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irradiance experiments for this and other studies. Additional strains are included for 

comparative purposes and form the basis of data in Figure 3.8. 

Table 3.2: Summary of calculated growth parameters from temperature reaction norms 

for each strain of Gambierdiscus measured in this study, including maximum growth rate 

(µmax), the temperature (°C) at which maximum growth was reached (T µmax), the 

optimum temperature range for growth (Topt) and the minimum and maximum 

temperatures where growth terminated (Tmin and Tmax). 

Table 3.3. Summary of calculated growth parameters from the salinity reaction norms 

for each strain of Gambierdiscus measured in this study, including maximum growth rate 
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(µmax), the salinity at which maximum growth was reached (S µmax), the optimum salinity 

range for growth (Sopt) and the minimum and maximum salinity where growth terminated 

(Smin and Smax). 

Table 3.4. Summary of calculated growth parameters calculated from the irradiance 

reaction norm function for each strain of Gambierdiscus measured in this study, including 

maximum growth rate (µmax), the irradiance (µmol photons m-2 s-1) at which maximum 

growth was reached (I µmax), the optimum irradiance range for growth (Iopt) and the 

minimum and maximum irradiance where growth terminated (Imin and Imax). 

Table 4.1. Type of rafts collected in the East Australian Current (EAC) and associated 

oceanographic features (e.g. eddies), with the environmental conditions and location of 

sampling sites. Note that some samples contained more than one type of raft and were 

identified to genus level when possible. 

Table 4.2. Microalgal taxa associated with rafts collected in the East Australian Current 

(EAC) (Table 4.1) and associated water masses. The taxa classified as epibenthic are 

indicated with + symbol, planktonic with a – symbol, and NA denotes when information 

was not available or applicable. 

Table 5.1. Location and water quality information for sites used in natural epiphytic 

community colonisation experiment. 

Supplementary Table 5.1. Microalgal taxa identified from resident epibenthic 

communities of the three sites sampled for the natural community colonisation 

experiments (Lake Macquarie, Brisbane Water and Narrabeen Lagoon).  + indicates the 

taxa was present and – indicates the taxa were absent. 
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aq Aqueous 

AZP Azaspiracid Shellfish Poisoning 

BHAB Benthic Harmful Algal Bloom 

bp Base Pair 

BSA Bovine Serum Albumin 

CFP Ciguatera Fish Poisoning 

CTX Ciguatoxin 

CO2 Carbon Dioxide 

DNA Deoxyribonucleic Acid 

DSP Diarrhetic Shellfish Poisoning 

EAC East Australian Current 

FBS Foetal Bovine Serum 

FLIPR Fluorescent Imaging Plate Reader 

Fv/Fm Maximum quantum yield of photosystem II 

GTR General Time Reversible 

GTR+G General Time Reversible with Gamma-shaped among site  

variation 
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PERMANOVA Permutational Analysis of Variance 
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RBA Receptor Binding Assay 

RPMI Roswell Park Memorial Institute medium 

SH-SY5Y Human Neuronal Cell Line 

sp. Species (singular) 

spp. Species (plural) 

TFA Trifluoroacteic Acid 

UPLC Ultra Performance Liquid Chromatography 

 



 

 
Abstract   xxiv 

Abstract 

 

Some species from the epibenthic marine microalgal genus Gambierdiscus produce 

potent neurotoxins, such as ciguatoxins (CTXs) and maitotoxins (MTXs), which can 

accumulate in the marine food web and cause the human illness Ciguatera Fish Poisoning 

(CFP). The genus typically has a tropical distribution and is known to occur in the Great 

Barrier Reef region of north east Australia, although recently, populations have been 

documented in more temperate locations. In this thesis, a toxicological and ecological 

approach was used to investigate CFP causing organisms in Australia, with an emphasis 

on assessing the potential for temperate range extension of the genus in this region. 

