted at the potential to discern the 

mechanistic action involved. Moreover, comparative assessment of larval zebrafish 

behaviors as a neurotoxicological model using PbTx-2, rapidly guided the identification 

of potentially neurotoxic cyanobacteria extracts and fractions to the ultimate purification 

of a neurotoxic metabolite. The larval neurobehavioral studies also implied the potential 

for neuroregeneration as observed by the apparent recovery of larvae exposed to the 

cyanobacteria extracts and fractions. However, neuroregeneration was not evident in the 

chronic embryogenic study as no embryo recoveries were observed, suggesting the 

adverse exposure effects impaired neural development. More importantly, these findings 

show that cyanobacteria fractionation leading to a previously undocumented eudesmane-

type sesquiterpene aligned well the apparent transient nature of the captive dolphin 

intoxications, potentially related to ingesting the mixed assemblage of marine 

filamentous cyanobacteria assemblage.  

5.6 Conclusions 

The present study utilized the zebrafish embryo and larva as neurobehavioral 

models of neurotoxicity to characterize, for the first time, the neurobehavioral toxicity, 

and teratogenicity, of the known HAB neurotoxin, PbTx-2. The PbTx-2 standard was 

then applied in this study, as a positive control in the zebrafish embryo and larva 

neurobehavioral toxicity models, to guide the fractionation of cyanobacterial material 

toward the subsequent isolation, purification and chemical characterization of 

eudesmacarbonate from a mixed assemblage of marine filamentous cyanobacteria, in the 
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Florida Keys. This neurotoxic metabolite may contribute – along with the diversity of 

recognized neurotoxins affiliated with the previously classified and ubiquitous, 

polyphyletic, aquatic genus Lyngbya - to the available chemical defenses of marine 

cyanobacteria now including Neolyngbya spp. Indeed, eudesmacarbonate may be the 

putative molecule associated with recently observed apparent intoxications, seemingly 

neurotoxic, of captive bottlenose dolphins, subsequent to grazing cyanobacteria, 

including Neolyngbya spp., growing within their Florida Keys habitats. Considering 

marine cyanobacteria, particularly Lyngbya s.l., are currently undergoing reclassifications 

via phylogenetic advances, the resulting taxa warrant further investigation of previously 

identified bioactive metabolites, including neurotoxins and their biosynthetic origins. 

Likewise, neurotoxicity testing may be prudent during chemical inquiries of marine 

cyanobacteria species in relation to climate change, increasing eutrophication and HAB 

formations, adversely impacting aquatic organisms and perhaps human health. Moreover, 

this study showed the use of developing and larval zebrafish behaviors to be reliable 

models to assess neurotoxic effects in the bioassay-guided isolation of a novel, natural 

product derived from a marine cyanobacteria, consistent with the known HAB 

neurotoxin, PbTx-2. The zebrafish toxicological model continues to provide a cost-

effective, rapid means to assess biological activity, including neurotoxicity, during 

natural product chemical explorations of marine cyanobacteria.  
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6. EUDESMACARBONATE AN EUDESMANE-TYPE SESQUITERPENE 

FROM MARINE FILAMENTOUS CYANOBACTERIAL MAT 

(OSCILLATORIALES) IN THE FLORIDA KEYS (Submitted, Journal of 

Natural Products) 

6.1 Abstract 

Marine filamentous cyanobacteria were recently implicated in apparent ingestion-

related intoxications of captive bottlenose dolphins in the Florida Keys. 

Eudesmacarbonate (1), a novel, cyclic carbonate eudesmane-type sesquiterpene, was 

isolated, as the putative compound, from filamentous cyanobacterial mats (Sample CAL-

V) collected from within the dolphin habitation. Sequencing of 16S rDNA data revealed 

that the mats were composed of closely related Oscillatoriacean species possibly 

dominated by a previously undocumented Neolyngbya sp. and two species, including 

Neolyngbya arenicola and a representative found in a poorly supported clade, including 

the genera Limnoraphis and Capilliphycus. The structure of 1 was elucidated by its (+)-

HRESIMS, 1D and 2D NMR, single-crystal X-ray diffraction (XRD) and vibrational 

circular dichroism (VCD) data. Using the zebrafish (Danio rerio) embryo-larval model to 

assess neurotoxicity, 1 (9.4 µM) exhibited developmental and neurobehavioral 

impairments consistent with those observed for the known marine HAB-neurotoxin 

brevetoxin-2 (PbTx-2) at 0.0223 µM. 

6.2 Introduction 

Marine cyanobacteria produce a wealth of noxious (Paerl and Otten, 2013; 

Tamele et al., 2019) and therapeutically exploitable (Singh et al., 2017; Shah et al., 2017) 

natural products with diverse structural and biological activities including neurotoxins. 
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Historically, the genus Lyngbya sensu lato (s.l.) has afforded potent neurotoxic secondary 

metabolites with a range of structural classes such as peptides, polyketides, alkaloids and 

a disputed non-essential amino acid (Aráoz et al., 2010; Delcourt et al., 2018; Lance et 

al., 2018). Previously classified Lyngbya spp. including the toxigenic L. majuscula are 

now recognized as taxonomically complex, polyphyletic, mixed assemblages (Jones et 

al., 2011; Soares et al., 2015). Indeed, recent molecular-based phylogenetic investigations 

of Lyngbya s.l. have identified newly accepted genera including Neolyngbya (Caires et 

al., 2018a). Marine filamentous, polyphyletic assemblages continue to yield biologically 

active secondary metabolites from increasingly diversified taxa (Cai et al., 2016).  

Captive bottlenose dolphins (Tursiops truncatus), managed in a marine mammal 

zoological facility in the Florida Keys, were recently observed grazing on macroalgae 

and filamentous cyanobacteria growing within their enclosures. Subsequently, the 

dolphins presented apparent intoxications expressed by neurological symptoms of 

uncoordinated swimming behaviors (i.e., ataxia), ocular dysfunctions (i.e., 

blepharospasms) and respiratory issues. Each case of apparent intoxication was addressed 

and resolved, generally within several days, by the facility’s veterinarian.  

Representative samples of the filamentous, marine cyanobacterial mat, associated 

with grazing by the captive dolphins, were collected from within their enclosure for 

taxonomic and chemical characterizations. The mat comprised a mixed assemblage of 

filamentous cyanobacteria morphologically resembling the formerly classified, toxigenic 

genus Lyngbya. Molecular-based phylogenetic techniques were employed to genetically 

identify the cyanobacteria members comprising the mat. Traditional bioactivity-guided 

fractionation utilized the widely accepted zebrafish (Danio rerio) toxicological models 
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(Beekhuijzen et al., 2015; Nishimura et al., 2015) to chemically investigate the mat 

leading to a putative neurotoxic metabolite described herein.  

6.3 Methods 

6.3.1 Biological Material 

The cyanobacteria samples for this study were collected by snorkeling at a depth 

of 2-5 m (8-16 ft) at the marine mammal zoological facility in the Florida Keys, Florida, 

United States (25.084192 N, 80.442295 W), in January 2016 and resampled in 

December 2018 for phylogenetic characterization using 16S rDNA techniques (see 6.3.2. 

DNA Sequencing and Phylogenetics). A voucher specimen (CAL-V) is maintained at the 

Smithsonian Marine Station, Fort Pierce, FL and 16S rDNA sequences obtained via 

cloning of the PCR products were deposited under GenBank accession MN845141-

MN845143. Voucher specimen preparations were previously described in Chapter Two 

(see 2.2.1.2 Taxonomic Reference Samples). 

6.3.2 DNA Sequencing and Phylogenetics 

The CAL-V isolate (approximate 0.5 mg) was preserved in 1.5 mL of RNAlater 

(Ambion, Austin, Texas, USA) and stored at -80 ºC until analysis. Nucleic acids from a 

subsample of the December 2018 preserved isolate (approximately 0.1 mg) were 

extracted with a DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) and subjected to 

PCR amplification of the 16S ribosomal gene (16S rDNA) with cyanobacterial primers 

106F and 781R from Nubel et al. (1997). The PCR products were cloned with a pGEM-T 

Easy Vector Systems (Promega Corporation, Madison, WI, USA) according to the 

manufacturer’s protocol. Clones were grown on LB agar plates containing 100 µg/mL 

Ampicillin 0.1 mM IPTG and 40 µg/mL X-Gal (GOLDBIO, St Louis, MO, USA) and 
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PCR performed on white colonies with M13 primers. Colony PCR products of the correct 

size ( 1 mm diameter) were then Sanger sequenced at the Laboratory of Analytical 

Biology (LAB, Smithsonian Institution, Washington DC) and resulting chromatograms 

assembled in Sequencher v5.1. Following BLASTn searches (Alstchul et al., 1997) to 

retrieve closely related matches to CAL-V for phylogenetic context, phylogenetic 

reconstruction with RAxML (Stamatakis, 2014) was performed to find the best tree out of 

1000 tree search restarts and branch support was assessed with 1000 bootstrap replicates. 

The remainder of the CAL-V isolate is maintained at the Smithsonian Marine Station as a 

voucher.  

6.3.3 Extraction and Isolation of Eudesmacarbonate 

Lyophilized cyanobacterial biomass (50 g), from the January 2016 cyanobacteria 

collection, was exhaustively extracted with EtOAc-MeOH (1:1) and dried in vacuo (15 

g). A 13 g portion of the crude extract was partitioned (3) between EtOAc-H2O (3:1). 

The EtOAc layer was dried in vacuo (2.4 g) and exhibited biological activity in the 

zebrafish developmental neurotoxicity and neurobehavioral assays. A 500 mg portion of 

the bioactive EtOAc extract was then fractionated by normal-phase semi-preparative 

flash chromatography (Büchi Reveleris HP silica gel, 40 g, 60-75 Å mesh, 16-24 µm; 

flow rate 20 mL/min) using a stepwise solvent gradient of hexanes-EtOAc-MeOH from 

95:5:0 to 0:0:100 over 80 min on a Büchi Reveleris X2 automated flash chromatography 

system equipped with UV/ELSD detection. The bioactive fraction eluted with 50:50:0 

hexanes-EtOAc-MeOH, was dried in vacuo (39 mg), and further separated using 

reversed-phase C18 (Varian BondElut, 1.6 g) vacuum-assisted column chromatography 

with a step gradient elution of 80-100% MeOH in H2O. The bioactive fraction eluted 
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with 80% MeOH and was purified using Varian BondElut octadecyl-functionalized silica 

gel (C18) column chromatography with 80% MeOH isocratic elution to afford 

eudesmacarbonate (11.3 mg) as an amorphous, white solid in the first eluent. The solid 

was recrystallized in MeOH yielding 10.2 mg of compound 1. All solvents were HPLC or 

LC-MS grade (Fisher Scientific, OmniSolv). 

The lyophilized sample (3.2 mg) of the second batch of cyanobacterial material, 

collected in December 2018 and representative of CAL-V, was thrice extracted with 

EtOAc-MeOH (1:1) and dried in vacuo (0.3mg). The residue was reconstituted with 

MeOH to approximately 2 mg/mL and analysis by low-resolution LC-MS attributed the 

production of 1 by the cyanobacteria genera associated herein with Neolyngbya, 

Capilliphycus, and Limnoraphis (see below). 

6.3.4 Chemical Characterization of Eudesmacarbonate 

Optical rotation data was measured on a Rudolph Research Analytical Autopol III 

automatic polarimeter. The VCD spectra were acquired using a BioTools dualPEM 

ChiralIR spectrophotometer (Jupiter, FL, USA). The X-ray data were collected on a 

Bruker D8 Quest diffractometer. The IR spectroscopic data were recorded with a Thermo 

Scientific Nicolet iS FTIR spectrometer. The 1D and 2D NMR experiments were 

performed on a JEOL ECA-600 spectrometer operating at 600.17 MHz for 1H and 150.9 

MHz for 13C. Chemical shift assignments were referenced to (CD3)2CO (H = 2.04, C = 

29.8 and 206.3). The low-resolution LC-MS data were obtained using an LC electrospray 

ionization MS system equipped with an LTQ Advantage Max spectrometer (Thermo 

Finnegan). The high-resolution mass spectrum (HRMS) data was acquired on an Agilent 

6210 LC-TOF mass spectrometer equipped with an APCI/ESI multimode ion source-
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detector at the Mass Spectrometer Facility at the University of California, Riverside, 

California. Normal-phase chromatographic separation was performed on a 40 g Büchi 

Reveleris HP silica gel cartridge using a Büchi Reveleris X2 Flash 

Chromatography/Preparative Purification system equipped with ELSD/UV detection. 

Varian BondElut octadecyl-functionalized silica gel (C18) was used for column 

chromatography. All solvents were HPLC (Fisher Scientific) or LC-MS grade 

(OmniSolv). 

6.3.5 X-ray Crystallographic Analysis  

Translucent-white, orthorhombic crystals were obtained by slow evaporation of a 

solution of 4 mg of compound 1 in 1 mL MeOH. Single crystal X-ray data were collected 

at 296 K on a Bruker D8 Quest diffractometer equipped with a CMOS detector (Mo Kα 

radiation,  = 0.71073). Data were collected with APEX3 and integrated with SAINT 

(Bruker 2018). The crystal structure was solved by intrinsic phasing methods available 

with ShelXT (Sheldrick, 2015) and refined by full-matrix, least-squares on F2 using 

ShelXL using the Olex2 interface (Sheldrick, 2015; Dolomanov et al., 2009). Multi-scan 

absorption correction was performed using SADABS (Krause et al, 2015). The 

geometrically positioned hydrogen atoms were refined using riding models with fixed 

Uiso (H) = 1.2Ueq (CH, CH2) and 1.5Ueq (CH3). The ternary CH were refined with riding 

coordinates C5(H5), C6(H6), C7(H7) and C11(H11). The secondary CH2 were refined 

with riding coordinates C1(H1A, H1B), C2(H2A, H2B), C3(H3A, H3B), C8(H8A, H8B), 

and C9(H9A, H9B). The methyl groups were idealized and refined as rotating groups for 

C12(H12A, H12B, H12C), C13(H13A, H13B, H13C), C14(H14A, H14B, H14C) and 

C15(H15A, H15B, H15C). The relative/absolute configuration was assigned based on 
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data obtained from NMR data for 1. Graphics were drawn using CrystalMaker9 (Palmer, 

2014). The structural data of compound 1 were deposited in the Cambridge 

Crystallographic Data Center (CCDC No. 1945948). Copies of the X-ray data can be 

obtained free of charge via the Internet at https:/www.ccdc.cam.ac.uk/.  

6.3.6 Experimental VCD Analysis 

The experimental IR and VCD spectra were measured using a BioTool dualPEM 

ChiralIR spectrophotometer, optimized at 1400 cm-1. A 4 mg sample of 1 was dissolved 

in 0.15 mL CDCl3 and placed in a BaF2 cell with a fixed pathlength of 100 m. Data 

were acquired for 12 hours at a resolution of 4 cm-1. The spectra for the solvent were 

acquired for the same conditions then subtracted from the IR-VCD spectra of the 

compound. The geometry of the conformers was optimized using the Gaussian09 

(Gaussian, Inc., Wallingford, CT, USA) software with the DFT at the B3LYP/6-31G(d). 

The experimental and calculated IR and VCD spectra for the (4S,5R,6R,7S,10S) 

configuration were then numerically compared for similarity in the 1100-1800 cm-1 

region using the BioTools CompareVOA software. The calculated Boltzmann-averaged 

spectra for the enantiomer (4R,5S,6S,7R,10R) configuration and experimental spectra 

were also compared.  

6.3.7 Zebrafish Neurotoxicity Assays 

Zebrafish (Danio rerio), wild-type AB (i.e., embryos, larvae),  were purchased 

from the Zebrafish Core Facility, University Miami, Miami, FL. Experiments were 

completed under approved animal protocols (Florida International University IACUC 

protocol number 16-075-CR02 entitled “The Zebrafish (Danio rerio) Embryo as a Model 

for Cyanobacterial Toxins (Using Embryos)” and 18-059 entitled “Larval Zebrafish as a 
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Behavioral Model for Neurotoxicity”; PI: John P. Berry) (See Appendix). Developing 

zebrafish were exposed to eudesmacarbonate (1) or brevetoxin-2 standard (positive 

control) or aquarium system water (negative control) and housed at 28 C with a 16-h 

light and 8-h dark photoperiod over the respective five-day (embryonic) or 24-hour 

(larval) study duration. The zebrafish embryo-larva development and behavior, 

associated with neurotoxicity (Kalueff et al., 2013), were recorded at selected timepoints 

during the studies using a Spot Imaging Solutions TLB-4000 equipped with a Fisher 

Bioblock Scientific Carl Zeiss Microimaging STEMI 2000-C stereomicroscope and an 

Optronics Microcast HD Studio 3CCD 1080P 2MP digital camera. Exposure conditions 

included three different concentrations of compound 1, brevetoxin-2 (PbTx-2) standard 

(Sigma-Aldrich, St. Louis, MO, USA) as the positive control and aquarium system water 

(ASW) as the negative control. Compound 1 exposure concentrations were 9.4, 38 and 94 

µM. Exposure concentrations of PbTx-2 included 0.0045 and 0.0223 µM. Solvent-

resistant, polypropylene 24-well and 96-well plates were used to conduct the biological 

assays (Evergreen Scientific, Caplugs CA, Rancho Domingo, CA, USA). Replicate 

exposure concentrations were added to individual wells and dried prior to the addition of 

test subjects described for each assay.  

6.3.7.1 Zebrafish Embryogenic Neurotoxicity Assay 

The developmental toxicity assay previously described by Berry et al. (2007) was 

modified to assess the neurotoxicity effects of 1 in developing zebrafish embryos from 1-

5 days post-fertilization (dpf). Five embryos, between 4-6 hpf, were added, in a 1-mL 

volume of aquarium system water, to each well of a polystyrene, 24-well plate, pre-

treated with triplicate test concentrations of 1 or PbTx-2. The developing embryos were 



 

263 

 

monitored daily for percentages of adverse neurotoxic and developmental effects 

including mortality, atypical 24-hpf spontaneous coiling frequencies, abnormal growth 

and hatching rates, and irregular heart rhythms through 5 dpf.  