Monoclonal isolates of Gambierdiscus were established from a tropical and a temperate 

location in eastern Australia and formed the foundation of experimental work. Four 

species of Gambierdiscus (G. cf. pacificus, G. cf. silvae, G. carpenteri and G. lapillus) 

were identified from the tropical location and only G. carpenteri was identified at the 

temperate location. Liquid Chromatography Tandem-Mass Spectrometry (LC-MS/MS) 

was used to assess whether isolates produced known microalgal CTXs (P-CTX-3B, 3C, 

4A and 4B) and MTX-1, but these characterised toxins were not detected in any of the 

Gambierdiscus strains. Putative MTX-3, however, was detected in all strains, except the 

temperate G. carpenteri isolates. Using the novel Ca2+ influx bioassay, compounds 

displaying CTX-like activity were identified in extracts of G. cf. pacificus, G. cf. silvae 

and G. lapillus, and compounds displaying MTX-like activity were detected in all species 

tested. Fitness curves across environmental gradients of temperature, salinity and 

irradiance showed Gambierdiscus species can grow across a broad range of 

environmental conditions. The environmental niche of the tropical strains was not 
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significantly different from that of the temperate strains, suggesting that tropical toxin 

producing Gambierdiscus species also have the capacity to occupy temperate locations. 

Rafting on detached macrophyte fragments that are transported poleward in the East 

Australian Current was identified as the likely natural long-distance dispersal mechanism 

for Gambierdiscus species in eastern Australia. The ability of Gambierdiscus to colonise 

new temperate locations was examined by studying the growth of different strains co-

cultured within both natural and artificial epibenthic microalgal communities. These 

experiments confirmed that it may only require a single pulse of very few cells for 

successful colonisation of Gambierdiscus. This thesis advances knowledge about the 

diversity and toxicology of Gambierdiscus in eastern Australia, identifies the potential 

cause of CFP from this region and provides experimental evidence of the mechanisms 

that could facilitate temperate range extension of the genus. Results from this thesis 

therefore provide fundamental information for developing a management strategy to 

mitigate the risk of human exposure to CFP in eastern Australia. 
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1 General Introduction 

 

1.1. Microalgae 

Microalgae are photosynthetic, microscopic, unicellular organisms that occupy a variety 

of niches in freshwater, estuarine and marine habitats. They occur in both pelagic and 

benthic environments, can live in symbiotic relationships with other organisms (e.g. coral, 

Muscatine & Porter (1977); sponges, Sara & Liaci (1964)) or epiphytically on both 

organic (e.g. macrophytes, Shah, An & Lee (2013); seagrass, Mabrouk et al. (2014)) and 

inorganic substrates (e.g. coral rubble, Ballantine et al. (1985); sand, Faust (1995)) . 

Microalgae require light, nutrients and inorganic carbon (CO2) in combination with 

specific physicochemical variables such as temperature, pH and salinity in order to 

photosynthesise and grow. Microalgal species that occupy benthic and epiphytic niches 

(epibenthic) also require space on a substrate in order to sustain growth. 

1.1.1 Harmful Algal Bloom (HAB) species 

The term Harmful Algal Bloom (HAB) species describes any microalgal species that has 

a negative impact on human activities and/or aquatic communities. The term therefore 

incorporates microalgal species that cause mechanical clogging of gills, through to 

species that produce potent toxins which can cause illness and death when accumulated 

in seafood consumed by humans or marine life (see review by Zingone & Enevoldsen 

(2000)). The class Dinophyceae comprises the majority of toxin producing marine 

microalgal species (Smayda & Reynolds 2003; Zingone & Enevoldsen 2000). Species 

within this class have been identified as the source of a variety of human food related 

illnesses including Paralytic Shellfish Poisoning (PSP) (Wiese et al. 2010), Diarrhetic 

Shellfish Poisoning (DSP) (Murata et al. 1982), Neurotoxic Shellfish Poisoning (NSP) 
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(Baden & Adams 2000), Amnesic Shellfish Poisoning (ASP) (Jeffery et al. 2004), and 

Azaspiracid Shellfish Poisoning (AZP) (Satake et al. 1998).  

1.1.2 Benthic Harmful Algal Bloom (BHAB) species 

HAB species that occupy benthic and epiphytic niches are known as Benthic Harmful 

Algal Bloom (BHAB) species. Common BHAB genera include Gambierdiscus Adachi 

& Fukuyo (Adachi and Fukuyo 1979), Fukuyoa Gómez, Qui, Lopes & Lin (Gomez et al. 

2015), Ostreopsis Schmidt (Schmidt 1901), Coolia Meunier (Meunier 1919), 

Amphidinium Claparède & Lachmann (Claparede & Lachmann 1859) and Prorocentrum 

Ehrenberg (Ehrenberg 1834). BHAB species have been implicated in a number of human 

related illnesses including respiratory (Durando et al. 2007) and dermatologic (Tubaro et 

al. 2011) conditions, through to clupeotoxism (Aligizaki et al. 2011), and Ciguatera Fish 

Poisoning (CFP) (Yasumoto, Inoue & Bagnis 1979; Yasumoto et al. 1979). Toxins 

produced by BHAB species are introduced to the food web through filter feeding activity 

of shellfish or grazing by herbivorous fish and invertebrates on macrophyte substrates 

harbouring the toxin producing organisms (Cruz-Rivera & Villareal 2006; Lewis & 

Holmes 1993; Yasumoto 2005). 

 

1.2 Ciguatera Fish Poisoning (CFP) 

Ciguatera Fish Poisoning (CFP) arises when humans consume marine fish whose flesh 

and viscera have been contaminated with ciguatoxins (Lehane & Lewis 2000) and/or 

maitotoxins (Kohli, Papiol, et al. 2014). Globally, it is estimated that between 50,000 and 

200,000 people each year are affected by CFP (Dickey & Plakas 2010; Lehane & Lewis 

2000), making it the most prevalent nonbacterial human illness associated with the 

consumption of seafood globally (Friedman et al. 2017). However, it is thought that many 
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individuals with CFP often do not seek medical attention. When they do, symptoms 

including nausea, vomiting, diarrhoea, abdominal pain, sensory changes, numbness, 

weakness and fatigue, blurred vision and temperature dysesthesia (Dickey & Plakas 2010; 

Friedman et al. 2017; Gillespie, Lewis, et al. 1985) are often not recognised as CFP 

(Friedman et al. 2017;), leading to significant under-reporting (Skinner et al. 2011).  

Cases of CFP are prevalent in nations of the South Pacific (Bagnis, Kuberski & Laugier 

1979; Lewis 1986), affecting up to 2,000 per 100,000 people each year (Skinner et al. 

2011). There have also been cases documented from fish caught in the Indian Ocean 

(Quod & Turquet 1996), Atlantic Ocean (Boada et al. 2010; Lawrence et al. 1980; Pérez-

Arellano et al. 2005; Pottier, Vernoux & Lewis 2001), the Caribbean (Czernichow et al. 

1984; Radke 2013; Radke, Reich & Morris Jr 2015; Tester et al. 2010) and Australia 

(Gillespie, Lewis, et al. 1985) and the incidence and worldwide distribution of CFP 

appears to be increasing (Levine 1995; Oshiro et al. 2010; Pérez-Arellano et al. 2005; 

Skinner et al. 2011). Additionally, international importation of seafood has caused cases 

of CFP to occur in non-endemic areas such as the United States (Geller, Olson & Senécal 

1991; Zlotnick et al. 1995), Canada (Pilon et al. 2000) and  Hong Kong (Sadovy 1998; 

Sadovy 1999; Wong et al. 2005), meaning this foodborne syndrome has become a global 

problem. 

 

1.3 The causative organisms of Ciguatera Fish Poisoning (CFP) 

Ciguatoxins and maitotoxins are produced by the BHAB genera Gambierdiscus and 

Fukuyoa. These genera have therefore been identified as the causative organisms of CFP 

(Yasumoto et al. 1977). 
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1.3.1 Taxonomy of Gambierdiscus and Fukuyoa 

Adachi & Fukuyo (1979) originally described Gambierdiscus toxicus, the first species in 

the Gambierdiscus genus, from samples collected in the Gambier Islands, French 

Polynesia. For many years, the genus was thought to be monotypic, however increased 

interest and the application of sequencing approaches to taxonomic identification has 

caused significant reclassification of the genus. Gómez et al. (2015) used a DNA 

sequencing approach to re-classify some morphologically distinct taxa with globular 

shaped cells into a new genus, Fukuyoa F.Gómez, D.X.Qiu, R.M.Lopes & Senjie Lin, 

which now includes the species F. yasumotoi,  F. ruetzleri and F. paulensis (see Table 

1.1). Thus, the genus Gambierdiscus is now comprised of 15 formally classified species; 

G. australes, G. balechii, G. belizeanus, G. caribeaus, G. carolinianus, G. carpenteri, G. 

cheloniae, G. excentricus, G. honu, G. lapillus, G. pacificus, G. polynesiensis, G. silvae, 

G. scabrosus, G. toxicus, and 5 sub-groups that do not fit any published descriptions and 

are yet to be formally classified (G. ribotype 2, G. sp. 2, 3, 4, 5) (Table 1.1). 