6.3.7.2 Zebrafish Larval-Behavioral Neurotoxicity Assay 

The larval-behavioral neurotoxicity assay, adapted from Legradi et al. (2015) used 

normal 5-6 dpf zebrafish larvae with inflated swim bladders (e.g., exhibiting normal beat-

and-glide, upright orientation) to evaluate the neurobehavioral toxicity effects of 

exposures to compound 1 over 24 hours. One larva per 100 µL of aquarium system water 

was added to each well of a polystyrene, 96-well plate, pre-treated with test 

concentrations of 1 or PbTx-2 (positive control) and untreated (negative control) Twelve 

replicates of each exposure condition were tested. Neurotoxicity endpoints assessed 

included percentages of mortality, aberrant swimming behaviors and swim bladder 

irregularities compared to the negative controls.  

6.3.7.3 Statistical Analysis of Zebrafish Biological Assay Data 

Data were analyzed by one-way ANOVA followed by Tukey’s HSD test. A p 

value of   0.05 was considered statistically significant. Statistical analyses were 

generated using the Real Statistics Resource Pack software (Release 5.4.2). Copyright 

(2013-2019) Charles Zaiontz. www.real-statistics.com (last accessed 23JAN2018). 

6.4 Results and Discussion 

The grazed filamentous marine cyanobacteria, collected from within the captive 

dolphin enclosure, comprised a mixed assemblage morphologically resembling the 

formerly classified, toxigenic genus Lyngbya s.l. Cloning of 16S rDNA PCR products 

and their Sanger sequencing revealed three closely related members of the family 
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Oscillatoriaceae (Oscillatoriales) in the sampled cyanobacterial mat CAL-V, including a 

previously undocumented Neolyngbya sp. as the dominant taxa (represented by the 

largest number of clones) along with Neolyngbya arenicola (Caires et al., 2018a) and an 

unknown taxon found in a poorly resolved clade comprising the genera Limnoraphis 

(Komárek et al., 2013) and Capilliphycus (Caires et al., 2018b; Caires et al., 2019) as 

shown in Figure 6.1. 

 
Figure 6.1 The 16S rDNA maximum likelihood tree showing the phylogenetic position of three 

Oscillatoriacean species found in the eudesmacarbonate-producing cyanobacterial mat CAL-V (shaded in 

grey and with clone abundance in parenthesis). Note the overall lack of the backbone of the tree for clarity. 

Bioactivity-guided chemical investigation of the sampled cyanobacteria using the 

widely accepted zebrafish embryo-larvae toxicological models, led to the identification of 
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eudesmacarbonate (1), a novel, six-membered, cyclized carbonate eudesmane-type 

sesquiterpene (Figure 6.2), isolated from the lipophilic extract, as a putative neurotoxic 

metabolite. 

 
Figure 6.2 The molecular structure of eudesmacarbonate (1). 

Various marine organisms, including the red macroalgae genus Laurencia and the 

invertebrate (i.e., “sea hare”) genus Aplysia, produce eudesmane-type sesquiterpenes 

(formerly selinane) with antifeedant activities (Al-Massarani, 2014; Pereira et al., 2016). 

However, cyanobacteria production of eudesmanoids has been sparsely reported 

(Pattanaik and Lindberg, 2015). Notably, Todd and Gerwick (1995) previously isolated a 

novel, five-membered, cyclic carbonate substituted diacetate, lyngbya carbonate, from 

Lyngbya majuscula. Herein, the isolation, structural elucidation and neurotoxic effects of 

eudesmacarbonate (1) are discussed. 

6.4.1 Purification of Eudesmacarbonate by Bioassay-Guided Fractionation 

Wet samples of the grazed cyanobacteria, collected in January 2016, from within 

the captive dolphin habitat, were stored frozen, and lyophilized prior to solvent 

extraction. Exhaustive extraction of the lyophilized material in EtOAc-MeOH (1:1), then 

partitioning with EtOAc-H2O (3:1) afforded the bioactive EtOAc-soluble extract, 

exhibiting neurotoxicity in the zebrafish embryogenesis-larval toxicological models (see 

Experimental Section). Semipreparative fractionation of the EtOAc-soluble extract with 
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n-hexane-EtOAc-MeOH gradient using normal-phase automated flash chromatography, 

followed by aqueous MeOH gradient reversed-phase column chromatography, and 

recrystallization in MeOH, led to the purification of eudesmacarbonate (1). The structure 

of 1 (see Figure 6.2), was elucidated by spectroscopic data analysis, single-crystal X-ray 

diffraction data and vibrational circular dichroism data. 

6.4.2 Structural Elucidation of Eudesmacarbonate 

Eudesmacarbonate (1) was obtained as translucent, white crystals with a specific 

rotation of []25
D -46.7 (c 0.27, MeOH). The molecular formula C16H26O3 was 

determined by the (+)-HRESI/TOFMS ion at m/z 267.1965 [M+H]+ (calcd for 267.1960), 

implying four indices of hydrogen deficiency (IHDs). Also observed in the HRMS mass 

spectrum (Figure 6.3) were the apparent M+23, sodium adduct [M+Na]+ observed at m/z 

289.1785, and the fragmentation ion at m/z 205.1966 [M+H-62]+, where 62 m/z 

represents the loss of the carbonate moiety as H2CO3, accounting for one IHD. 

 
Figure 6.3 High-resolution LC-MS spectrum of eudesmacarbonate (1) with MH indicating the [M+H]+ peak 

and MNa indicating the [M+Na]+ peak. 

The FTIR absorption bands indicated the presence of a carbonyl group (1734 cm-

1), sp3 oxygenated carbons (1095 cm-1) and aliphatic 5-7 membered ring structures (1158 
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and 1082 cm-1) supporting the carbonate function and accounting for the remaining three 

IHDs (Figure 6.4).  

 

 
Figure 6.4 FTIR spectrum of eudesmacarbonate (1). 

The molecular formula was confirmed by the 1H NMR and 13C NMR experiments 

as shown in Figures 6.5 and 6.6, respectively.  
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Figure 6.5 The 1H NMR spectrum of eudesmacarbonate (1). The peaks observed between 2.01 and 2.05   

ppm, respectively indicate the (CD3)2CO solvent. Water contamination is indicated by the peaks at 2.81 and 

2.84 ppm respectively.  
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Figure 6.6 The 13C NMR spectrum of eudesmacarbonate (1). The (CD3)2CO solvent peaks are indicated 

between 28.6-29.4 ppm and at 205.3 and 205.4 ppm, respectively. 

The 13C NMR spectrum displayed 16 carbon signals (Table 6.1), including a 

carbonyl (C 148.0) and two oxygenated carbons (C 80.1 and C 79.2), corroborating the 

presence of a carbonate substituent. No other signals indicating double bonds were 

observed in either the IR or 13C NMR spectra. The 1H NMR data (Table 6.1) displayed 

signals associated with an isopropyl group [H 0.92 (d, J = 6.9 Hz), 1.02 (d, J = 8.2 Hz), 

and 1.94 (m)], two methyl groups [H 1.01 (s) and 1.40 (s)], two methines [H 1.90 (d, J = 

13.0 Hz), and 4.79 (dd, J = 13.1, 5.5 Hz)] and several aliphatic multiplets, of which, three 
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were resolved [H 1.18 (1H, dt, J = 13.0, 3.5 Hz), 1.46 (1H, dt, J = 13.0, 3.4), 1.76 (1H, 

dq, J = 14.8, 3.4)]. 

Table 6.1 NMR spectroscopic data for eudesmacarbonate (1) in (CD3)2CO (1H 600 MHz, 13C 151MHz). 

C/H # C, type H (J in Hz) COSYa HMBCb NOESYc 

1 39.9, CH2 
1.30, m 2 3, 9, 10, 15 1, 2, 3, 5 

1.46, dt (13.0, 3.4) 2 3, 5, 9 1, 2 

2 19.1, CH2 
1.66, m 1, 3 1, 3, 4, 10 1, 15 

1.66, m 1, 3 1, 3, 4, 10 1, 15 

3 38.4, CH2 
1.58, m 2 4, 14 2, 3, 5 

1.83, m 2 1, 2, 4, 5 2, 3, 14 

4 80.1, C - - - - 

5 45.3, CH 1.90, d (13.0) 6 1, 3, 4, 7, 9, 10, 14, 15 1, 6, 9, 12, 13 

6 79.2, CH 4.79, dd (13.1, 5.5) 5, 7 7, 11, 16 5, 11, 12, 14, 15 

7 44.8, CH 1.85, m 6, 8, 11 5 8, 11, 12,13 

8 22.5, CH2 
1.63, m 7, 9 9, 10 7, 8, 9, 12 

1.76, dq (14.8, 3.4) 7, 9 6, 9, 10 8, 9, 13 

9 38.3, CH2 
1.18, dt (13.0, 3.5) 8 5 8, 9 

1.30 m 8 1, 8, 10, 15 5, 8, 9 

10 35.6, C - - - - 

11 24.4, CH 1.94, m 7, 12, 13 6, 7, 12, 13 12, 13 

12 23.5, CH3 1.02, d (8.2)d 11 7, 11, 13 13 

13 21.4, CH3 0.92, d (6.9) 11 7, 11, 12 12 

14 20.0, CH3 1.40, s - 3, 4, 5 3, 6, 7, 11, 12, 13 

15 18.0, CH3 1.01, s - 1, 5, 9, 10 7, 11, 13, 14 

16 148.0, C - - - - 
a COSY correlations are from proton(s) stated to the indicated proton(s). b HMBC correlations are from 

proton(s) stated to the indicated carbon. c NOESY correlations are from proton(s) stated to the indicated 

proton(s). d The 1.02 doublet signal is overlapped by the 1.01 singlet signal.  

 

Interpretation of the DQF-COSY, edited HSQC, and HMBC data allowed the 1H 

and 13C signal assignments for four methyls, five methylenes, four methines, one carbonyl 

and two unprotonated carbons (Table 6.1, Appendix). The DQF-COSY spectrum (Figure 

6.7) indicated the methine proton, H-5 (H 1.90, C 45.3), was coupled to the H-6 (H 4.79, 

C 79.2) proton of one sp3 oxygenated carbon of the presumptive carbonate moiety. The 

large coupling constant (J = 13.0 Hz) inferred a trans axial arrangement between H-5 and 

H-6. The DQF-COSY spectrum displayed coupling from the H-7 (H 1.85, C 44.8) 

methine proton to H-6, the isopropyl proton, H-11 (H 1.94, C 24.4), and the methylene 
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protons, H2-8 (H 1.63, 1.76; C 22.5), in turn, coupled to the methylene protons, H2-9 (H 

1.30, 1.18; C 38.3). A partial structure of an aliphatic chain, connecting H-5 through H-9, 

was substituted with an isopropyl group at H-7 and a carbonate group at H-6. A second 

aliphatic chain linked the remaining methylene groups H2-1 [H 1.30, 1.46; C 39.9] to H2-

2 [H 1.66, 1.66; C 19.2) and to H2-3 (H 1.58, 1.83; C 38.4).  

 
Figure 6.7 The DQF-COSY 2D-NMR spectrum of eudesmacarbonate (1). 

The HMBC spectrum (Figure 6.8) displayed correlations for the unprotonated, sp3 

oxygenated carbon, C-4 (C 80.1), to the H-5 proton, the H2-3 methylene protons and the 

methyl group, H3-14 (H 1.40, C 20.0), suggesting the carbonate substituent was cyclized, 
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attached to C-4 and C-6. The single HMBC correlation of the carbonyl carbon to the H-6 

proton confirmed the cyclic substitution of the carbonate moiety, accounting for two of the 

four IHDs. The HMBC correlations observed for the unprotonated carbon, C-10 (C 35.6) 

to the H-5 proton, the methylene protons of H2-1 and H2-9, and the methyl group, H3-15 

(H 1.01, C 18.0) inferred a bicyclic, aliphatic, six-membered ring structure, resolving the 

remaining two IHDs. A fused, bicyclic ring structure emerged as a 7-isopropyl-4,10-

dimethyl decalin scaffold with the carbonate moiety adducted in 1,3 dioxan-2-one fashion 

to C-4 and C-6. Specifically, an eudesmane-type sesquiterpene skeleton featuring five 

stereocenters was deduced from the arrangements of the isopropyl and angular methyl 

substituents. 

 
Figure 6.8 The HMBC 2D-NMR spectrum of eudesmacarbonate (1). 
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The NOESY spectrum (Figure 6.9) indicated long-range coupling between the H-

5 proton and the methyl protons H3-12, and H3-13 as well as the methylene protons, H-1a 

and H-9a, inferring a trans-fused eudesmane skeleton. Long-range coupling between the 

H-6 proton and the two angular methyl groups, H3-14 and H3-15, was inferred from the 

NOESY spectrum. The angular methyl group, H3-14, displayed NOE interactions with 

the H-6, H-7, H-11 and H2-3 protons. The H3-15 angular methyl group showed NOE 

correlations with the H-7 and H-11 protons and the methyl protons of H3-13 and H3-14. 

Axial () orientations were ascribed to the two angular methyl groups and the H-6 proton 

while the H-5 proton and the isopropyl group were axial () oriented. The relative 

configuration of 1 (Figure 6.10) was established as (4S,5R,6R,7S,10S) via NOESY 

interpretation. 

 
Figure 6.9 The NOESY 2D-NMR spectrum of eudesmacarbonate (1). 
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Figure 6.10 Key 1H-1H COSY (bold lines) and HMBC 

(arrows) correlations of eudesmacarbonate (1). 

The X-ray crystal and molecular structures (Figures 6.11 and 6.12) of 

eudesmacarbonate were constructed from the collected X-ray crystallographic data and 

structure refinement parameters (Table 6.2) with the relative configuration assignment 

based on the NMR data. The structural data of eudesmacarbonate were deposited in the 

Cambridge Crystallography Data Center (CCDC Number 1945948). Copies of these data 

can be obtained free of charge via the Internet at 

www.ccdc.cam.ac.uk/conts/retrieving.html. 

 
Figure 6.11 The single crystal X-ray structure of 

eudesmacarbonate (1). 

http://www.ccdc.cam.ac.uk/conts/retrieving.html
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Figure 6.12 The molecular structure of eudesmacarbonate 

(1) with assigned relative configuration. 

Table 6.2 Crystallographic data and structure refinement of eudesmacarbonate (1). 

Empirical formula C16H26O3 

Formula Weight (amu) 266.37 

Temperature (K) 296 

Size (mm3) 0.221 × 0.178 × 0.08 

Crystal System orthorhombic 

Space Group P212121 

a (Å) 8.3643(4) 

b (Å) 9.9485(4) 

c (Å) 17.7102(8) 

 (°) 90 

β (°) 90 

γ (°) 90 

Volume (Å3) 1473.71(11) 

Z 4 

ρcalc (g cm-3) 1.201 

μ (mm‑1) 0.0081 

F (000) 584.0 

Total Data or Reflections Collected 34690 

Unique Data or Independent Reflections 3038 (Rint = 0.0433, Rsigma = 0.0273) 

Data/Restraints/Parameters 3038/0/176 

Theta Range (°) 6.16 - 52.846 

Completeness (%) 1.72/1.00 

Goodness of Fit (GOF) on F2 1.049 

Index Ranges -10 ≤ h ≤ 10, -12 ≤ k ≤ 12, -22 ≤ l ≤ 22 

R1/wR2 [I>=2σ (I)] 0.0440/0.0854 

R1/wR2 (all data) 0.0634/0.0925 

Largest diff. peak/hole / e Å-3 0.12/-0.17 
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The absolute configuration of eudesmacarbonate was determined by numerical 

comparison (Table 6.3) of its experimental and simulated IR and VCD spectra in the 

range of 1100-1800 cm-1 for the (4S,5R,6R,7S,10S) enantiomer using the B3LYP/6-

31G(d) basis set density functional theory method (see Chapter Six Section 6.36 

Experimental VCD Analysis). The confidence level of 99% was based on the degree of 

congruence between the calculated and measured spectra.  

 
Table 6.3 Numerical comparison between the calculated IR and VCD spectra for the 

(4S,5R,6R,7S,10S) enantiomer of eudesmacarbonate (1). 

Calculated 

(1000-1600 cm-1) 

Numerical 

Comparison 

Observed 

eudesmacarbonate 

(4S,5R,6R,7S,10S) 

Scaling factor 0.975 

IR similarity (%) 77.4 
a (%) 75.462 
b (%) 69.696 

Confidence Level (%) 99 
a: single VCD similarity, gives the similarity between the calculated and observed 

VCD spectra. 
b: enantiomeric similarity index, gives the difference between the values of   for 

both enantiomers of a given diastereomer. 

 

The experimental IR and VCD spectra (Figure 6.13) were consistent with those 

calculated for the (4S,5R,6R,7S,10S)-enantiomer, indicating that eudesmacarbonate 

possessed the same absolute configuration.  
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Figure 6.13 Comparison of experimental and calculated VCD and IR spectra of 

eudesmacarbonate (1) and the respective enantiomers for (4S,5R,6R,7S,10S) in 

black and (4R,5S,6S,7R,10R) in red, obtained from the CompareVOA software. 

The molecular structure was determined from the lowest-energy conformer of the 

three total conformers calculated (Figure 6.14). Thus, the structure of eudesmacarbonate 

was unambiguously determined to be (4S,5R,6R,7S,10S)-eudesman-(4S,6R)-

cyclocarbonate. The trivial name eudesmacarbonate was given as tribute to the associated 

structural class of eudesmane-type sesquiterpenes.  
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Figure 6.14 The molecular structure of the lowest-

energy conformer of eudesmacarbonate (1). 