1.3.2 Toxins produced by Gambierdiscus and Fukuyoa 

Not all species of Gambierdiscus or Fukuyoa produce ciguatoxins (Table 1.2), the 

causative agent of CFP (Yasumoto et al. 1977). These highly potent, lipophilic, polyether 

toxins affect mammalian cells by activating voltage gated sodium channels (Benoit, 

Legrand & Dubois 1986; Legrand et al. 1989; Lombet, Bidard & Lazdunski 1987). 

Ciguatoxins produced by Gambierdiscus species occur in a number of structural forms 

(e.g. P-CTX-3B, 3C, 4A, 4B), each displaying different toxicities (Chinain et al. 2010) 

(summarised in Table 1.2) 
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Table 1.1. Species within Gambierdiscus and Fukuyoa genera. 

 

Gambierdiscus and Fukuyoa Species 
 

G. australes Chinain & M.A.Faust, G. balechii S.Fraga, F.Rodríguez & I.Bravo 

G. balechii S.Fraga, F.Rodríguez & I.Bravo 

G. belizeanus M.A.Faust 

G. caribeaus Vandersea, Litaker, M.A.Faust, Kibler, W.C.Holland & P.A.Tester 

G. carolinianus Litaker, Vandersea, M.A.Faust, Kibler, W.C.Holland & P.A.Tester 

G. carpenteri Kibler, Litaker, M.A.Faust, W.C.Holland, Vandersea & P.A.Tester 

G. cheloniae K.F.Smith, L.Rhodes & S.A.Murray 

G. excentricus S.Fraga 

G. honu Rhodes, Smith & Murray 

G. lapillus Kretzschmar, Hoppenrath & Murray 

G. pacificus Chinain & M.A.Faust 

G. polynesiensis Chinain & M.A.Faust 

G. silvae S.Fraga & F. Rodríguez 

G. scabrosus T.Nishimura, Shinya Sato & M.Adachi 

G. toxicus Adachi & Fukuyo 

G. ribotype 2 

Gambierdiscus sp. 2 

Gambierdiscus sp. 3 

Gambierdiscus sp. 4 

Gambierdiscus sp. 5 

F. yasumotoi (M.J.Holmes) F.Gómez, D.X.Qiu, R.M.Lopes & Senjie Lin 

F. ruetzleri (M.A.Faust, Litaker, Vandersea, Kibler, W.C.Holland & P.A.Tester) 

F.Gómez, D.X.Qiu, R.M.Lopes & Senjie Lin 

F. paulensis F.Gómez, D.X.Qiu, R.M.Lopes & Senjie Lin 
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Maitotoxins are also produced by species of Gambierdiscus and Fukuyoa (Yasumoto et 

al., 1976) (summarised in Table 1.2) and also occur in a variety of structural forms (e.g. 

MTX-1, MTX-2, MTX-3, MTX-4). These large, extremely potent hydrophilic polyether 

toxins enhance intracellular calcium levels (Gusovsky & Daly 1990; Murata et al. 1992; 

Trevino et al. 2008) and are amongst the most lethal non-proteinaceous natural 

compounds known (Murata et al. 1993). It was originally thought that these hydrophilic 

compounds did not contribute to human poisonings due to their water solubility (Lewis 

& Holmes 1993), however recent work has confirmed that maitotoxins can be retained in 

the viscera, liver and flesh of fish (Kohli, Papiol, et al. 2014) and may therefore contribute 

to the syndrome of CFP in humans.   

Other toxic compounds identified from Gambierdiscus and Fukuyoa include Gambierol 

(Satake, Murata & Yasumoto 1993), Gambieroxide (Watanabe et al. 2013), Gambieric 

acid (Nagai et al. 1992) and Gambierone (Rodríguez et al. 2015). Gambierol is a 

lipophilic compound that is a potent blocker of voltage-gated potassium channels 

(Cuypers et al. 2008). Gambieroxide, is another lipophilic compound for which the mode 

of activity remains unidentified (Watanabe et al. 2013). Gambieric acid, is hydrophilic 

and known to have antifungal properties (Nagai et al. 1992) but the mode of activity is 

also undefined. Finally, Gambierone is another hydrophilic compound known to activate 

voltage-gated sodium channels much like maitotoxins but is far less potent (Rodríguez et 

al. 2015). Many of these toxic compounds were described from strains of Gambierdiscus 

when the species was still thought to be monotypic, therefore their presence and the role 

of each in CFP is yet to be verified. 
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Table 1.2. Toxin composition of Gambierdiscus and Fukuyoa species. Positive symbol (+) and green colour indicates positive results, negative 
symbol (-) and red colour indicates toxins were not detected, both positive and negative symbols with orange colour indicates both positive and 
negative results have been reported and empty cells indicate no data is available. 

Species 

CTX MTX 
Crude 
Extract 

References LC-
MS/MS 

CTX 
MBA N2a RBA FLIPR 

LC-
MS/MS 
MTX-1 

LC-
MS/MS 
MTX-3 

MBA FLIPR HA MBA N2a 

G. australes - 
- 
+ 

+ 
- 
+ 

+ 
- 
+ 

+ + + + + + 1, 2, 3, 4, 5, 6, 7, 10, 14, 15, 
17, 18, 19, 20, 21 

G. balechii   + +         +   +     9, 7 

G. belizeanus -     + +       + + +   4, 5, 10, 13, 14 

G. caribaeus -   +   +       + +   + 10, 12, 14, 17 

G. carolinianus     +   +       + +     10, 14, 17 

G. carpenteri -   +   +       + +     10, 14, 17 

G. cheloniae -         - +       +   25 

G. excentricus     +             +   + 8, 17 

G. honu -         - +       +   21 

G. lapillus -         - +       +   11 

G. pacificus - + 
- 
+ 

-   - + +   + +   5, 6, 7, 10, 16, 17, 19, 20, 25 

G. polynesiensis + + + +   - + +     + + 5, 6, 16, 19, 20, 25 

G. ribotype 2         +       + +   + 10, 12, 14 

G. scabrosus  
(G. sp. type 1) 

  + +         +   +     15, 17 

G. silvae      +             +     17 
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(G. ribotype 1) 
G. sp. type 2   -           -         15 

G. sp. type 3   -           
- 
+ 

        15 

G. sp. type 4     +                   25 

G. sp. type 5     +                   25 

G. toxicus   
- 
+ 

- 
- 
+ 

      +     + - 4, 5, 6, 7, 16 

F. paulensis - + -     - + +         26, 28 

F. ruetzleri -       +     + + +     10, 14, 27, 29 

F. yasumotoi                          
Fukuyoa cf. 
yasumotoi 

                         
 

Toxicology method codes:  Liquid Chromatography Tandem-Mass Spectrometry (LC-MS/MS); Mouse Bioassay (MBA); Mouse Neuroblastoma Assay (N2a); Receptor Binding 

Assay (RBA); Ca2+ influx SH-SY5Y cell Fluorescent Imaging Plate Reader bioassay (FLIPR); Haemolytic Assay (HA);  CTX  and MTX refer to the CTX and MTX fraction 

following liquid partitioning and Crude Extracts refers to studies that did not separate CTXs and MTXs using liquid partitioning. 

 

References: 1. Babinchak, Jollow et al. 1986; 2. Bomber et al. 1989; 3. Caillaud et al. 2011; 4. Chinain et al. 1997; 5, Chinain et al. 1999; 6. Chinain et al. 2010; 7, Darius et al. 2007; 8, Fraga et al. 2011; 9. Fraga et al. 

2016; 10. Holland et al. 2013; 11. Kretzschmar et al. 2016; 12. Lartigue et al. 2009; 13. Leaw et al. 2011; 14. Lewis et al. 2016; 15. Nishimura et al. 2013; 16. Pawlowiez et al. 2013; 17. Pisapia et al. 2017; 18. Rhodes et 

al. 2010; 19. Rhodes, Gimènez Papiol, et al. 2014; 20. Rhodes, Harwood, et al. 2014; 21. Rhodes et al. 2017; 22. Rhodes et al. 2017; 23. Roue et al. (2016); 24. Smith et al. (2016); 25. Xu et al. (2014); 26. Gomez et al. 

(2015); 27. Holmes et al. (1998); 28. Laza-martinez et al. (2015); 29. Lyu et al. (2017). 
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1.3.3 Detection of toxins produced by Gambierdiscus and Fukuyoa 

Detection of toxins produced by Gambierdiscus and Fukuyoa is complicated by the many 

structural differences in the natural products produced, typically low observable 

quantities, and the lack of adequate reference standards (Lehane & Lewis 2000). 