Compound 1 may be the first reported eudesmane-type sesquiterpene isolated 

from filamentous, marine cyanobacteria. The few reports of eudesmanoids detected in 

cyanobacteria are limited to freshwater species (Höckelmann et al., 2009; Agger et al., 

2008). Moreover, this is the first reported cyclic carbonate identified in this family of 

sesquiterpenes. Previously, Toyota and Asakawa (1990) isolated the antipodal 

enantiomer diol of 1, (+)-5,7(H)-eudesm-4,6-diol (2), from the methanolic extract 

of the terrestrial liverwort Frullania tamarisci subspec., obscura (Jubulaceae) and 

prepared the cyclic sulfurous ester (3) via thionyl chloride in pyridine (Figure 6.15). 

Srivastava and Alam (2005), subsequently, reported a symbiotic relationship between F. 

tamarisci and its epiphytic, filamentous cyanobacteria, Stigonema cf. minutum 

(Stigonemaceae). Initially, Kariyone and Majima (1935) isolated the sesquiterpenes, 

torilen (4), now known as germacrene-D, and the cyclized sulfate ester (5), torilensulfat, 

from the terrestrial plant Torilis japonica (Apiaceae) (Figure 6.15). Itokawa et al. (1988) 

corroborated these findings, during their investigations of T. japonica, by synthesizing 5 

as “eudesmane cyclic sulfate” (formerly torilensulfat) via sulfuric acid catalysis of 4. 

While no biological data were available for 2, 3 and 5, 4 acted as a moth pheromone 
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attractant and a potent insect deterrent (Mozuraitis et al., 2002; Noge and Becerra, 2009). 

Moreover, Bülow and König (2000) established 4 as a precursor for sesquiterpene 

biosynthesis, including eudesmanes, via acid catalyzed rearrangement.  

 
Figure 6.15 The structures of referenced compounds (2)–(5). The structures of (+)-5,7(H)-eudesma-

4,6-diol (2) and its sulfurous ester (3) were adapted from Toyota and Asakawa (1990). The structures of 

torilen (4), now known as germacrene-D, and torilensulfat (5), now known as eudesmane-4,6-diol cyclic 

sulfate, were adapted from Itokawa et al. (1988). 

6.4.3 Biological Activity of Eudesmacarbonate  

Eudesmacarbonate (1) was tested against the recognized marine algal neurotoxin, 

brevetoxin-2 standard (PbTx-2), using available zebrafish embryotoxicity-larval models 

to assess developmental neurotoxicological and neurobehavioral effects through five dpf. 

The low and high exposure concentrations of PbTx-2 corresponded to 0.0045 M (4 ppb) 

and 0.0223 M (20 ppb), respectively. Exposure concentrations of 1 were evaluated at 

9.4 M (2.5 ppm), 37.5 M (10 ppm) and 93.8 M (25 ppm), respectively representing 

the low, mid and high treatments. Negative controls were treated with aquarium system 

water (ASW) without any compounds. Exposure to 9.4 M of 1 elicited neurotoxicity 

and neurobehavioral effects in developing zebrafish, through five dpf, and in 5-dpf 

larvae, over 24-hpe, consistent with those of 0.0223 M of PbTx-2, evinced by abnormal 

24-hpf spontaneous coiling responses, cardiac arrhythmias, swim bladder irregularities 

and aberrant swimming behaviors associated with ataxia (e.g., laying on side, motor 
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incoordination, seizure-like behaviors, spasms, tilting) as characterized by Henry et al. 

(1997) and Kalueff et al. (2013). The LD50 value was not established in this study due to 

the paucity of 1 (see Appendix).  

Spontaneous coiling frequencies (SCF), quantified as the number of spontaneous 

coils per minute at 24 hpf for each embryo of the three replicate test solutions per 

exposure condition, were used to compare developmental neurotoxicity effects between 

treated embryos and controls (see Appendix). Results were plotted as a box diagram and 

analyzed using one-way ANOVA followed by the Tukey HSD multiple comparison test 

(Figure 6.16). Significance levels were evaluated for p < 0.05 (*), p < 0.01 (**) and p < 

0.001 (***). All measured SCF data for the different exposure concentrations, except 

0.0045 µM PbTx-2, were normally distributed using the d’Agostino-Pearson test for 

normality. The untreated embryos, averaging 5.5 ± 0.5 SCF per minute (SEM, n = 15 

total embryos for the 3 negative control replicates), were used to compare the embryos 

treated with the relevant replicate exposure concentrations (Table 6.4, Figure 6.16). 

Embryos exposed to the 0.0045 and 0.0223 µM PbTx-2 replicate test solutions and the 

lowest test concentration replicates of 1, (9.4 µM), respectively exhibited an average SCF 

of 4.1 ± 0.6 cpm (SEM, n = 15), 3.9 ± 0.5 cpm (SEM, n = 14) and 3.9 ± 0.5 cpm (SEM, n 

= 14), and were not significantly different than the average SCF of the untreated embryos 

(Table 6.4, Figure 6.16). The average SCF 3.9 ± 0.3 cpm (SEM, n = 15), displayed by the 

embryos treated with 38 µM of 1, was significantly lower compared to the negative 

controls (Table 6.4, Figure 6.16). Treatment with the highest concentration (94 µM) of 1 

completely suppressed the SCF of all embryos relative to the untreated ASW controls 

(Table 6.4, Figure 6.16).  
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Table 6.4 Average 24-hpf embryo SCF as coils per minute (cpm) per exposure condition. 

Exposure Negative Control PbTx-2  Compound 1 

Concentration (µM) 0 0.0045 0.0223 9.4 38 94 

Average SCF (cpm)  5.5 4.1 3.9 3.9 1.9 0 

SD (cpm) 1.8 2.2 1.7 1.2 1.7 0 

SEM (± cpm) 0.48 0.58 0.45 0.32 0.43 0 

n 15 15 14 14 15 15 

Maximum SCF (cpm) 9 10 8 6 5 0 

Minimum SCF (cpm) 3 0 1 2 0 0 

Percent Abnormal SCF (<3 cpm)  0.0 0.0 14.3 14.3 60.0 100.0 

n = total number of embryos per treatment for 3 replicate test solutions 

 

 
Figure 6.16 Comparative results of average 24-hpf 

spontaneous coils per minute. Data are the mean and SD of the 

total number of embryos for three replicate samples. 

Respectively, the *, **, *** denote p < 0.05, p < 0.01 and p < 

0.001 significance derived by one-way ANOVA followed by 

the Tukey HSD multiple comparison test relative to the 

negative control. 

The average spontaneous coiling frequencies (SCF) of embryos exposed to 1, 

quantified at 24 hpf, were then plotted against the exposure concentrations of 1. A 

logarithmic increase in concentration of 1 resulted in decreased embryonic SCF 

measurements (Figure 6.17). The untreated embryos SCF averaged 5.5 cpm ranging from 

3-9 cpm. Embryos exhibiting SCF less than 3 cpm were considered abnormal. Probit 
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analysis of the percent of embryos exposed to 1 displaying abnormal SCF inferred an 

ED50 value of 28.9 µM (7.7 ppm) for 1 (see Appendix). Representative embryos of each 

treatment, staged at 24-hpf, are shown in Figure 6.18. 

 
Figure 6.17 Logarithmic dose dependence of 

eudesmacarbonate (1) with respect to spontaneous 

coiling frequency per minute. Error bars are ± SEM for 

the total number of embryos of three replicate test 

solutions with n = 14,15 and 14, respectively, for the 

low, mid and high treatments. 

 
Figure 6.18 Comparative embryo morphologies 

observed at 24-hpf for untreated control (A) versus 

PbTx-2 treatments of 0.0045 µM (B) and 0.0223 µM 

(C) and treatment with eudesmacarbonate (1) at 9.4 

µM (D), 38 µM (E) and 94 µM (F), respectively.  
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Average heart rates (HR), quantified as beats per minute (bpm) for each embryo 

of the three replicate test solutions, on Day 2 (D2) and Day 3 (D3), were used to compare 

developmental neurotoxicity effects between treated embryos and controls (see 

Appendix). Results were plotted as a box diagram and analyzed using one-way ANOVA 

followed by the Tukey HSD multiple comparison test (Figure 6.19, Figure 6.21). 

Significance was assessed for p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***).   

The d’Agostino-Pearson test for normality indicated all experimental D2 HR 

measurements were normally distributed. The D2 HR of the untreated embryos averaged 

146.7 ± 1.1 bpm (SEM, n = 15), shown in Table 6.5 and Figure 6.19. The average D2 HR 

of embryos exposed to both the low (0.0045 µM) and high (0.0223 µM) PbTx-2 

concentrations, were respectively 160.3 ± 1.4 bpm (SEM, n = 15) and 154.0 ± 1.4 bpm 

(SEM, n = 14), significantly higher than the negative controls HR (Table 6.5, Figure 

6.19) and implying neurotoxicity. Notably, the low PbTx-2 concentration elicited more 

rapid heart rates in embryos than the higher PbTx-2 treatment. Exposure to the low and 

high PbTx-2 treatments, respectively induced tachycardia in 80% and 50% of the 

embryos compared to untreated embryos (see Appendix). The average D2 HR of 150.9 ± 

1.4 bpm (SEM, n = 14) for embryos exposed to the low concentration (9.4 µM) of 1 was 

significantly higher than the ASW negative control, suggesting neurotoxic effects (Table 

6.5, Figure 6.19). Whilst, the mid (38 µM) and high (94 µM) concentrations of 1, 

significantly reduced the average D2 HR, respectively to 141.9 ± 1.1 bpm (SEM, n = 15) 

and 210.9 ± 2.1 (SEM, n = 14) (Table 6.5, Figure 6.19). Moreover, a linear dose 

dependent suppression of average HR was observed during embryonic exposure to 1, 

compared to the untreated embryos (Figure 6.20), further supporting neurotoxicity. The 
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ED50 value for 1 could not be established by probit analysis of the percentages of treated 

embryos with abnormal D2 HR to untreated embryos (see Appendix).  

Table 6.5 Average D2 HR (bpm) data of embryos per exposure condition. 

Exposure Condition Negative Control PbTx-2  Compound 1 

Concentration (µM) 0 0.0045 0.0223 9.4 38 94 

Average D2 HR (bpm)  146.7 160.3 154.0 150.9 141.9 120.9 

SD (bpm) 4.5 5.5 5.1 5.3 4.2 7.7 

SEM (± bpm) 1.1 1.4 1.4 1.4 1.1 2.1 

n 15 15 14 14 15 14 

Maximum D2 HR (bpm) 152 168 164 156 148 132 

Minimum D2 HR (bpm) 140 152 148 140 132 108 

HR = heart rate 

bpm = beat per minute 

n = total number of embryos per treatment for 3 replicate test solutions 

 

 
Figure 6.19 Comparative results of Day 2 average heart rates measured as beats 

per minute (bpm). Data are the mean and SD of the total number of embryos for 

the three replicate samples. The *, ** and ***, respectively denote p < 0.05, p < 

0.01 and p < 0.001 significance derived by one-way ANOVA followed by the 

Tukey HSD multiple comparison test relative to the negative control. 
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Figure 6.20 Dose dependence of eudesmacarbonate 

(1) with respect to D2 average heart rates (HR) in bpm. 

Error bars are ± SEM of the total number of embryos 

per exposure concentration of 1 (n = 14, 15 and14 for 

the respective low, mid and high treatments). 

All D3 HR exposure data, except the 0.0223 µM PbTx-2 test concentration, were 

normally distributed using the d’Agostino-Pearson test for normality. An average D3 HR 

of 194.5 ± 1.1 (SEM, n = 15) bpm was observed for the ASW negative control embryos 

(Table 6.6, Figure 6.21). Both PbTx-2 treatments induced significant bradycardia in  

90% of the exposed embryos compared to the untreated group, indicative of neurotoxic 

effects (Figure 6.21, Appendix). Notably, the D3 HR for embryos exposed to 0.0045 µM 

PbTx-2, averaging 170.5 ± 2.0 bpm (SEM, n = 15), was slower than the 174.8 ± 3.2 bpm 

(SEM, n = 10) average HR observed for the 0.023 µM PbTx-2 exposure concentration 

Moreover, five of the 0.023 µM PbTx-2 exposed embryos were deceased by the D3 

monitoring interval (see Appendix). Embryos exposed to the mid and high concentrations 

of 1 exhibited significant bradycardia, relative to the ASW negative controls, when 

respectively quantified on D3 (Figure 6.21, Appendix). Whilst, exposure to the low 
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concentration of 1 did not significantly affect the D3 average HR (201.4 ± 3.2 bpm, 

SEM, n = 14) of the treated embryos. The D3 average HR at the lowest test concentration 

(9.4 µM) of 1 was not statistically different that of the untreated group. However,  

chronic exposure to 1 at the mid (38 µM) and high (94 µM) treatments significantly 

suppressed average D3 HR, respectively 152.5 ± 0.7 bpm (SEM, n = 15) and 121.0 ± 1.5 

bpm (SEM, n = 14), compared to the ASW negative controls, suggesting neurotoxic 

effects (Table 6.6, Figure 6.21). A decreasing logarithmic, dose-dependent trend was 

observed for the D3 average HR of embryos exposed to 1, further supporting 

neurotoxicity (Figure 6.22). At the 9.4 µM (2.5 ppm) PbTx-2 exposure concentration, 

50% of the embryos exhibited abnormal HR compared to the untreated embryos, thus 

establishing the ED50 value of 1 (see Appendix). Representative D3 embryo 

developments are shown in Figure 6.23. 

Table 6.6 Average D3 HR (bpm) data of embryos per exposure condition. 

Exposure Condition Negative Control PbTx-2  Compound 1 

Concentration (µM) 0 0.0045 0.0223 9.4 38 94 

Average D3 HR (bpm)  194.5 170.5 174.8 201.4 152.5 121.0 

SD (bpm) 4.4 7.6 10.3 7.9 2.9 5.6 

SEM (± bpm) 1.1 2.0 3.2 2.1 0.7 1.5 

n 15 15 10 14 15 14 

Maximum D3 HR (bpm) 202 188 200 212 158 132 

Minimum D3 HR (bpm) 188 158 164 186 148 114 

HR = heart rate 

Bpm = beats per minute 

n = total number of embryos per treatment for 3 replicate test solutions 
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Figure 6.21 Comparative results of D3 average heart rates measured as beats per 

minute (bpm). Data are the mean and SD of the total number of embryos for three 

replicate samples. The *, **, and *** respectively denote p < 0.05, p < 0.01 and 

p < 0.001 significance derived by one-way ANOVA followed by the Tukey HSD 

multiple comparison test relative to the negative control. 

 
Figure 6.22 Logarithmic dose dependence of 

eudesmacarbonate (1) with respect to D3 average heart 

rates (HR) in bpm with error bars denoting ± SEM for 

the total number of embryos per treatment (n = 14, n = 

15 and n = 14 for the respective low, mid and high 

treatments). 
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Figure 6.23 Comparative embryo development observed at D3 for 

untreated control (A) versus PbTx-2 treatments of 0.0045 µM (B) and 

0.0223 µM (C) and treatment with eudesmacarbonate (1) at 9.4 µM (D), 

38 µM (E) and 94 µM (F), respectively. 

Examination of swim bladder inflation and swimming behaviors occurred on Day 

5 (D5) when, during normal embryogenesis, larvae typically exhibit fully inflated swim 

bladders and beat-and-glide swimming behaviors (Kalueff et al., 2013). Swim bladder 

dysfunction (SBD) was quantified by the percentage of embryos with swim bladder 

irregularities (e.g., under-inflated, uninflated, undeveloped) compared to the untreated 

ASW (i.e., normal) subjects (Table 6.7). Aberrant swimming behaviors (ASB) were 

quantified as the percentage of embryos displaying ataxia-related swimming patterns 

including laying on the side, titling, and spasms, relevant to the ASW negative controls 

(Table 6.8). Results were analyzed using one-way ANOVA followed by the Tukey HSD 

multiple comparison test. None of the measured percent SBD or ASB data were 

considered normally distributed by the d’Agostino-Pearson test for normality. No 

significant swim bladder irregularities (Table 6.7, Figure 6.24) or aberrant swimming 

behaviors (Table 6.8, Figure 6.25) were observed for any of the untreated ASW embryos 

at D5 of the developmental neurotoxicity study. Comparatively, all embryos, chronically 

exposed to the PbTx-2 test concentrations, exhibited significant irregularities with swim 

bladder inflation, indicating neurotoxicity (Table 6.7, Figure 6.24). Significant aberrant 

swimming behaviors were observed in 40% of the 0.0045 µM PbTx-2 exposed embryos 
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and all embryos exposed to 0.0223 µM PbTx-2, compared to the negative controls, 

further evincing neurotoxic effects (Table 6.8, Figure 6.25). Chronic exposure to 1, 

through D5, also resulted in larvae with significantly irregular swim bladder inflation 

(Table 6.7, Figure 6.24) and aberrant swimming behaviors (Figure Table 6.8, Figure 

6.25), relevant to the negative controls, inferring qualitatively similar neurotoxic effects 

to PbTx-2. Moreover, an increasing, logarithmic, dose dependent trend was observed for 

embryos treated with 1, during embryogenesis, with respect to the percent SBD and ASB 

data when examined on D5 (Figure 6.26). The D5 percent SBD and ASB ED50 values for 

1 were, respectively, extrapolated to be 12.9 µM and 6.8 µM from the linear regression 

analysis of the pertinent log10 concentration plotted data (Figure 6.26, Appendix). The 

representative D5 embryonic development of each treatment is depicted in Figure 6.27. 

Table 6.7 Average D5 percent SBD of embryos per exposure condition.  