Consequently, there is, no unified approach for evaluating the toxicology of 

Gambierdiscus and Fukuyoa strains.  

Selected known toxins (P-CTX-3B, 3C, 4A, 4B, MTX-1, putative MTX-3) can be 

detected and quantified using Liquid Chromatography Mass Spectrometry (LC-MS) 

(Chinain et al. 2010) but the most common assessment of toxicity is via the mouse 

bioassay (e.g. Chinain et al. 2010; Chinain et al. 1999; Kohli, Murray, et al. 2014; 

Nishimura et al. 2013). This involves administering the extracted toxin both 

intraperitoneally and orally to Swiss albino mice, observing the symptomatology and 

calculating the median lethal dose (LD50) (Hoffman, Granade & McMillan 1983). The 

mouse bioassay remains the only validated method for ciguatoxin detection and is still 

widely used, however it is non-specific and does not allow identification of the 

compounds responsible for the observed toxicity. 

More recently, cell-based assays have been developed which assess the toxicology of an 

extract and have the advantage of allowing some degree of differentiation of the class of 

toxin. These cell-based assays include the Receptor Binding Assay (Chinain et al. 2010), 

Neuroblastoma (Neuro-2a) Cell Based Assay (Fraga et al. 2011; Pisapia et al. 2017; Xu 

et al. 2014), Human Erythrocyte Lysis Assay (Holland et al., 2013) and Ca2+ influx SH-

SY5Y cell Fluorescent Imaging Plate Reader (FLIPR) bioassay (Lewis et al. 2016).  
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1.3.4 Geographic distribution of Gambierdiscus and Fukuyoa 

Species of Gambierdiscus are primarily distributed in tropical and sub-tropical regions 

with some evidence of geographic endemism (Figure 1.1). For example, G. excentricus 

has only been reported from the Atlantic Ocean (Fraga et al. 2011; Nascimento et al. 

2015), G. ribotype 2 and G. silvae from the Caribbean and Atlantic Ocean (Fraga & 

Rodríguez 2014; Litaker et al. 2010). Gambierdiscus toxicus has been reported from the 

South Pacific Ocean and Indian Ocean (Chinain, Faust & Pauillac 1999), while G. 

pacificus has only been reported from the Pacific Ocean (Dai et al. 2017; Litaker et al. 

2010; Rhodes, Harwood, et al. 2014; Xu et al. 2014; Zhang et al. 2016).  Gambierdiscus 

balechii and G. scabrosus, appear to be restricted to the North Pacific Ocean (Dai et al. 

2017; Fraga et al. 2016; Nishimura et al. 2014; Xu et al. 2014) and G. cheloniae, G. honu, 

G. lapillus, G. polynesiensis are restricted to the South Pacific Ocean (Chinain et al. 2010; 

Kretzschmar et al. 2017; Rhodes et al. 2017; Smith et al. 2016), although many of these 

latter species have only recently been described and thus there is incomplete information 

about their distribution. In comparison, G. australes, G. belizeanus, G. caribeaus, G. 

carolinianus and G. carpenteri seem to have a global distribution (Jeong et al. 2012; 

Leaw et al. 2011; Litaker et al. 2009; Tawong et al. 2015; Xu et al. 2014). There are also 

reports of unidentified species of Gambierdiscus and Fukuyoa in many locations 

worldwide (e.g. Litaker et al. (2010); Nishimura et al. (2013)), highlighting that we still 

have an incomplete understanding of their biogeography. 
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Figure 1.1. Global distribution of the 15 Gambierdiscus species and 5 sub-groups as 

listed in Table 1.1. Gambierdiscus strains that were not identified to species level were 

not included in this figure. 
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Figure 1.1. continued. Global distribution of the 15 Gambierdiscus species and 5 sub-

groups as listed in Table 1.1. Gambierdiscus strains that were not identified to species 

level were not included in this figure. 
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Literature sources for Gambierdiscus species distribution maps: Argyle et al. 2016; Caillaud et al. 2011; 

Chinain et al. 1997; Chinain, Faust & Pauillac 1999; Chinain et al. 2010; Dai et al. 2017; Darius et al. 2007; 

Fraga & Rodrígues 2014; Fraga et al. 2011; Fraga et al. 2016; Holland et al. 2013; Jeong et al. 2012; Kibler 

et al. 2012; Kohli, Murray, et al. 2014; Kretzschmar et al. 2017; Lartigue et al. 2009; Leaw et al. 2011; 