Exposure Condition Negative Control PbTx-2  Compound 1 

Concentration (µM) 0 0.0045 0.0223 9.4 38 94 

Average D5 percent SBD (%)  0.0 100.0 100.0 43.3 73.3 100.0 

SD (% SBD) 0.0 0.0 0.0 5.8 11.5 0.0 

SEM (± % SBD) 0.0 0.0 0.0 3.3 6.7 0.0 

Number of replicate test solutions 3 3 3 3 3 3 

Number of Day 5 surviving embryos  15 15 10 14 15 14 

Number of Day 0 test subjects  15 15 15 14 15 15 

SBD = swim bladder dysfunction 

SD = standard deviation 

SEM = standard error of the mean 

Note: The number of abnormal D5 embryos, including dead embryos, were compared to the number of 

Day 0 normal test subjects for each replicate exposure condition. 
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Figure 6.24 Comparative results of D5 average percent swim bladder dysfunction 

per chronic exposure concentration. Data are the mean and SEM of three replicate 

samples. Respectively, the *, **, and * denote p < 0.05, p < 0.01 and p < 0.001 

significance derived by one-way ANOVA followed by the Tukey HSD multiple 

comparison test relative to the negative control. 

 

Table 6.8 Average D5 percent ASB of embryos per exposure condition. 

Exposure Condition Negative Control PbTx-2  Compound 1 

Concentration (µM) 0 0.0045 0.0223 9.4 38 94 

Average Day 5 percent ASB (%)  0.0 40.0 100.0 56.7 80.0 100.0 

SD (% ASB) 0.0 0.0 0.0 5.8 0.0 0.0 

SEM (± % ASB) 0.0 0.0 0.0 3.3 0.0 0.0 

Number of replicate test solutions 3 3 3 3 3 3 

Number of Day 5 surviving embryos  15 15 10 14 15 14 

Number of Day 0 test subjects  15 15 15 14 15 15 

ASB = aberrant swimming behaviors 

SD = standard deviation 

SEM = standard error of the mean 

Note: The number of abnormal Day 5 embryos, including dead embryos, were compared to the number 

of Day 0 normal test subjects for each replicate exposure condition. 
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Figure 6.25 Comparative results of D5 average percent aberrant swimming 

behaviors per chronic exposure concentration. Data are the mean and SEM of 

three replicate samples. The *, **, and *** denote the respective p < 0.05, p < 

0.01, and p < 0.001 significance derived by one-way ANOVA followed by the 

Tukey HSD multiple comparison test relative to the negative control. 

 

 
Figure 6.26 Day 5 logarithmic dose dependency of eudesmacarbonate (1) with respect to a) average percent 

swim bladder dysfunction and b) average aberrant swimming behaviors with error bars denoted as ± SEM (n 

= 3 replicate test solutions). 
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Figure 6.27 Comparative embryo development observed at D5 for 

untreated control (A) versus chronic exposure to 0.0045 µM PbTx-2 (B) 

and eudesmacarbonate (1) at 9.4 µM (C), 38 µM (D) and 94 µM (E), 

respectively. 

The average ataxia-related swimming behaviors (XSB) were quantified by the 

number of embryos, per replicate test solution, exhibiting atypical mobility, and used to 

compare neurotoxicity effects between treated embryos and untreated controls in the 24-

hour acute larval exposure study. The swimming behaviors of each larva were evaluated 

at two-hours and twelve-hours post-exposure (hpe). The untreated larvae continued to 

exhibit normal beat-and-glide swimming behaviors and maintained upright orientation at 

both observation intervals (Figure 6.28, Table 6.9, Table 6.10). All treated larvae 

displayed 100% XBS at 2 hpe, manifested by motor incoordination, head butting and 

spasms, compared to the untreated controls, indicating neurotoxic effects (Figure 6.28, 

Table 6.9). At 12 hpe, 50% of the 0.0045 M PbTx-2 treated larvae appeared normal 

compared to the ASW negative controls, suggesting recovery (Figure 6.29, Table 6.10). 

Whilst, all larvae treated with 1 and 0.0223 M PbTx-2 displayed 100% XBS through 12 

hpe relative to the untreated controls, confirming neurotoxic effects (Figure 6.28, Table 

6.10). No larval mortalities occurred in any of the test solutions when observed at 2 hpe 

(Table 6.9). However, at 12 hpe, one deceased larva was observed in the low and high 

treatments of 1 and could not be directly attributed to neurotoxic effects (Table 6.10). All 
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deceased larvae were counted as abnormal. Due to the challenges of observing swim 

bladders in active larvae, especially the untreated controls, the average percent swim 

bladder irregularities were not quantified at either timepoint.  

 
Figure 6.28 Comparative results of the percent ataxia-related swimming 

behaviors per acute exposure concentration. Data are the mean and SEM of 12 

replicate larvae. The *, **, and *** denote the respective p < 0.05, p < 0.01, and 

p < 0.001 significance derived by one-way ANOVA followed by the Tukey HSD 

multiple comparison test relative to the negative control. 

Table 6.9 Average 2-hpe percent XSB data of larvae per treatment. 

Exposure Condition Negative Control PbTx-2  Compound 1 

Concentration (µM) 0 0.0045 0.0223 9.4 38 94 

Average 2-hpe percent XSB (%)  0.0 100.0 100.0 100.0 100.0 100.0 

SD (% XSB) 0.0 0.0 0.0 0.0 0.0 0.0 

SEM (± % XSB) 0.0 0.0 0.0 0.0 0.0 0.0 

Number of replicate larvae at 0-hpe 12 12 12 12 12 12 

Number of deceased larvae at 2-hpe  0.0 0.0 0.0 0.0 0.0 0.0 

Percent Mortality (%) 0.0 0.0 0.0 0.0 0.0 0.0 

SD (% Mortality) 0.0 0.0 0.0 0.0 0.0 0.0 

SEM (± % Mortality) 0.0 0.0 0.0 0.0 0.0 0.0 

XSB = ataxia-related swimming behaviors 

SD = standard deviation 

SEM = standard error of the mean 

Note: Deceased larvae were counted as abnormal when compared to untreated larvae. 
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Table 6.10 Average 12-hpe percent XSB data of larvae per treatment. 

Exposure Condition Negative Control PbTx-2  Compound 1 

Concentration (µM) 0 0.0045 0.0223 9.4 38 94 

Average 12-hpe percent XSB (%)  0.0 100.0 100.0 100.0 100.0 100.0 

SD (% XSB) 0.0 0.0 0.0 0.0 0.0 0.0 

SEM (± % XSB) 0.0 0.0 0.0 0.0 0.0 0.0 

Number of replicate larvae at 0-hpe 12 12 12 12 12 12 

Number of deceased larvae at 12-hpe  0 0 0 1 0 1 

Percent Mortality (%) 0.0 0.0 0.0 8.3 0.0 8.3 

SD (% Mortality) 0.0 0.0 0.0 0.0 0.0 0.0 

SEM (± % Mortality) 0.0 0.0 0.0 0.0 0.0 0.0 

XSB = ataxia-related swimming behaviors 

SD = standard deviation 

SEM = standard error of the mean 

Note: Deceased larvae were counted as abnormal when compared to untreated larvae. 

 

Overall, larvae treated with 1 incurred immediate motor incoordination, 

particularly upside down and side swimming behaviors, associated with neurotoxic 

effects, at 2 hpe and persisting through 12 hpe. Larvae exposed to sub-lethal 

concentrations of PbTx-2, up to 0.0223 µM, generally experienced symptoms of 

neurotoxicity, expressed as hypoactivity, through 12 hpe. Moreover, the neurotoxic 

effects of the low concentration (0.0045 µM) of PbTx-2 appeared to be transient as 

observed by the recovery of 50% of the larvae at 12 hpe.  

6.5 Conclusions 

In summary, compound 1 (i.e., eudesmacarbonate) was identified as a novel, 

cyclic carbonate ester eudesmane-type sesquiterpene, obtained from a mixed assemblage 

of filamentous, marine cyanobacteria dominated by an undocumented Neolyngbya sp. 

characterized by 16S rDNA sequencing and obtained clone abundance. However, until 

further work is conducted to establish monocultures of the three Oscillatoriacean species 

present in the cyanobacterial mat, the actual producer of the compound cannot be 
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ascertained with confidence. To date, no secondary metabolites have been reported from 

Neolyngbya spp. and genomic data are also nonexistent for this genus to determine 

whether it harbors biosynthetic genes. However, genomic data from Limnoraphis robusta 

(CCAP 1446/4) [co-referenced as CS-951 (Willis et al., 2015)] documented the presence 

of secondary metabolites and biosynthetic genes, suggesting the Oscillatoriacean 

clustering within the poorly resolved Limnoraphis and Capilliphycus spp. complex, may 

produce novel compounds. Future species discovery in these clades with more 

informative gene markers may improve topological relationships and branch support in 

order to reassess generic boundaries in this part of the Oscillatoriaceae tree. In association 

with the observed intoxication events among the captive bottlenose dolphins, compound 

1 may function as a putative neurotoxic chemical defense available to marine 

cyanobacteria, perhaps as a feeding deterrent. These findings emphasize the continued 

need to explore marine sourced cyanobacteria for biologically active secondary 

metabolites and the biosynthetic origins of these natural products using molecular and 

genetic techniques. 
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7 SUMMARY AND PROSPECT 

7.1 Summary Results of Research Project 

 This research project represented an unprecedented opportunity to a) investigate 

biologically active secondary metabolites from marine cyanobacteria relative to 

bottlenose dolphins in captivity at a marine mammal zoological facility in the Florida 

Keys and b) potentially directly observe zoopharmacognosy-related behaviors in human-

managed bottlenose dolphins (Mejia-Fava and Colitz, 2014). The marine mammal 

zoological facility’s location and tidal flux from the Atlantic Ocean allowed for a more 

natural habitat, permitting a mesocosm of native flora (e.g., seaweeds, seagrass, 

cyanobacteria, microalgae) and fauna (e.g., fish, crustaceans) within the captive dolphin 

enclosures. Staff observed their captive dolphins occasionally grazing these organisms, 

particularly sea lettuce (Ulva spp.) and mixed assemblage, marine, filamentous 

cyanobacteria (i.e., mat), characteristic of the previously classified, polyphyletic, 

toxigenic Lyngbya genus. Foremost, bottlenose dolphins, wild or captive, were not 

previously known to overtly ingest macroalgae or cyanobacteria. However, wild 

bottlenose dolphins, particularly females of the Western Australian Shark Bay pod, were 

previously observed using sponges for presumably nutraceutical purposes during periods 

of pregnancy and lactation (Smolker et al., 1997). Secondly, the captive dolphins 

appeared to experience transient intoxications related to these ingestion activities. 

Symptoms manifested as neurological impairments including motor incoordination, 

blepharospasms and respiratory issues akin to the effects of the marine HAB neurotoxin, 

PbTx-2, produced by the dinoflagellate, Karenia brevis.  
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A taxonomic survey of the dominant macroalgae growing within the captive 

dolphin enclosures determined the absence of known toxigenic species (i.e., Caulerpa 

taxifolia). Attempts to qualitatively identify potential HAB microalgae, including K. 

brevis and the domoic acid producing Pseudo-nitzschia spp. were inconclusive by light 

microscopy and FlowCam digital imaging. Moreover, chemical analysis of the 

cyanobacteria, from selected collection times during the study, concluded the plausible 

HAB-related neurotoxins ATX-a, BMAA, STX, PbTx-2 and DA were below the 

detection limits of the respective methods, indicating the associated HAB organisms were 

not present in bloom forming abundances, and not likely contributing to the captive 

dolphin intoxications.  

Traditional, bioassay-guided investigation of the cyanobacteria mat ensued 

yielding a potential, associated neurotoxin. The well-established zebrafish toxicological 

model was adapted to distinguish developmental and larval behaviors associated with 

neurotoxicity compared to PbTx-2 standard. Herein, the neurotoxicity and teratogenicity 

of PbTx-2 was profiled, for the first time, using the zebrafish embryo-larva toxicological 

models. The use of PbTx-2 as a positive control afforded a rapid, reliable tool to guide 

the fractionation of the cyanobacteria and evaluate extracts and subsequent fractions for 

neurotoxicity. Consequently, a previously undocumented secondary metabolite was 

purified from the lipophilic cyanobacteria extract (i.e., EtOAc) and structurally identified 

as a the cyclic, carbonate ester of an eudesmane-type sesquiterpene. This new compound 

elicited neurotoxicity in developing zebrafish aligned with PbTx-2, including decreased 

spontaneous coiling frequencies at 24-hpf, bradycardia during the second and third days 

of development and swimming-related issues (i.e., irregular swim bladder development, 
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ataxia-related swimming behaviors) observed in embryos and larvae at day five of 

development in chronically and acutely exposure conditions. Whilst, developmental 

exposure to PbTx-2 induced tachycardia at Day 2 through Day 3, chronic embryo 

exposure to the cyanobacteria metabolite caused bradycardia symptoms, portending a 

possible different mode of action than PbTx-2. 

Phylogenetic inquest of the cyanobacteria mat revealed an undocumented new 

species of the newly described Neolyngbya genus in addition to Neolyngbya arenicola 

and a third undocumented species clustering in a poorly resolved clade between the 

newly accepted genera Limnoraphis and Capilliphycus. The characterized compound, 

potentially isolated from this undescribed Neolyngbya sp., was given the corresponding 

trivial name, eudesmacarbonate, relative to the molecular classification.     

7.2 Prospects of Cyanobacteria Biological and Chemical Diversity 

Cyanobacteria range from unicellular individuals to dense, communal aggregates. 

These microbial bacteria, formerly termed “blue-green algae”, are ubiquitous in Earth’s 

biosphere, capable of surviving in extreme and unique habitats. Archaic organisms that 

have been credited with oxygenating Earth’s atmosphere by their ability to 

photosynthesize, cyanobacteria have a long evolutionary history. Consequently, 

cyanobacteria have proven to be a rich, exploitable source of biologically active 

secondary metabolites. 

 Previous taxonomic classification relied on traditional morphology-based 

characterizations. Since the onset of molecular and genomic-based approaches, 

taxonomic reclassifications have ensued, using 16S rRNA genes and other molecular 

markers. New genera and species of cyanobacteria continue to be catalogued via 
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phylogenetic and molecular analysis. Indeed, the putative metabolite was tracked 

throughout the fractionation process by low-resolution LC-MS. The metabolite of interest 

was consistently identified by its characteristic protonated molecular ion and sodiated 

adduct ion in conjunction with biological activity akin to that of PbTx-2 in the versatile 

zebrafish embryo and larva models of neurotoxicity.   

The discoveries in this research confirm that marine cyanobacteria require 

continued investigation to detect new species and biologically active secondary 

metabolites. This research also shows the need to explore the biosynthetic origins of these 

metabolites. Previously, eudesmane-type sesquiterpenes have been isolated primarily 

from higher organisms including the red macroalgae (e.g., Laurencia spp.), sea hares 

(e.g., Aplysia spp.) and terrestrial plants including liverworts (e.g., Frullania spp.) and 

asterids (e.g., Torilis japonica). Reviews of eudesmanoid production are limited to 

terrestrial plants (Zhang et al., 2014) and particularly from asterids (Wu et al., 2006). 

However, biosynthetic genes related to the production of the malodorous sesquiterpene 

geosmin have been detected and studied in Lyngbya spp. (Zhang et al., 2009, 2014, 

2016). The discovery of a novel, cyclic carbonate ester derivative of an eudesmane, 

isolated from a new species of marine cyanobacteria (i.e., Neolyngbya sp.), exemplifies 

the need to explore the biosynthetic origin of eudesmacarbonate compared to the other 

biological sources of eudesmanes, particularly from Laurencia spp. and Aplysia spp. Sea 

hares are known grazers of marine cyanobacteria and cyanobacteria are often epiphytic to 

macroalgae. Moreover, the eudesmane-type sesquiterpene biosynthesis in marine 

cyanobacteria should be investigated relative to the biosynthetic origins of eudesmanoids 
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in Laurencia spp. and Aplysia spp. to define the functional roles of these secondary 

metabolites (e.g., antifeedants).     

7.3 Future Directions 

Next steps to progress the findings of this research should include continued 

monitoring of the captive dolphins grazing behaviors and future intoxication events. 

Foremost, the project provides an unprecedented opportunity to investigate the 

zoopharmacognosy hypothesis, in a controlled setting, to explain why the captive 

dolphins are ingesting the macroalgae and cyanobacteria within their enclosure. 

Prudently, analysis of biological samples (e.g., blood, urine, faecal) for the presence of 

the HAB-related neurotoxins (i.e., ATX-a, BMAA, DA, PbTx-2, STX), and 

eudesmacarbonate, should be considered during any future intoxication event. Moreover, 

additional collection and culturing of the Neolyngbya sp. and unidentified filamentous 

species from the marine mammal zoological facility should be conducted to fully 

describe this new species. A comprehensive toxicological profile of eudesmacarbonate’s 

biological activity and mode of action is warranted to assess its role as a neurotoxic 

secondary metabolite. Organic synthesis should be considered to derive more material 

and a chemical standard. Lastly, the biosynthetic pathway of eudesmacarbonate deserves 

investigation to gain insight into how and why this novel, neurotoxic marine 

cyanobacteria is produced.   

In conclusion, this research project emphasized the absolute need for 

collaboration to realize results of unique origins. The project itself was a unique 

opportunity to investigate cyanobacteria potentially involved with ingested-related 

intoxications of dolphins living in a human managed habitat. The dolphins provided 
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unique insight into their feeding behaviors; no one has witnessed wild dolphins foraging 

macroalgae or cyanobacteria. Cyanobacteria, as some of the oldest life forms known, 

may uniquely be adapting to increasing eutrophic conditions and climate change. The 

advent of phylogenetic characterization techniques enables more precise taxonomic 

identification of morphologically similar, yet distinctly unique cyanobacteria members. 

Advances in chemical characterizations (i.e., MALDI-TOF/TOF, XRD, VCD) and 

separation techniques (Büchi Reveleris automated flash chromatography) afford more 

rapid and conclusive analysis techniques to identify unique biological molecules. In a 

nutshell, it literally did take a scientific village to achieve the results herein and I am 

extraordinarily indebted to everyone who supported and progressed this unique endeavor. 
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Appendix 1.1 IACUC-16-075-CR02 Protocol “The Zebrafish (Danio rerio) Embryo as a Model for 

Cyanobacterial Toxins (Using Embryos)” 
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Appendix 1.2 IACUC-18-059 Protocol “Larval Zebrafish as a Model for Neurotoxicity” 
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Appendix 3.1: Observed algal ingestion and intoxication symptoms data compiled from staff logs between 2011 through 2016. 

2011: Observations JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 

M 
Symptom Date(s) NR NR NR 22 NR 6 16-25 NR NR NR 18 NR 

Symptomatic Days 0 0 0 1 0 1 10 0 0 0 1 0 

D 
Symptom Date(s)  NR NR NR NR NR NR NR NR NR NR 18 NR 

Days Symptomatic 0 0 0 0 0 0 0 0 0 0 1 0 

Total Days Symptomatic 0 0 0 1 0 1 10 0 0 0 2 0 

Note: Algal ingestions were observed but not formally documented. 

              

2012: Observations JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 

M 
Symptom Date(s) NR NR NR 18 25 12-22 17-19 31 NR 22 NR NR 

Days Symptomatic 0 0 0 1 1 11 3 1 0 1 0 0 

D 
Symptom Date(s) NR 15 16 NR NR NR NR NR NR NR NR NR 

Days Symptomatic 0 1 1 0 0 0 0 0 0 0 0 0 

Total Days Symptomatic 0 1 1 1 1 11 3 1 0 1 0 0 

Note: Algal ingestions were observed but not formally documented. 
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2013: Observations JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 

M 

Symptom Date(s) 28 NR NR NR NR NA NA NR NA NA NA NR 

Days Symptomatic 1 0 0 0 0 0 0 0 0 0 0 0 

Ulva. spp. NR 4-15, 20 3-7, 29 1,10,19 7,12 NR NR NR NR NR NR 16,19,29 

Days Ingested 0 13 6 3 2 0 0 0 0 0 0 3 

Rhodophyta  NR NR 11 NR NR NR NR NR NR NR NR NR 

Days Ingested 0 0 1 0 0 0 0 0 0 0 0 0 

Cyanobacteria NR NR NR NR 23 NR NR 14 NR NR NR NR 

Days Ingested 0 0 0 0 1 0 0 1 0 0 0 0 

T. Testudinum NR NR NR NR NR NR NR  17 NR  NR NR 1,4 

Days Ingested 0 0 0 0 0 0 0 1 0 0 0 2 

“Unobserved” 1 0 0 0 0 0 0 0 0 0 0 0 

D 

Symptom Date(s) NA NR NR NR NR NR NR NR 27,29 NR NR NR 

Days 

Symptomatic 
0 0 0 0 0 0 0 0 2 0 0 0 

Ulva spp. NR 5,15-17,20 7 NR NR NR 14 NR NR NR NR 7,18,29 

Days Ingested 0 4 1 0 0 0 1 0 0 0 0 3 

Rhodophyta NR 5,15,20 NR NR NR NR 24 NR NR NR NR NR 

Days Ingested 0 3 0 0 0 0 1 0 0 0 0 0 

cyanobacteria NR NR NR NR NR NR 11  27 3-4 NR NR 

Days Ingested 0 0 0 0 0 0 1 0 1 2 0 0 

T. testudinum NR NR NR NR NR NR NR 19 11 NR NR 1 

Days Ingested 0 0 0  0 0 0 1 1 0 0 1 

“unobserved” NA NA NA NA NA NA NA NA NA NA NA NA 

total 
Days 

Symptomatic 
1 0 0 0 0 0 0 0 2 0 0 0 
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2014: Observations JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 

M 

Symptom Date(s) NR NR NR NR NA 
5-22, 

30 

1-8, 

28-31 
1,12 12 2-3 NA NR 

Days Symptomatic 0 0 0 0 0 19 11 2 1 2 0 0 

Ulva spp. 12,15,26 26 3,9,11,12,22,24,26 4,9,12 0 29 0  0 0 0 0 16,19,29 

Days Ingested 3 1 7 3 0 1 0 0 0 0 0 3 

Rhodophyta NR 4 19 NR NR NR NR NR NR NR NR NR 

Days Ingested 0 1 1 0 0 0 0 0 0 0 0 0 

cyanobacteria NR NR NR NR NR NR NR 14 NR NR NR NR 

Days Ingested 0 0 0 0 0 0 0 1 0 0 0 0 

T. testudinum 15 NR NR NR NR 0 0 17 NR NR NR 1,4 

Days Ingested 1 0 0 0 0 0 0 1 0 0 0 2 

“unobserved” NA NA NA NA NA 18 11 NA 1 2 NA NA 

D 

Symptom Date(s) NR 4 11, 21-28 15,23 NA 5-15 31 8-12 NA NA NA NA 

Days Symptomatic 0 1 9 2 0 11 1 5 0 0 0 0 

Ulva spp. 5,15,26,30 4 11,18 24 NR NR NR NR NR NR NR NR 

Days Ingested 4 1 2 1 0 0 0 0 0 0 0 0 

Rhodophyta 15 4 NR NR NR NR 10 NR NR NR NR NR 

Days Ingested 1 1 0 0 0 0 1 0 0 0 0 0 

cyanobacteria NR NR NR NR NR NR NR 13 NR NR NR NR 

Days Ingested 0 0 0 0 0 0 0 1 0 0 0 0 

T. testudinum 5,30 NR NR NR NR NR NR NR NR NR NR NR 

Days Ingested 2 0 0 0 0 0 0 0 0 0 0 0 

“unobserved” NA NA NA NA NA 11 1 NA NA NA NA NA 

Total Days Symptomatic 0 1 9 2 0 30 12 7 1 2 0 0 

2015: No intoxication symptoms were observed for either captive dolphin. Algal ingestions were observed but not formally documented. 

2016: No intoxication symptoms were observed for either captive dolphin. Algal ingestions were observed but not formally documented. 

M    = mother captive (Sarah, 30 years old) 

D     = daughter captive dolphin (Grace, 6 years old) 

NR  = Not data reported 

NA  = No data available 
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Appendix 3.2: 2011-2014 Observed intoxication event (IE) data for mother (M) and daughter (D) captive 

dolphins.  

IE Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

M 2011 0 0 0 1 0 1 10 0 0 0 1 0 

M 2012 0 0 0 1 1 11 3 1 0 1 0 0 

M 2013 1 0 0 0 0 0 0 0 0 0 0 0 

M 2014 0 0 0 0 0 19 12 2 1 2 0 0 

D 2011 0 0 0 0 0 0 0 0 0 0 1 0 

D 2012 0 1 1 0 0 0 0 0 0 0 0 0 

D 2013 0 0 0 0 0 0 0 0 2 0 0 0 

D 2014 0 1 9 2 0 11 1 5 0 0 0 0 

4-year averaged data for mother captive dolphin, n = 4 

Total 1 0 0 2 1 31 25 3 1 3 1 0 

Average 0.25 0 0 0.5 0.25 7.75 6.25 0.75 0.25 0.75 0.25 0 

SD 0.5 0 0 0.58 0.50 9.00 5.68 0.96 0.50 0.96 0.5 0 

SEM 0.25 0 0 0.29 0.25 4.50 2.84 0.48 0.25 0.48 0.25 0 

4-year averaged data for daughter captive dolphin, n = 4 

Total 0 2 10 2 0 11 1 5 2 0 1 0 

Average 0 0.5 2.5 0.5 0 2.75 0.25 1.25 0.5 0 0.25 0 

SD 0 0.58 4.36 1 0 5.5 0.5 2.5 1 0 0.5 0 

SEM 0 0.29 2.18 0.5 0 2.75 0.25 1.25 0.5 0 0.25 0 

4-year averaged data for both mother and daughter captive dolphins, n = 8 

Total 1 2 10 4 1 42 26 8 3 3 2 0 

Average 0.125 0.25 1.25 0.5 0.125 5.25 3.25 1 0.375 0.375 0.25 0 

SD 0.35 0.46 3.15 0.76 0.35 7.40 4.92 1.77 0.74 0.74 0.46 0 

SEM 0.13 0.16 1.11 0.27 0.13 2.62 1.74 0.63 0.26 0.26 0.16 0 

IE     = Intoxication Event, expressed as days observed symptomatic 

M     = Mother captive dolphin (Sarah, 30 years old) 

D      = Daughter captive dolphin (Grace, 6 years old) 

SD    = Standard Deviation 

SEM = Standard Error of the Mean 
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Appendix 3.3: Summary of monthly 2013-2014 algal ingestion (AI) data observed for both captive 

dolphins. 

2013-2014 AI totals Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

U
lv

a
 s

p
p

. 
Mother  3 14 13 6 2 1 0 0 0 0 0 6 

Daughter 4 6 3 1 0 0 1 0 0 0 0 3 

both 7 20 16 7 2 1 1 0 0 0 0 9 

average 3.5 10.0 8.0 3.5 1.0 0.5 0.5 0 0 0 0 4.5 

SD 0.7 5.7 7.1 3.5 1.4 0.7 0.7 0 0 0 0 2.1 

SEM 0.4 2.8 3.5 1.8 0.7 0.4 0.4 0 0 0 0 1.1 

R
h

o
d

o
p

h
y

ta
 

Mother  0 1 2 0 0 0 0 0 0 0 0 0 

Daughter 1 4 0 0 0 0 2 0 0 0 0 0 

both 1 5 2 0 0 0 2 0 0 0 0 0 

average 0.5 2.5 1.0 0 0 0 1.0 0 0 0 0 0 

SD 0.7 2.1 1.4 0 0 0 1.4 0 0 0 0 0 

SEM 0.4 1.1 0.7 0 0 0 0.7 0 0 0 0 0 

L
yn

g
b

ya
 s

p
p
. 

Mother  0 0 0 0 1 0 0 2 0 0 0 0 

Daughter 0 0 0 0 0 0 1 1 1 2 0 0 

both 0 0 0 0 1 0 1 3 1 2 0 0 

average 0 0 0 0 0.7 0 0.7 2.0 0.7 1.3 0 0 

SD 0 0 0 0 0.6 0 0.6 1.0 0.6 1.2 0 0 

SEM 0 0 0 0 0.3 0 0.3 0.5 0.3 0.6 0 0 

T
. 

T
es

tu
d

in
u

m
 Mother  1 0 0 0 0 0 0 2 0 0 0 4 

Daughter  2 0 0 1 0 0 0 1 1 0 0 1 

both 3 0 0 1 0 0 0 3 1 0 0 5 

average 1.5 0 0 0.5 0 0 0 1.5 0.5 0 0 2.5 

SD 0.7 0 0 0.7 0 0 0 0.7 0.7 0 0 2.1 

SEM 0.4 0 0 0.4 0 0 0 0.4 0.4 0 0 1.1 

AI     = Algal Ingestion 

SD    = Standard Deviation 

SEM = Standard Error of Mean 

n       = 4 (years) 
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Appendix 3.4: Summary plots of combined monthly algal ingestion data observed for both captive dolphins, 

from 2013 through 2014. A-D total number of observed ingestion days per month by algae type and E-H 

average observed ingestion days per month by algae type.  



 

315 

 

Appendix 3.5 IBM SPSS Pearson’s Chi-Squared tests for independence report. 
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Appendix 3.6: 2011-2014 Maximum fecal coliform units per 100 mL seawater water (FC) data. 

Site Seawater FC data South North Canal Average SD SEM (n = 3) 

2011 

JAN - - - - - - 

FEB - 7.5 7.5 7.5 0.0 0.0 

MAR - - - - - - 

APR - - - - - - 

MAY - - - - - - 

JUN - - - - - - 

JUL - - - - - - 

AUG 17.5 17.5 17.5 17.5 0.0 0.0 

SEP - - - - - - 

OCT - - - - - - 

NOV - - - - - - 

DEC - - - - - - 

2012 

JAN - - - - - - 

FEB - - - - - - 

MAR - - - - - - 

APR - - - - - - 

MAY 7.5 2.5 17.5 9.2 7.6 4.4 

JUN 2.0 7.0 1.0 3.3 3.2 1.9 

JUL 5.0 1.0 2.0 2.7 2.1 1.2 

AUG 1.0 1.0 13.0 5.0 6.9 4.0 

SEP 28.0 28.0 34.0 30.0 3.5 2.0 

OCT 17.0 15.0 16.0 16.0 1.0 0.6 

NOV - - - - - - 

DEC 5.0 7.5 2.5 5.0 2.5 1.4 

2013 

JAN - - - - - - 

FEB - - - - - - 

MAR 3.0 2.0 12.0 5.7 5.5 3.2 

APR - - - - - - 

MAY - - - - - - 

JUN 2.0 2.0 2.0 2.0 0.0 0.0 

JUL - - - - - - 

AUG - - - - - - 

SEP - - - - - - 

OCT 3.0 - - 3.0 0.0 0.0 

NOV - - - - - - 

DEC - - - - - - 

2014 

JAN - - - - - - 

FEB 27.0 18.0 14.0 19.7 6.7 3.8 

MAR 9.0 6.0 7.0 7.3 1.5 0.9 

APR 10.0 4.0 38.0 17.3 18.1 10.5 

MAY 45.0 25.0 7.0 25.7 19.0 11.0 

JUN 8.0 4.0 5.0 5.7 2.1 1.2 

JUL - 5.0 3.0 4.0 1.4 0.8 

AUG 10.0 10.0 6.0 8.7 2.3 1.3 

SEP 7.0 6.0 4.0 5.7 1.5 0.9 

OCT 7.0 10.0 9.0 8.7 1.5 0.9 
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NOV 6.0 8.0 9.0 7.7 1.5 0.9 

DEC 1.0 2.0 6.0 3.0 2.6 1.5 

FC Average SD SEM Count Maximum Minimum  

All FC 9.8 9.4 1.2 66 45.0 1.0  

North  8.6 7.6 1.6 22 28.0 1.0  

AFC = Average of MFCU/100 mL seawater 

SD = Standard Deviation 

SEM = Standard Error of the Mean 

 

 

Appendix 3.7 Descriptive statistical analysis of monthly FC data from 2011 through 2014. 

Month: Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Mean NA 12.8 6.5 17.3 17.4 3.7 3.2 10.4 17.8 11.0 7.7 4.0 

SEM NA 3.6 1.5 10.5 6.4 0.8 0.8 2.2 5.5 2.0 0.9 1.0 

Median NA 10.8 6.5 10.0 12.5 2.0 3.0 10.0 17.5 10.0 8.0 3.8 

Mode NA 7.5 NA NA NA 2 5 17.5 28 NA NA NA 

SD NA 8.9 3.7 18.1 15.8 2.5 1.8 6.7 13.5 5.2 1.5 2.5 

SV NA 78 14 329 250 6 3 44 183 27.0 2.3 6.5 

Kurtosis NA -0.05 -0.76 NA 1.09 -0.73 -2.3 -1.3 -2.9 -1.21 NA -1.79 

Skewness NA 0.72 0.28 1.52 1.22 0.86 -0.05 -0.35 0.09 -0.30 -0.94 0.24 

Range 0 24.5 10 34 42.5 7 4 16.5 30 14 3 6.5 

Max NA 27.0 12.0 38.0 45.0 8.0 5.0 17.5 34.0 17.0 9.0 7.5 

Mini NA 2.5 2.0 4.0 2.5 1.0 1.0 1.0 4.0 3.0 6.0 1.0 

Sum NA 77 39 52 105 33 16 94 107 77.0 23.0 24.0 

Count 0 6 6 3 6 9 5 9 6 7 3 6 

GM NA 9.9 5.5 11.5 11.7 3.0 2.7 7.0 12.8 9.6 7.6 3.2 

HM NA 7.2 4.5 8.0 7.5 2.4 2.2 3.4 9.1 8.0 7.4 2.5 

AAD NA 6.9 2.8 13.8 11.8 2.1 1.4 5.3 12.2 4.3 1.1 2.2 

MAD NA 5.3 3.0 6.0 7.8 1.0 2.0 7.5 11.0 5.0 1.0 2.0 

IQR NA 9.5 4.8 17.0 16.0 3.0 3.0 11.5 21.8 7.5 1.5 3.6 

4-year Mean SD SEM Count Maximum Minimum     

AFC 10.2 5.6 1.6 11* 17.8 3.2     

SEM  = Standard Error of the Mean 

SD     = Standard Deviation 

SV     = Sample Variance 

GM    = Geometric Mean 

HM    = Harmonic Mean 

AAD  = Average Absolute Deviation 

MAD = Median Absolute Deviation 

IQR   = Inter-Quartile Range 

*n      = 11 months, no data measured for January of any year 

 
Appendix 3.8: 2011-2014 FC Box Plot analysis data.  

Month: Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Minimum 0.0 2.5 2.0 4.0 2.5 1.0 1.0 1.0 4.0 3.0 6.0 1.0 

Q1-Minimum NA 5.0 1.8 3.0 4.6 1.0 1.0 5.0 2.3 5.0 1.0 1.1 

Median-Q1 NA 3.3 2.8 3.0 5.4 0.0 1.0 4.0 11.3 2.0 1.0 1.6 

Q3-Median NA 6.3 2.0 14.0 10.6 3.0 2.0 7.5 10.5 5.5 0.5 2.0 

Maximum-Q3 NA 10.0 3.5 14.0 21.9 3.0 0.0 0.0 6.0 1.5 0.5 1.8 

Mean () NA 12.8 6.5 17.3 17.4 3.7 3.2 10.4 17.8 11.0 7.7 4.0 
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Appendix 3.9: 2011-2014 Lagoon water temperature (ºF) raw data. 