Lewis et al. 2016; Litaker et al. 2009, Litaker et al. 2010; Mohammad-Noor et al. 2005; Murray et al 2014; 

Nascimento et al. 2015; Nishimura et al. 2013; Pawlowiez et al. 2013; Pisapia, Holland, et al. 2017; Rhodes, 

Gimènez Papiol, et al. 2014; Rhodes, Harwood, et al. 2014; Rhodes, Smith et al. 2014; Rhodes, Smith, 

Verma, Curley,  et al. 2017; Richlen et al. 2008; Roeder et al. 2010; Smith et al. 2016; Tawong et al. 2015; 

Xu et al. 2014; Yoshimatsu et al. 2014; Zhang et al. 2016.  

 

There are generally very few reports of Fukuyoa species, but some patterns of distribution 

are emerging (Figure 1.2). Fukuyoa ruetzleri has only been documented from the 

Caribbean and North Atlantic Ocean (Holland et al. 2013; Lewis et al. 2016; Lyu et al. 

2017). Fukuyoa yasumotoi and F. cf. yasumotoi have so far only been identified from the 

northern hemisphere in the Florida Keys, USA (Lyu et al. 2017), Singapore (Holmes 

1998; Litaker et al. 2009; Litaker et al. 2010) and Japan (Nishimura et al. 2013), while F. 

paulensis appears to have a much wider distribution across both the northern and southern 

hemispheres including the Mediterranean Sea (Laza-Martínez et al. 2016), Brazil (Gómez 

et al. 2015), New Zealand (Rhodes, Giménez Papiol, et al. 2014) and northern Australia 

(Murray et al. 2014). There have also been reports of Fukuyoa (not classified to species 

level) from Kuwait, Jordan (Saburova, Polikarpov & Al-Yamani 2013) and Mexico 

(Hernández-Becerril & Almazán 2004). 
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Figure 1.2. Global distribution of Fukuyoa species as listed in Table 1.1.  

Literature sources:  Gómez et al. 2015; Holland et al. 2013; Holmes 1998; Laza-Martínez et al. 2016; Lee 

et al. 2014; Litaker et al. 2009; Litaker et al. 2010; Murray et al. 2014; Nishimura et al. 2013; Rhodes et al. 

2014. 

 

Like cases of CFP, the causative organisms were thought to have a tropical to sub-tropical 

distribution between the latitudes of 32 °N and 35 °S (Lehane & Lewis 2000; Lewis 2001; 

Tindall & Morton 1998). However, in recent years, temperate populations of 

Gambierdiscus and Fukuyoa have been documented in the Eastern Mediterranean Sea 

(Aligizaki, Nikolaidis & Fraga 2008), North Pacific Ocean (Nishimura et al. 2013) and 

the South Pacific Ocean (Kohli, Murray, et al. 2014). This suggests the distribution of 

Gambierdiscus and Fukuyoa, and risk of exposure to CFP, may be expanding. It has been 

suggested that the presence of these temperate populations represents a range extension 

of the genus in response to or facilitated by global climate change (Aligizaki, Nikolaidis 

& Fraga 2008; Heimann, Capper & Sparrow 2011). 
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1.4 Co-occuring toxin producing epibenthic dinoflagellates 

Gambierdiscus and Fukuyoa are not sole members of natural epibenthic assemblages. 

Instead, they coexist with many other microalgal taxa including other toxin producing 

dinoflagellates from the following genera Ostreopsis, Coolia, Prorocentrum and 

Amphidinium (Tan et al. 2014; Shah et al. 2014; Xu et al. 2014). Despite the considerable 

potential for interspecific competition, anecdotal observations by many researchers 

confirm that these taxa seem to form a consistent consortium in benthic habitats globally. 

The mechanisms that facilitate coexistence are currently unknown but may influence 

range extensions. 