Lagoon Water Temperature (°F) North South Canal Average SD SEM (n = 3) 

2011 

JAN - - - - - - 

FEB 71.0 72.0 71.0 71.5 0.5 0.3 

MAR - - - - - - 

APR - - - - - - 

MAY - - - - - - 

JUN - - - - - - 

JUL - - - - - - 

AUG 85.0 85.0 85.0 85.0 0.0 0.0 

SEP - - - - - - 

OCT - - - - - - 

NOV - - - - - - 

DEC - - - - - - 

2012 

JAN - - - - - - 

FEB - - - - - - 

MAR - - - - - - 

APR - - - - - - 

MAY 82.0 82.0 82.0 82.0 0.0 0.0 

JUN 85.0 85.0 85.0 85.0 0.0 0.0 

JUL 85.0 85.0 85.0 85.0 0.0 0.0 

AUG 85.0 85.0 85.0 85.0 0.0 0.0 

SEP 85.0 85.0 85.0 85.0 0.0 0.0 

OCT 79.0 79.0 79.0 79.0 0.0 0.0 

NOV - - - - - - 

DEC 74.0 74.0 74.0 74.0 0.0 0.0 

2013 

JAN - - - - - - 

FEB - - - - - - 

MAR 76.0 77.0 75.0 76.0 1.0 0.6 

APR - - - - - - 

MAY - - - - - - 

JUN 81.0 81.0 81.0 81.0 0.0 0.0 

JUL - - - - - - 

AUG - - - - - - 

SEP - - - - - - 

OCT - 76.0 - 76.0 0.0 0.0 

NOV - - - - - - 

DEC - - - - - - 

2014 

JAN - - - - - - 

FEB 71.0 78.0 71.0 74.5 3.5 2.0 

MAR 80.0 78.0 80.0 79.0 1.0 0.6 

APR 79.0 79.0 79.0 79.0 0.0 0.0 

MAY 79.0 79.0 78.0 78.5 0.5 0.3 

JUN 85.4 82.0 82.0 82.0 0.0 0.0 

JUL 85.0 - 85.0 85.0 0.0 0.0 

AUG 86.0 86.0 85.0 85.5 0.5 0.3 

SEP 82.0 84.0 84.0 84.0 0.0 0.0 

OCT 80.0 80.0 79.0 79.5 0.5 0.3 
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NOV 75.0 76.0 76.0 76.0 0.0 0.0 

DEC 79.0 79.0 79.0 79.0 0.0 0.0 

WT Average SD SEM Count Maximum Minimum 

All WT 80.3 4.4 0.5 66 86.0 71.0 

North 80.4 4.7 1.0 22 86.0 71.0 

SD    = Standard Deviation 

SEM = Standard Error of the Mean 

  

Appendix 3.10: Lagoon water temperature (ºC) data analysis. 

Lagoon Water Temperature (°C) North South Canal Average SD SEM (n = 3) 

2011 

JAN - - - - - - 

FEB 21.7 22.2 21.7 21.9 0.3 0.2 

MAR - - - - - - 

APR - - - - - - 

MAY - - - - - - 

JUN - - - - - - 

JUL - - - - - - 

AUG 29.4 29.4 29.4 29.4 0.0 0.0 

SEP - - - - - - 

OCT - - - - - - 

NOV - - - - - - 

DEC - - - - - - 

2012 

JAN - - - - - - 

FEB - - - - - - 

MAR - - - - - - 

APR - - - - - - 

MAY 27.8 27.8 27.8 27.8 0.0 0.0 

JUN 29.4 29.4 29.4 29.4 0.0 0.0 

JUL 29.4 29.4 29.4 29.4 0.0 0.0 

AUG 29.4 29.4 29.4 29.4 0.0 0.0 

SEP 29.4 29.4 29.4 29.4 0.0 0.0 

OCT 26.1 26.1 26.1 26.1 0.0 0.0 

NOV - - - - - - 

DEC 23.3 23.3 23.3 23.3 0.0 0.0 

2013 

JAN - - - - - - 

FEB - - - - - - 

MAR 24.4 25.0 23.9 24.4 0.6 0.3 

APR - - - - - - 

MAY - - - - - - 

JUN 27.2 27.2 27.2 27.2 0.0 0.0 

JUL - - - - - - 

AUG - - - - - - 

SEP - - - - - - 

OCT - 24.4 - 24.4 - - 

NOV - - - - - - 

DEC - - - - - - 

2014 
JAN - - - - - - 

FEB 21.7 25.6 21.7 23.0 2.2 1.3 
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MAR 26.7 25.6 26.7 26.3 0.6 0.4 

APR 26.1 26.1 26.1 26.1 0.0 0.0 

MAY 26.1 26.1 25.6 25.9 0.3 0.2 

JUN 29.7 27.8 27.8 28.4 1.1 0.6 

JUL 29.4 - 29.4 29.4 0.0 0.0 

AUG 30.0 30.0 29.4 29.8 0.3 0.2 

SEP 27.8 28.9 28.9 28.5 0.6 0.4 

OCT 26.7 26.7 26.1 26.5 0.3 0.2 

NOV 23.9 24.4 24.4 24.3 0.3 0.2 

DEC 26.1 26.1 26.1 26.1 0.0 0.0 

AWT (ºC) SD SEM Count Maximum Minimum   

26.9 2.4 0.3 66 30.0 21.7   

SD    = Standard Deviation 

SEM = Standard Error of the Mean 

  

Appendix 3.11 Descriptive statistical analysis of monthly AWT (ºC) data from 2011 through 2014. 

Month: Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Mean NA 23.1 25.4 26.1 26.9 28.4 29.4 29.6 29.0 26.0 24.3 24.7 

SEM NA 0.8 0.5 0.0 0.4 0.4 2E-15 0.1 0.3 0.3 0.2 0.6 

Median NA 21.9 25.3 26.1 26.9 27.8 29.4 29.4 29.2 26.1 24.4 24.7 

Mode NA 21.7 26.7 26.1 27.8 29.4 29.4 29.4 29.4 26.1 24.4 23.3 

SD NA 1.9 1.1 0 1.0 1.1 4.E-15 0.2 0.6 0.7 0.3 1.5 

SV NA 3.8 1.3 0 1.1 1.2 2E-29 0.1 0.4 0.6 0.1 2.3 

Kurtosis NA -1.9 -1.7 NA -2.8 -2.4 -4 0.7 2.6 4.6 NA -3.3 

Skewness NA 0.9 0.1 NA -0.2 0.2 -1.49 1.6 -1.6 -1.9 -1.7 0.0 

Range 0 3.9 2.8 0 2.2 2.4 0 0.6 1.7 2.2 0.6 2.8 

Maximum 0 25.6 26.7 26.1 27.8 29.7 29.4 30.0 29.4 26.7 24.4 26.1 

Minimum 0 21.7 23.9 26.1 25.6 27.2 29.4 29.4 27.8 24.4 23.9 23.3 

Sum 0 138 152 78 161 255 147 266 174 182 73 148 

Count 0 6 6 3 6 9 5 9 6 7 3 6 

GM NA 23.0 25.3 26.1 26.8 28.3 29.4 29.6 29.0 26.0 24.3 24.7 

HM NA 22.9 25.3 26.1 26.8 28.3 29.4 29.6 29.0 26.0 24.3 24.6 

AAD NA 1.7 0.9 0 0.9 1.0 4E-15 0.2 0.5 0.5 0.2 1.4 

MAD NA 0.3 1.1 0 0.8 0.6 0 0 0.3 0 0 1.4 

IQR NA 3.1 1.8 0 1.7 2.2 0 0 0.6 0.3 0.3 2.8 

4-year Mean SD SEM Count Maximum Minimum     

AWT (ºC) 26.6 2.2 0.6 11* 29.6 23.1     

SEM  = Standard Error of the Mean 

SD     = Standard Deviation 

SV     = Sample Variance 

GM    = Geometric Mean 

HM    = Harmonic Mean 

AAD  = Average Absolute Deviation 

MAD = Median Absolute Deviation 

IQR   = Inter-Quartile Range 

*n     = 11 months, no data measured for January of any year 
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Appendix 3.12: 2011-2014 WT (ºC) Box Plot analysis data. 

Month: Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Minimum 0 21.7 23.9 26.1 25.6 27.2 29.4 29.4 27.8 24.4 23.9 23.3 

Q1-Minimum NA 0 0.7 0 0.6 0 0 0 1.1 1.7 0.3 0 

Median-Q1 NA 0.3 0.7 0 0.8 0.6 0 0 0.3 0 0.3 1.4 

Q3-Median NA 2.8 1.1 0 0.8 1.7 0 0 0.3 0.3 0 1.4 

Maximum-Q3 NA 0.8 0.3 0 0 0.2 0 0.6 0 0.3 0 0 

Mean () NA 23.1 25.4 26.1 26.9 28.4 29.4 29.6 29.0 26.0 24.3 24.7 

 



 

347 

 

 
Appendix 3.13 Statistical comparison of north lagoon FC and individual captive dolphin intoxications where 

Sarah indicates the mother and Grace indicates the daughter. 
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Appendix 4.1: FIU-AMSF STX LC-MS/MS analysis report 
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Appendix 4.2: FIU-AMSF BMAA MALDI-TOF-MS analysis report 
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Appendix 4.3: FIU-AMSF BMAA LC-MS/MS analysis report 
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Appendix 4.4: GreenWater Laboratories/CyanoLab analysis report for known neurotoxins. 
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Appendix 5.1: Bioassay-guided fractionation mortality per embryo raw data. 

Test Solution Concentration (ppm) count Day 1 Day 2 Day 3 Day 4 Day 5 

ASW 0 

5 0 0 0 0 0 

5 0 0 0 0 0 

5 0 0 0 0 0 

MeOH 0 

5 0 0 0 0 0 

5 0 0 0 0 0 

5 0 0 0 0 0 

PbTx-2 

  

0.0025 

5 0 0 0 0 0 

5 0 0 0 0 0 

4 0 0 0 0 0 

0.005 

5 0 0 0 0 0 

4 0 0 0 0 0 

4 0 0 0 0 0 

0.010 

5 0 0 0 0 0 

5 0 0 0 0 0 

5 0 0 0 0 0 

0.025 

5 0 0 0 0 0 

5 0 0 0 0 0 

5 0 0 0 0 0 

ASW 0 5 0 0 0 0 0 

MeOH 0 5 0 0 0 0 0 

PbTx-2 0.025 5 0 0 0 0 0 

Crude Cyanobacteria 

10 5 1 1 1 1 1 

25 5 1 1 1 1 1 

50 5 3 4 5 5 5 

Crude Ethyl Acetate 

Extract (EtOAc) 

10 5 0 0 0 0 0 

25 5 2 2 2 2 2 

50 5 3 3 3 3 3 

Crude 2-Butanol Extract 

(BuOH) 

10 5 0 0 0 0 0 

25 5 5 5 5 5 5 

50 5 5 5 5 5 5 

Crude Aqueous Extract 

(Aq) 

10 4 1 1 1 1 1 

25 5 0 0 0 0 0 

50 5 1 1 1 1 1 

EtOAc Fraction  

F29 

10 5 0 0 0 0 0 

25 5 0 0 0 0 0 

50 5 0 0 0 0 0 

EtOAc Fraction  

F29-1 

10 5 0 0 0 0 0 

25 5 0 0 0 0 0 

50 5 0 0 0 0 0 

EtOAc Fraction  

F29-2 

10 5 0 0 0 0 0 

25 5 0 0 0 0 0 

50 5 1 1 5 5 5 

EtOAc Fraction  

F29-3 

10 5 0 0 0 0 0 

25 5 0 0 0 0 0 

50 5 0 0 0 0 0 

ASW    = Aquarium System Water (negative control) 

MeOH  = Methanol Solvent Control (negative control) 

PbTx-2 = brevetoxin-2 standard (positive control) 
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Appendix 5.2: Bioassay-guided fractionation deformed embryos raw data. 

Test Solution Concentration (ppm) count Day 1 Day 2 Day 3 Day 4 Day 5 

ASW 0 

5 0 0 0 0 0 

5 0 0 0 0 0 

5 0 0 0 0 0 

MeOH 0 

5 0 0 0 0 0 

5 0 0 0 0 0 

5 0 0 0 0 0 

PbTx-2 

  

  

0.0025 

5 0 0 2 2 2 

5 0 0 2 2 2 

4 0 0 1 1 1 

0.005 

5 2 2 2 2 2 

4 1 1 1 1 1 

4 1 1 1 1 1 

0.010 

5 1 1 2 2 2 

5 2 2 2 2 2 

5 1 1 2 3 3 

0.025 

5 2 2 3 5 5 

5 2 2 2 4 5 

5 1 1 1 5 5 

ASW 0 5 0 0 0 0 0 

MeOH 0 5 0 0 0 0 0 

PbTx-2 0.025 5 2 2 2 5 5 

Crude 

Cyanobacteria 

10 5 2 3 4 5 5 

25 5 3 5 5 5 5 

50 5 5 5 5 5 5 

Crude Ethyl 

Acetate  

Extract (EtOAc) 

10 5 1 1 2 2 2 

25 5 4 5 5 5 5 

50 5 5 5 5 5 5 

Crude 2-Butanol  

Extract (BuOH) 

10 5 0 2 2 2 2 

25 5 5 5 5 5 5 

50 5 5 5 5 5 5 

Crude Aqueous  

Extract (Aq) 

10 4 2 3 3 3 3 

25 5 1 3 3 3 3 

50 5 1 2 2 4 4 

EtOAc Fraction  

F29 

10 5 1 1 1 1 1 

25 5 2 2 2 2 2 

50 5 2 2 2 2 2 

EtOAc Fraction  

F29-1 

10 5 0 0 1 1 1 

25 5 1 1 2 2 2 

50 5 1 2 2 2 2 

EtOAc Fraction  

F29-2 

10 5 0 1 1 1 1 

25 5 2 2 2 3 3 

50 5 5 5 5 5 5 

EtOAc Fraction  

F29-3 

10 5 0 0 1 1 1 

25 5 0 0 1 2 2 

50 5 2 2 2 2 2 

ASW    = Aquarium System Water (negative control) 

MeOH  = Methanol Solvent Control (negative control) 

PbTx-2 = brevetoxin-2 standard (positive control) 
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Appendix 5.3: Bioassay-guided fractionation hatched embryos raw data. 

Test Solution Concentration (ppm) count Day 1 Day 2 Day 3 Day 4 Day 5 

ASW 0 

5 0 2 5 5 5 

5 0 3 5 5 5 

5 0 2 5 5 5 

MeOH 0 

5 0 3 5 5 5 

5 0 1 5 5 5 

5 0 2 5 5 5 

PbTx-2 

  

  

0.0025 

5 0 5 5 5 5 

5 0 4 5 5 5 

4 0 1 4 4 4 

0.005 

5 0 0 5 5 5 

4 0 2 4 4 4 

4 0 2 4 4 4 

0.010 

5 0 2 5 5 5 

5 0 3 5 5 5 

5 0 3 5 5 5 

0.025 

5 0 3 5 5 5 

5 0 3 5 5 5 

5 0 3 5 5 5 

ASW 0 5 0 3 5 5 5 

MeOH 0 5 0 3 5 5 5 

PbTx-2 0.025 5 0 3 5 5 5 

Crude Cyanobacteria 

10 5 0 0 4 4 4 

25 5 0 0 0 0 0 

50 5 0 0 0 0 0 

Crude Ethyl Acetate  

Extract (EtOAc) 

10 5 0 4 5 5 5 

25 5 0 0 2 3 3 

50 5 0 0 2 2 2 

Crude 2-Butanol  

Extract (BuOH) 

10 5 0 1 5 5 5 

25 5 0 0 0 0 0 

50 5 0 0 0 0 0 

Crude Aqueous  

Extract (Aq) 

10 4 0 1 3 3 3 

25 5 0 0 5 5 5 

50 5 0 1 4 4 4 

EtOAc Fraction  

F29 

10 5 0 3 5 5 5 

25 5 0 3 5 5 5 

50 5 0 1 5 5 5 

EtOAc Fraction  

F29-1 

10 5 0 5 5 5 5 

25 5 0 2 5 5 5 

50 5 0 2 5 5 5 

EtOAc Fraction  

F29-2 

10 5 0 2 5 5 5 

25 5 0 1 5 5 5 

50 5 0 0 0 0 0 

EtOAc Fraction  

F29-3 

10 5 0 4 5 5 5 

25 5 0 3 5 5 5 

50 5 0 0 5 5 5 

ASW    = Aquarium System Water (negative control) 

MeOH  = Methanol Solvent Control (negative control) 

PbTx-2 = brevetoxin-2 standard (positive control) 
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Appendix 5.4 Bioassay-guided fractionation subfraction F29-1A deformed embryos raw data. 

Test Solution 
Concentration  

(µM) 
count Day 1 Day 2 Day 3 Day 4 Day 5 

Aquaria System Water 

(untreated control) 
0 

5 0 0 0 0 0 

5 0 0 0 0 0 

5 0 0 0 0 0 

PbTx-2 

 Standard 

(positive control) 

  

0.0045 

5 0 3 1 1 1 

5 0 3 3 3 2 

5 0 2 1 1 0 

0.0223 

5 0 3 3 NA NA 

5 0 3 5 NA NA 

5 0 3 5 NA NA 

EtOAc derived F29-1A 

(pure metabolite) 

9.4 

4 0 2 2 2 2 

5 0 0 1 1 2 

5 0 2 2 2 2 

38 

5 0 3 3 3 3 

5 0 2 2 2 3 

5 0 2 2 2 3 

94 

5 0 3 5 5 5 

5 0 4 4 4 4 

5 0 3 3 3 5 

NA = not applicable, deceased embryos       

 

Appendix 5.5 Bioassay-guided fractionation subfraction F29-1A hatched embryos raw data. 

Test Solution 
Concentration  

(µM) 
count Day 1 Day 2 Day 3 Day 4 Day 5 

Aquaria System Water 

(untreated control) 
0 

5 0 5 5 5 5 

5 0 3 5 5 5 

5 0 1 5 5 5 

PbTx-2 

 Standard 

(positive control) 

  

0.0045 

5 0 1 5 5 5 

5 0 0 5 5 5 

5 0 1 5 5 5 

0.0223 

5 0 3 5 NA NA 

5 0 2 5 NA NA 

5 0 1 0 NA NA 

EtOAc derived F29-1A 

(pure metabolite) 

9.4 

4 0 0 4 4 4 

5 0 4 5 5 5 

5 0 3 5 5 5 

38 

5 0 2 5 5 5 

5 0 1 5 5 5 

5 0 2 5 5 2 

94 

5 0 0 0 1 2 

5 0 0 0 0 0 

5 0 0 4 4 4 

NA = not applicable, deceased embryos       
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Appendix 5.6: 24 hours post-fertilization spontaneous coiling frequency raw data for control embryos. 

Test Solution ASW MeOH PbTx-2 

Concentration (nM) 0 0 2.79 5.59 11.2 27.9 

24 hpf 

SCF (cpm)  

per embryo 

4 2 2 6 0 4 

2 2 0 4 0 2 

4 4 2 2 4 2 

2 2 2 4 0 2 

6 4 4 2 0 0 

4 4 4 4 2 4 

6 2 4 2 2 4 

4 4 2 4 2 2 

2 2 0 2 2 0 

2 4 2 2 0 0 

4 2 0 4 2 2 

2 2 6 4 2 2 

4 6 4 2 2 2 

4 4 0  - 2 2 

2 4  -  - 0 0 

Mean SCF (cpm) 3.5 3.2 2.3 3.2 1.3 1.9 

Standard Deviation (cpm) 1.4 1.3 1.9 1.3 1.2 1.4 

Standard Error of Mean (cpm) 0.4 0.3 0.5 0.4 0.3 0.4 

Number of Embryos 15 15 14 13 15 15 

ASW    

MeOH   

PbTx-2  

SCF (cpm) 

 

- 

= Aquarium System Water (negative control) 

= Methanol Solvent Control (negative control) 

= brevetoxin-2 standard (positive control) 

= spontaneous coiling frequency measured as coils per minute (cpm) at 24 hours post 

   fertilization (hpf) 

= no embryo 
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Appendix 5.7: 24 hours post-fertilization spontaneous coiling frequency raw data for the crude cyanobacteria extracts. 

Test Solution ASW MeOH PbTx-2 Crude Extract EtOAc Extract BuOH Extract Aqueous Extract 

Concentration (ppm) 0 0 0.025 10 25 50 10 25 50 10 25 50 10 25 50 

24 hpf SCF (cpm) 

per embryo 

6 4 4 6 2 0 4 4 10 2 0 0 2 2 4 

4 4 2 6 0 0 4 4 0 4 0 0 2 0 2 

6 6 2 4 0 0 0 6 0 4 0 0 0 2 2 

4 4 2 6 0 0 0 0 0 2 0 0 0 4 2 

2 4 0 0 0 0 0 0 0 2 0 0 -  4 0 

Mean (cpm) 4.4 4.4 2.0 4.4 0.4 0.0 1.6 2.8 2.0 2.8 0.0 0.0 1.0 2.4 2.0 

Standard Deviation (cpm) 1.7 0.9 1.4 2.6 0.9 0.0 2.2 2.7 4.5 1.1 0.0 0.0 1.2 1.7 1.4 

Standard Error of Mean (cpm) 0.7 0.4 0.6 1.2 0.4 0.0 1.0 1.2 2.0 0.5 0.0 0.0 0.6 0.7 0.6 

Number of Embryos 5 5 5 5 5 5 5 5 5 5 5 5 4 5 5 

ASW    

MeOH   

PbTx-2  

SCF (cpm) 

- 

= Aquarium System Water (negative control) 

= Methanol Solvent Control (negative control) 

= brevetoxin-2 standard (positive control) 

= spontaneous coiling frequency measured as coils per minute (cpm) at 24 hours post-fertilization (hpf) 

= no embryo 

 

Appendix 5.8 24 hours post-fertilization spontaneous coiling frequency raw data for the EtOAc derived fraction F29 and its subfractions. 

Test Solution ASW MeOH PbTx-2 F29 crude F29-1 F29-2 F29-3 

Concentration (ppm) 0 0 0.025 10 25 50 10 25 50 10 25 50 10 25 50 

24 hpf SCF (cpm) 

per embryo 

6 4 4 2 0 0 2 2 2 2 2 0 0 6 2 

4 4 2 0 0 0 4 0 0 0 2 2 4 2 4 

6 6 2 2 0 2 4 2 2 2 2 0 4 4 2 

4 4 2 0 0 2 2 4 4 4 2 0 2 0 2 

2 4 0 0 0 0 2 2 4 4 2 0 0 0 6 

Mean (cpm) 4.4 4.4 2.0 0.8 0.0 0.8 2.8 2.0 2.4 2.4 2.0 0.4 2.0 2.4 3.2 

Standard Deviation (cpm) 1.7 0.9 1.4 1.1 0.0 1.1 1.1 1.4 1.7 1.7 0.0 0.9 2.0 2.6 1.8 

Standard Error of Mean (cpm) 0.7 0.4 0.6 0.5 0.0 0.5 0.5 0.6 0.7 0.7 0.0 0.4 0.9 1.2 0.8 

Number of Embryos 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 

ASW    

MeOH   

PbTx-2  

SCF (cpm) 

= Aquarium System Water (negative control) 

= Methanol Solvent Control (negative control) 

= brevetoxin-2 standard (positive control) 

= spontaneous coiling frequency measured as coils per minute (cpm) at 24 hours post-fertilization (hpf) 
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Appendix 5.9 Day 2 heart rate measurements for the control embryos. 

Test Solution ASW MeOH PbTx-2 

Concentration (nM) 0 0 2.79 5.59 11.2 27.9 

Day 2  

Heart Rate 

(bpm) 

138 126 184 180 178 152 

136 128 170 166 170 148 

136 128 172 168 184 140 

132 120 180 176 174 154 

140 132 178 174 180 146 

142 136 176 182 174 188 

146 138 182 186 166 180 

134 134 186 188 178 168 

144 140 174 176 184 174 

138 138 182 172 182 176 

136 140 182 178 180 186 

140 136 176 174 176 184 

136 132 180 182 174 176 

142 130 172  - 178 182 

136 126  -  - 184 180 

Mean (bpm) 138.4 132.3 178.1 177.1 177.5 168.9 

SD (bpm) 3.9 5.9 4.9 6.5 5.3 16.3 

SEM (bpm) 1.0 1.5 1.3 1.8 1.4 4.2 

Embryo Count 15 15 14 13 15 15 

ASW    

MeOH   

PbTx-2  

bpm 

SD 

SE 

- 

= Aquarium System Water (negative control) 

= Methanol Solvent Control (negative control) 

= brevetoxin-2 standard (positive control) 

= beats per minute 

= Standard Deviation 

= Standard Error Mean 

= no embryo 
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Appendix 5.10 Day 3 heart rate measurements for the control embryos. 

Test Solution ASW MeOH PbTx-2 

Concentration (nM) 0 0 2.79 5.59 11.2 27.9 

Day 3  

Heart Rate 

(bpm) 

168 174 180 180 174 186 

180 186 180 186 180 180 

168 180 180 186 186 186 

174 168 174 180 174 192 

162 180 186 186 186 180 

186 168 186 180 180 174 

192 174 186 186 186 186 

180 174 180 180 186 168 

174 162 174 186 174 174 

174 180 180 186 180 180 

186 168 186 186 174 180 

168 174 180 186 186 186 

162 186 180 180 186 186 

180 192 174  - 174 180 

174 174  -  - 186 174 

Mean (bpm) 175.2 176.0 180.4 183.7 180.8 180.8 

SD (bpm) 8.8 8.1 4.4 3.0 5.5 6.4 

SEM (bpm) 2.3 2.1 1.2 0.8 1.4 1.6 

Embryo Count 15 15 14 13 15 15 

ASW    

MeOH   

PbTx-2  

bpm 

SD 

SEM 

- 

= Aquarium System Water (negative control) 

= Methanol Solvent Control (negative control) 

= brevetoxin-2 standard (positive control) 

= beats per minute 

= Standard Deviation 

= Standard Error of Mean 

= no embryo 
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Appendix 5.11 Day 2 heart rate measurements per embryo for the crude cyanobacteria extracts. 

Test Solution ASW MeOH PbTx-2  Crude Extract EtOAc Extract BuOH Extract Aqueous Extract 

Concentration (ppm) 0 0 0.025 10 25 50 10 25 50 10 25 50 10 25 50 

Day 2 

Heart Rate 

(bpm) 

136 126 148 126 54 24 116 76 92 120 0 0 110 126 130 

140 128 168 118 54 0 114 102 84 112 0 0 92 122 118 

134 132 180 118 40 0 108 106 0 108 0 0 106 124 120 

144 136 176 124 72 0 110 0 0 106 0 0 0 122 114 

136 140 184 0 0 0 112 0 0 116 0 0  - 126 0 

Mean (bpm) 138.0 132.4 171.2 97.2 44.0 4.8 112.0 56.8 35.2 112.4 0.0 0.0 77.0 124.0 96.4 

SD (bpm) 4.0 5.7 14.3 54.5 27.1 10.7 3.2 53.1 48.3 5.7 0.0 0.0 51.9 2.0 54.2 

SEM (bpm) 1.8 2.6 6.4 24.4 12.1 4.8 1.4 23.8 21.6 2.6 0.0 0.0 26.0 0.9 24.2 

Embryo Count 5 5 5 5 5 5 5 5 5 5 5 5 4 5 5 

ASW    

MeOH   

PbTx-2 

bpm  

SD 

SEM 

- 

= Aquarium System Water (negative control) 

= Methanol Solvent Control (negative control) 

= brevetoxin-2 standard (positive control) 

= beats per minute 

= Standard Deviation 

= Standard Error of Mean 

= no embryo 

 

 



 

377 

 

Appendix 5.12 Day 3 heart rate measurements per embryo for the crude cyanobacteria extracts. 

Test Solution ASW MeOH PbTx-2  Crude Extract EtOAc Extract BuOH Extract Aqueous Extract 

Concentration 

(ppm) 
0 0 0.025 10 25 50 10 25 50 10 25 50 10 25 50 

Day 3 

Heart Rate 

(bpm) 

186 168 180 180 12 0 186 174 126 168 0 0 174 168 174 

168 174 186 174 24 0 180 168 138 174 0 0 180 180 180 

162 186 186 180 30 0 174 180 0 168 0 0 168 174 168 

180 192 180 186 18 0 174 0 0 162 0 0 0 168 174 

174 174 174 0 0 0 180 0 0 180 0 0  - 162 0 

Mean (bpm) 174.0 178.8 181.2 144.0 16.8 0.0 178.8 104.4 52.8 170.4 0.0 0.0 130.5 170.4 139.2 

SD (bpm) 9.5 9.9 5.0 80.6 11.5 0.0 5.0 95.4 72.4 6.8 0.0 0.0 87.1 6.8 77.9 

SEM (bpm) 4.2 4.4 2.2 36.0 5.2 0.0 2.2 42.7 32.4 3.1 0.0 0.0 43.6 3.1 34.9 

Embryo Count 5 5 5 5 5 5 5 5 5 5 5 5 4 5 5 

ASW    

MeOH   

PbTx-2 

bpm  

SD 

SEM 

- 

= Aquarium System Water (negative control) 

= Methanol Solvent Control (negative control) 

= brevetoxin-2 standard (positive control) 

= beats per minute 

= Standard Deviation 

= Standard Error of Mean 

= no embryo 
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Appendix 5.13 Day 2 heart rate measurements per embryo for the EtOAc derived fraction F29 and its subfractions. 

Test Solution ASW MeOH PbTx-2  F29 crude F29-1 F29-2 F29-3 

Concentration (ppm) 0 0 0.025 10 25 50 10 25 50 10 25 50 10 25 50 

Day 2 

Heart Rate 

(bpm) 

136 126 148 138 138 142 144 146 144 148 134 116 132 126 132 

140 128 168 150 152 144 132 140 152 140 138 104 126 138 132 

134 132 180 132 144 142 138 150 150 146 144 100 138 132 126 

144 136 176 144 140 140 138 148 140 142 146 108 126 120 126 

136 140 184 138 146 142 132 142 142 144 140 0 120 132 132 

Mean (bpm) 138.0 132.4 171.2 140.4 144.0 142.0 136.8 145.2 145.6 144.0 140.4 85.6 128.4 129.6 129.6 

SD (bpm) 4.0 5.7 14.3 6.8 5.5 1.4 5.0 4.1 5.2 3.2 4.8 48.2 6.8 6.8 3.3 

SEM (bpm) 1.8 2.6 6.4 3.1 2.4 0.6 2.2 1.9 2.3 1.4 2.1 21.6 3.1 3.1 1.5 

Embryo Count 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 

ASW    

MeOH   

PbTx-2  

bpm 

SD 

SEM 

= Aquarium System Water (negative control) 

= Methanol Solvent Control (negative control) 

= brevetoxin-2 standard (positive control) 

= beats per minute 

= Standard Deviation 

= Standard Error of Mean 
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Appendix 5.14 Day 3 heart rate measurements per embryo for the EtOAc derived fraction F29 and its subfractions. 

Test Solution ASW MeOH PbTx-2 F29 crude F29-1 F29-2 F29-3 

Concentration (ppm) 0 0 0.025 10 25 50 10 25 50 10 25 50 10 25 50 

Day 3 

Heart Rate 

(bpm) 

186 168 180 186 180 162 186 168 150 186 168 0 186 174 174 

168 174 186 192 186 156 192 162 162 192 180 0 180 180 186 

162 186 186 186 180 168 186 162 168 192 186 0 174 168 192 

180 192 180 180 174 180 180 174 180 180 174 0 192 192 180 

174 174 174 186 180 174 180 180 174 174 174 0 198 180 180 

Mean (bpm) 174.0 178.8 181.2 186.0 180.0 168.0 184.8 169.2 166.8 184.8 176.4 0.0 186.0 178.8 182.4 

SD (bpm) 9.5 9.9 5.0 4.2 4.2 9.5 5.0 7.8 11.5 7.8 6.8 0.0 9.5 8.9 6.8 

SEM (bpm) 4.2 4.4 2.2 1.9 1.9 4.2 2.2 3.5 5.2 3.5 3.1 0.0 4.2 4.0 3.1 

Embryo Count 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 

ASW    

MeOH   

PbTx-2  

Bpm 

SD 

SEM 

= Aquarium System Water (negative control) 

= Methanol Solvent Control (negative control) 

= brevetoxin-2 standard (positive control) 

= beats per minute 

= Standard Deviation 

= Standard Error of Mean 
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Appendix 5.15 Day 5 swim bladder dysfunction and aberrant swimming behavior per embryo raw data. 

Test Solution 
Concentration  

(ppm) 

Embryo 

Count 

Day 5 

Swim Bladder 

Dysfunction 

Aberrant Swimming 

Behavior 

Aquaria System Water 

(ASW) 
0 

5 0 0 

5 0 0 

5 0 0 

Methanol Solvent 

Control (MeOH) 
0 

5 0 0 

5 0 0 

5 0 0 

Brevetoxin-2 Standard 

(PbTx-2) 

  

0.0025 

5 3 3 

5 3 4 

4 2 2 

0.005 

5 3 3 

4 3 2 

4 2 3 

0.010 

5 4 4 

5 3 3 

5 3 3 

0.025 

5 5 5 

5 5 5 

5 5 5 

ASW 0 5 0 0 

MeOH 0 5 0 0 

PbTx-2 0.025 5 5 5 

Crude Cyanobacteria 

10 5 5 5 

25 5 5 5 

50 5 5 5 

Crude Ethyl Acetate  

Extract (EtOAc) 

10 5 3 2 

25 5 4 5 

50 5 5 5 

Crude 2-Butanol  

Extract (BuOH) 

10 5 4 4 

25 5 5 5 

50 5 5 5 

Crude Aqueous  

Extract (Aq) 

10 4 3 4 

25 5 3 3 

50 5 5 5 

EtOAc Fraction  

F29 

10 5 4 4 

25 5 2 3 

50 5 2 3 

EtOAc Fraction  

F29-1 

10 5 2 3 

25 5 5 5 

50 5 5 5 

EtOAc Fraction  

F29-2 

10 5 3 4 

25 5 3 4 

50 5 5 5 

EtOAc Fraction  

F29-3 

10 5 5 5 

25 5 3 3 

50 5 4 4 
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Appendix 5.16 Acute larval exposure neurobehavioral toxicity study percent mortality raw data. 

Test Solution 
Concentration  

(ppm) 
count Hour 1 Hour 2 Hour 6 Hour 12 Hour 24 

ASW 0 24 0 0 0 0 0 

MeOH 0 24 0 0 0 0 0 

PbTx-2 

0.0025 20 0 0 0 0 0 

0.010 21 0 3 3 3 9 

0.025 21 0 0 5 7 12 

0.050 24 0 0 1 6 15 

Crude Cyanobacteria 

2.5 12 0 0 0 0 0 

10 12 0 0 0 2 2 

25 11 0 1 1 1 1 

50 12 3 4 6 6 8 

Crude Ethyl Acetate  

Extract (EtOAc) 

2.5 12 1 2 2 2 2 

10 12 0 0 0 0 0 

25 12 0 0 0 0 0 

50 11 0 1 1 1 1 

Crude 2-Butanol  

Extract (BuOH) 

2.5 11 0 0 0 0 0 

10 12 0 0 0 0 0 

25 12 0 1 2 2 2 

50 12 0 1 2 4 6 

Crude Aqueous  

Extract (Aq) 

2.5 10 2 2 2 2 2 

10 11 0 1 1 1 1 

25 11 1 1 1 3 5 

50 12 0 2 2 4 12 

EtOAc Fraction  

F29 

2.5 5 0 0 0 1 1 

10 5 0 0 0 0 0 

25 6 0 3 3 3 3 

50 6 0 0 0 0 0 

EtOAc Fraction  

F29-1 

2.5 5 0 0 0 0 0 

10 5 0 0 0 0 0 

25 5 0 1 1 1 1 

50 6 0 0 0 0 0 

EtOAc Fraction  

F29-2 

2.5 3 0 0 0 0 0 

10 6 0 0 0 0 0 

25 5 0 0 0 0 0 

 50 6 0 0 0 0 0 

EtOAc Fraction  

F29-3 

2.5 5 0 0 0 0 0 

10 5 0 0 0 0 0 

25 5 0 0 0 0 0 

50 5 0 0 0 0 0 

ASW    = Aquarium System Water (negative control) 

MeOH  = Methanol Solvent Control (negative control) 

PbTx-2 = brevetoxin-2 standard (positive control) 
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Appendix 5.17 Acute larval exposure neurobehavioral toxicity study percent swimming issues raw data. 

Test Solution 
Concentration  

(ppm) 
count Hour 1 Hour 2 Hour 6 Hour 12 Hour 24 

ASW 0 0 1 2 6 12 24 

MeOH 0 24 0 0 0 0 0 

PbTx-2 

0.0025 24 0 0 0 0 0 

0.010 20 20 20 20 20 20 

0.025 21 21 21 21 21 21 

0.050 21 21 21 21 21 21 

Crude Cyanobacteria 

2.5 12 12 8 12 12 4 

10 12 12 8 12 12 8 

25 11 11 8 11 11 11 

50 12 12 10 12 12 12 

Crude Ethyl Acetate  

Extract (EtOAc) 

2.5 12 12 12 12 3 6 

10 12 12 12 12 2 3 

25 12 12 12 12 3 3 

50 11 11 11 11 4 7 

Crude 2-Butanol  

Extract (BuOH) 

2.5 11 11 11 11 1 3 

10 12 12 12 12 7 5 

25 12 12 12 12 12 5 

50 12 12 12 12 12 12 

Crude Aqueous  

Extract (Aq) 

2.5 10 10 4 3 4 5 

10 11 11 9 3 5 5 

25 11 11 9 3 11 6 

50 12 12 12 4 12 12 

EtOAc Fraction  

F29 

2.5 5 3 5 2 2 2 

10 5 3 5 3 2 2 

25 6 5 6 5 4 4 

50 6 5 6 4 2 3 

EtOAc Fraction  

F29-1 

2.5 5 1 2 1 0 0 

10 5 2 4 2 1 1 

25 5 3 5 2 2 2 

50 6 5 6 5 3 2 

EtOAc Fraction  

F29-2 

2.5 3 0 1 3 0 0 

10 6 2 3 3 1 1 

25 5 3 5 4 2 1 

 50 6 6 4 5 3 2 

EtOAc Fraction  

F29-3 

2.5 5 0 0 0 0 0 

10 5 0 0 0 0 0 

25 5 0 3 2 1 0 

50 5 0 5 3 2 0 

ASW    = Aquarium System Water (negative control) 

MeOH  = Methanol Solvent Control (negative control) 

PbTx-2 = brevetoxin-2 standard (positive control) 

 



 

383 

 

 
Appendix 6.1 The HSQC 2D-NMR spectrum of eudesmacarbonate (1). 

 
Appendix 6.2: Day 1 percent mortality data for eudesmacarbonate (1) and controls. 

Exposure Condition Negative Control PbTx-2 Compound 1 

Concentration (µM) 0.0 0.0045 0.0223 9.4 38 94 

Number of dead embryos in Replicate a  0 0 0 0 0 0 

Number of dead embryos in Replicate b 0 0 0 0 0 0 

Number of dead embryos in Replicate c 0 0 1 0 0 0 

N* (total embryos on Day 0) 15 15 15 14 15 15 

% M in Replicate a  0.0 0.0 0.0 0.0 0.0 0.0 

% M in Replicate b 0.0 0.0 0.0 0.0 0.0 0.0 

% M in Replicate c 0.0 0.0 20.0 0.0 0.0 0.0 

Average % M 0.0 0.0 6.7 0.0 0.0 0.0 

SD (% M) 0.0 0.0 11.5 0.0 0.0 0.0 

SEM (± % M) 0.0 0.0 6.7 0.0 0.0 0.0 

n (number of replicates test solutions) 3 3 3 3 3 3 

% M = Percent Mortality 

SD = Standard Deviation  

SEM = Standard Error of the Mean 
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Appendix 6.3: Day 2 percent mortality data for eudesmacarbonate (1) and controls. 

Exposure Condition Negative Control PbTx-2 Compound 1 

Concentration (µM) 0.0 0.0045 0.0223 9.4 38 94 

Number of dead embryos in Replicate a  0 0 0 0 0 0 

Number of dead embryos in Replicate b 0 0 0 0 0 1 

Number of dead embryos in Replicate c 0 0 1 0 0 0 

N* (total embryos on Day 0) 15 15 15 14 15 15 

% M in Replicate a  0.0 0.0 0.0 0.0 0.0 0.0 

% M in Replicate b 0.0 0.0 0.0 0.0 0.0 20.0 

% M in Replicate c 0.0 0.0 20.0 0.0 0.0 0.0 

Average % M 0.0 0.0 6.7 0.0 0.0 6.7 

SD (% M) 0.0 0.0 11.5 0.0 0.0 11.5 

SEM (± % M) 0.0 0.0 6.7 0.0 0.0 6.7 

n (number of replicates test solutions) 3 3 3 3 3 3 

% M = Percent Mortality 

SD = Standard Deviation  

SEM = Standard Error of the Mean 

 

Appendix 6.4: Day 3 percent mortality data for eudesmacarbonate (1) and controls. 

Exposure Condition Negative Control PbTx-2 Compound 1 

Concentration (µM) 0.0 0.0045 0.0223 9.4 38 94 

Number of dead embryos in Replicate a  0 0 0 0 0 0 

Number of dead embryos in Replicate b 0 0 0 0 0 1 

Number of dead embryos in Replicate c 0 0 5 0 0 0 

N* (total embryos on Day 0) 15 15 15 14 15 15 

% M in Replicate a  0.0 0.0 0.0 0.0 0.0 0.0 

% M in Replicate b 0.0 0.0 0.0 0.0 0.0 20.0 

% M in Replicate c 0.0 0.0 100.0 0.0 0.0 0.0 

Average % M 0.0 0.0 33.3 0.0 0.0 6.7 

SD (% M) 0.0 0.0 57.7 0.0 0.0 11.5 

SEM (± % M) 0.0 0.0 33.3 0.0 0.0 6.7 

n (number of replicates test solutions) 3 3 3 3 3 3 

% M = Percent Mortality 

SD = Standard Deviation  

SEM = Standard Error of the Mean 

 

Appendix 6.5: Day 4 percent mortality data for eudesmacarbonate (1) and controls. 

Exposure Condition Negative Control PbTx-2 Compound 1 

Concentration (µM) 0.0 0.0045 0.0223 9.4 38 94 

Number of dead embryos in Replicate a  0 0 5 0 0 0 

Number of dead embryos in Replicate b 0 0 5 0 0 1 

Number of dead embryos in Replicate c 0 0 5 0 0 0 

N* (total embryos on Day 0) 15 15 15 14 15 15 

% M in Replicate a  0.0 0.0 100.0 0.0 0.0 0.0 

% M in Replicate b 0.0 0.0 100.0 0.0 0.0 20.0 

% M in Replicate c 0.0 0.0 100.0 0.0 0.0 0.0 

Average % M 0.0 0.0 100.0 0.0 0.0 6.7 

SD (% M) 0.0 0.0 0.0 0.0 0.0 11.5 
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SEM (± % M) 0.0 0.0 0.0 0.0 0.0 6.7 

n (number of replicates test solutions) 3 3 3 3 3 3 

% M = Percent Mortality 

SD = Standard Deviation  

SEM = Standard Error of the Mean 

 

Appendix 6.6: Day 5 percent mortality data for eudesmacarbonate (1) and controls. 

Exposure Condition Negative Control PbTx-2 Compound 1 

Concentration (µM) 0.0 0.0045 0.0223 9.4 38 94 

Number of dead embryos in Replicate a  0 0 5 0 0 0 

Number of dead embryos in Replicate b 0 0 5 0 0 1 

Number of dead embryos in Replicate c 0 0 5 0 0 0 

N* (total embryos on Day 0) 15 15 15 14 15 15 

% M in Replicate a  0.0 0.0 100.0 0.0 0.0 0.0 

% M in Replicate b 0.0 0.0 100.0 0.0 0.0 20.0 

% M in Replicate c 0.0 0.0 100.0 0.0 0.0 0.0 

Average % M 0.0 0.0 100.0 0.0 0.0 6.7 

SD (% M) 0.0 0.0 0.0 0.0 0.0 11.5 

SEM (± % M) 0.0 0.0 0.0 0.0 0.0 6.7 

n (number of replicates test solutions) 3 3 3 3 3 3 

% M = Percent Mortality 

SD = Standard Deviation  

SEM = Standard Error of the Mean 

 

 
Appendix 6.7 Percent mortality of embryos per exposure condition of 1 and 

controls from Day 1 through Day 5. Error bars are ± SEM (n = 3 replicates). The 

* denotes p < 0.05 significance derived by one-way ANOVA followed by the 

Tukey HSD multiple comparison test. 
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Appendix 6.8: 24-hpf spontaneous coiling frequency (SCF) data measured as the number of spontaneous 

coils per minute (cpm) observed per embryo for eudesmacarbonate (1) and controls. 

Exposure Condition Negative Control PbTx-2 Compound 1  

Concentration (µM) 0.0 0.0045 0.0223 9.4 38 94 

Replicate a 

embryo 1 6 6 5 5 3 0 

embryo 2 4 7 4 4 1 0 

embryo 3 3 10 1 6 0 0 

embryo 4 4 0 8 5 5 0 

embryo 5 4 4 5 - 2 0 

Replicate b 

embryo 1 4 4 4 5 0 0 

embryo 2 6 3 3 4 1 0 

embryo 3 6 4 5 2 3 0 

embryo 4 4 3 2 3 4 0 

embryo 5 4 3 3 2 2 0 

Replicate c 

embryo 1 9 4 4 4 3 0 

embryo 2 7 3 3 3 1 0 

embryo 3 6 3 3 4 0 0 

embryo 4 8 4 5 5 4 0 

embryo 5 8 4 - 3 0 0 

Average SCF per minute 5.53 4.1 3.9 3.9 1.9 0 

SD (SCF per minute) 1.8 2.2 1.7 1.2 1.7 0 

SEM (± SCF per minute) 0.48 0.58 0.45 0.32 0.43 0 

n (total number of embryos) 15 15 14 14 15 15 

Number of abnormal embryos  

(< 3 SCF per minute) 
0 0 2 2 9 15 

Percent abnormal embryos 0.0 0.0 14.3 14.3 60.0 100.0 

Probit values NA NA 3.93 3.93 5.25 NA 

ED50 by probit analysis (µM)  NA NA 28.9 

ED50 by linear regression (µM)*  NA NA 25.8 

SCF = Spontaneous Coiling Frequency 

SD = Standard Deviation  

SEM = Standard Error of the Mean 

*The ED50 value was extrapolated from the linear regression analysis of the Log10 concentration versus 

% abnormal (< 3 SCF per minute) plot. 
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Appendix 6.9: Linear regression analysis of the percent of embryos exhibiting abnormal SCF per minute (% 

SCF) per treatment with 1 used to determine the ED50 value: a Concentration versus % SCF, b Probit analysis 

and c Log10 concentration versus % SCF. 

Appendix 6.10: Day 2 heart rate (HR) data measured as beats per minute (bpm) for 1 and controls. 

Exposure Condition Negative Control PbTx-2 Compound 1  

Concentration (µM) 0.0 0.0045 0.0223 9.4 38 94 

Replicate a 

embryo 1 140 160 148 144 144 132 

embryo 2 140 164 148 140 144 132 

embryo 3 148 168 148 144 144 108 

embryo 4 152 160 152 148 140 112 

embryo 5 148 152 156 148 136 116 

Replicate b 

embryo 1 144 156 152 152 140 108 

embryo 2 148 164 148 156 132 120 

embryo 3 152 152 156 156 140 124 

embryo 4 144 164 156 152 144 124 

embryo 5 148 168 160 156 148 128 

Replicate c 

embryo 1 140 164 164 152 148 120 

embryo 2 148 152 152 156 144 124 

embryo 3 144 160 160 152 144 124 

embryo 4 152 156 156 156 140 120 

embryo 5 152 164 - - 140 - 

Average Day 2 HR (bpm) 5.53 146.7 160.3 154.0 150.9 141.9 

SD (bpm) 1.8 4.5 5.5 5.1 5.3 4.2 

SEM (± bpm) 0.48 1.1 1.4 1.4 1.4 1.1 

n (total number of embryos) 15 15 14 14 15 14 

Number of abnormal embryos  

(D2 HR bpm <140, >152) 
0 12 7 5 2* 15 

Percent abnormal embryos 0.0 80.0 50.0 35.7 13.3* 100.0 

Probit values NA 5.84 5.0 NA NA NA 

ED50 by probit analysis (µM) NA 0.0223 NA* 

HR = Heart Rate 

SD = Standard Deviation  

SEM = Standard Error of the Mean 

NA = Not Applicable 

*The observed data were too variable to determine the ED50 value of 1.  
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Appendix 6.11: Day 3 heart rate (HR) data measured as per minute (bpm) for 1 and controls. 

Exposure Condition Negative Control PbTx-2 Compound 1  

Concentration (µM) 0.0 0.0045 0.0223 9.4 38 94 

Replicate a 

embryo 1 194 160 148 144 144 132 

embryo 2 188 164 148 140 144 132 

embryo 3 190 168 148 144 144 108 

embryo 4 192 160 152 148 140 112 

embryo 5 196 152 156 148 136 116 

Replicate b 

embryo 1 200 156 152 152 140 108 

embryo 2 198 164 148 156 132 120 

embryo 3 202 152 156 156 140 124 

embryo 4 192 164 156 152 144 124 

embryo 5 194 168 160 156 148 128 

Replicate c 

embryo 1 188 164 164 152 148 120 

embryo 2 192 152 152 156 144 124 

embryo 3 198 160 160 152 144 124 

embryo 4 194 156 156 156 140 120 

embryo 5 200 164 - - 140 - 

Average Day 3 HR (bpm) 5.53 194.5 160.3 154.0 150.9 141.9 

SD (bpm) 1.8 4.4 5.5 5.1 5.3 4.2 

SEM (± bpm) 0.48 1.1 1.4 1.4 1.4 1.1 

n (total number of embryos) 15 15 15 14 15 14 

Number of abnormal embryos 

(D3 HR bpm <188, >202 
0 14 9 7 15 14 

Percent abnormal embryos 0.0 93.3 90.0 50.0 100.0 100.0 

Probit values NA 6.50 6.28 5.0 NA NA 

ED50 by probit analysis (µM)  NA NA* 9.4 

HR = Heart Rate 

SD = Standard Deviation  

SEM = Standard Error of the Mean 

NA = Not Applicable 

*The data were too limited and variable to determine the ED50 value of PbTx-2. 

 

Appendix 6.12: Day 5 percent swim bladder dysfunction (SBD) measured as the number of embryos 

exhibiting irregular swim bladder inflation per exposure condition of eudesmacarbonate (1) and controls. 

Exposure Condition Negative Control PbTx-2 Compound 1 

Concentration (µM) 0.0 0.0045 0.0223 9.4 38 94 

Number abnormal embryos Replicate a  0 5 5 2 4 5 

Number abnormal embryos Replicate b  0 5 5 2 3 5 

Number abnormal embryos Replicate c  0 5 5 2 4 5 

N (total number of embryos Day 0) 15 15 15 14 15 15 

% SBD Replicate a  0.0 100.0 100.0 50.0 80.0 100.0 

% SBD Replicate b 0.0 100.0 100.0 40.0 60.0 100.0 

% SBD Replicate c 0.0 100.0 100.0 40.0 80.0 100.0 

Average Percent SBD (%) 0.0 100.0 100.0 43.3 73.3 100.0 

SD (% SBD) 0.0 0.0 0.0 5.8 11.5 0.0 

SEM (± % SBD) 0.0 0.0 0.0 3.3 6.7 0.0 

n (number of replicates test solutions) 3 3 3 3 3 3 

Probit values NA NA NA 4.83 5.62 NA 
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ED50 by probit analysis (µM)  NA NA 12.7 

ED50 by linear regression analysis (µM) NA NA 12.9 

SBD = Swim Bladder Dysfunction 

SD = Standard Deviation  

SEM = Standard Error of the Mean 

*The ED50 value was extrapolated from the linear regression analysis of the Log10 concentration versus 

% SBD plot. 

Note: Dead embryos observed on Day 5 were assessed as abnormal for comparative analysis against the 

number of normal test subjects at Day 0.   

 

Appendix 6.13: Day 5 percent of embryos exhibiting aberrant swimming behaviors (ASB) data for 

eudesmacarbonate (1) and controls. 

Exposure Condition Negative Control PbTx-2 Compound 1 

Concentration (µM) 0.0 0.0045 0.0223 9.4 38 94 

Number abnormal embryos Replicate a  0 5 5 2 4 5 

Number abnormal embryos Replicate b  0 5 5 2 3 5 

Number abnormal embryos Replicate c  0 5 5 2 4 5 

N (total number of embryos Day 0) 15 15 15 14 15 15 

% ABS Replicate a  0.0 40.0 100.0 50.0 80.0 100.0 

% ABS Replicate b 0.0 40.0 100.0 60.0 80.0 100.0 

% ABS Replicate c 0.0 40.0 100.0 60.0 80.0 100.0 

Average Percent ASB (%) 0.0 40.0 100.0 56.7 80.0 100.0 

SD (% ASB) 0.0 0.0 0.0 5.8 0.0 0.0 

SEM (± % ASB) 0.0 0.0 0.0 3.3 0.0 0.0 

n (number of replicates test solutions) 3 3 3 3 3 3 

Probit values NA 4.75 NA 5.17 5.84 NA 

ED50 by probit analysis (µM)  NA NA* 6.6 

ED50 by linear regression analysis (µM)**  NA NA* 6.6 

ASB = Aberrant Swimming Behaviors 

SD = Standard Deviation  

SEM = Standard Error of the Mean 

*The data were too limited to determine the ED50 value for PbTx-2. 

**The ED50 value was extrapolated from the linear regression analysis of the Log10 concentration versus 

% ABS plot. 

Note: Dead embryos observed on Day 5 were assessed as abnormal for comparative analysis against the 

number of normal test subjects at Day 0.   
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