1.4.1 Ostreopsis 

Species from the genus Ostreopsis frequently coexist with species of Gambierdiscus and 

Fukuyoa, although often occur in higher densities (Tindall and Morton, 1998). The genus 

currently consists of eleven species, O. belizeanus M. A. Faust (Faust 1999), O. 

caribbeana M. A. Faust (Faust 1999), O. fattorussoi Accoroni, Romagnoli & Totti 

(Accoroni et al. 2016), O. heptagona D. R. Norris, J. W. Bomber and Balech (Anderson, 

White & Baden 1985), O. labens M. A. Faust & S. L. Morton (Faust & Morton 1995), O. 

lenticularis Y. Fukuyo (Fukuyo 1981), O. marina M. A. Faust (Faust 1999), O. 

mascarenensis Quod (Quod 1994), O. ovata Y. Fukuyo (Fukuyo 1981), O. rhodesiae 

Verma, Hoppenrath & S. A. Murray (Verma, Hoppenrath, Dorantes-Aranda, et al. 2016) 

and O. siamensis Johs. Schmidt (Schmidt 1901). However, ambiguities in defining 

morphological characteristics mean this group is currently under phylogenetic review 

(Penna et al. 2010; Penna et al. 2005; Pin et al. 2001).  

Five of the currently recognized eleven species of Ostreopsis are thought to produce 

analogues of palytoxins, while the remaining six are yet to be analysed (reviewed in 
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Parsons et al., 2012). Palytoxins are large, water soluble polyalcohols, which affect the 

function of cellular sodium pumps (reviewed in Vale 2008) and are another of the most 

potent natural toxins known, second only to maitotoxins (Riobó et al. 2008). Human 

poisonings after consumption of fish affected with palytoxins, thought to have originated 

from species of Ostreopsis, have been documented, including fatalities (Onuma et al. 

1999; Taniyama et al. 2003). There was also a case in the Mediterranean in 2005, where 

hundreds of people required medical attention for respiratory problems after toxins 

became aerosolized during a large Ostreopsis bloom (Brescianini et al. 2006; Ciminiello 

et al. 2006).  

Species of Ostreopsis are distributed widely across the globe (see review by Rhodes 

2011) with the latitudinal distribution ranging from 45 °N (Monti et al. 2007) to 45 °S 

(Rhodes 2011). In Australia, species of Ostreopsis have been found from tropical 

Queensland (Hallegraeff 2002; Holmes et al. 1988; Murray 2010) to the temperate coastal 

waters of New South Wales (Kohli, Murray et al. 2014; Verma, Hoppenrath, Harwood, 

et al. 2016) and Tasmania (Pearce et al., 2001) yet much work needs to be done to 

characterise the toxicity and distribution of this genus in Australia.  

1.4.2 Coolia 

As with other epibenthic dinoflagellates, there has been considerable taxonomic 

confusion regarding the genus Coolia. It was originally described by Meunier (1919) as 

a separate genus and then grouped with the genus Ostreopsis by Lindemann (1928) due 

to morphological similarities. Later it was transferred to the genus Glenodinium by 

Biecheler (1952) before being reinstated to the genus Coolia after more detailed 

morphological examination (Balech 1956) and phylogenetic analysis (Dolapsakis et al. 

2006; Penna et al. 2005). For more than 90 years, the genus Coolia was thought to be 
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monotypic, consisting only of Coolia monotis. Since 1995 however, an additional six 

species have been described. The genus now consists of C. areolata L. Ten-Hage, J. 

Turquet, J. P. Quod & Couté (Ten-Hage et al. 2000), C. canariensis S. Fraga (Fraga et 

al. 2008), C. malayensis Leaw, P. T. Lim & Usup (Leaw et al. 2010), C. monotis Meunier 

(Meunier 1919), C. palmyrensis Karafas, Tomas & York (Karafas, York & Tomas 2015), 

C. santacroce Karafras, Tomas & York (Karafras, York & Tomas 2015) and C. tropicalis 

M. A. Faust (Faust 1995). 

A strain of Coolia monotis, isolated from Queensland, Australia, was found to produce 

Cooliatoxin (Holmes et al. 1995) a lipophilic, polyether toxin similar to yessotoxins 

(which are structurally alike to ciguatoxins) (Tubaro et al. 2010). However, the strain in 

Holmes’ study is now suspected to have been C. tropicalis (Mohammad-Noor et al. 2013). 

Similarly, a strain of C. monotis isolated from Japan also produced cooliatoxin (Nakajima, 

Oshima & Yasumoto 1981) but a New Zealand strain did not, although the latter strain is 

now thought to have been C. malayensis (Rhodes, Smith et al. 2014).  Despite toxins 

isolated from species of Coolia proving lethal to mice (Carlson et al. 1984), and 

invertebrates (Rhodes & Thomas 1997), these lipophilic polyether toxins have not yet 

been implicated in human illnesses. Further work to confirm identification and assess 

toxicity of Coolia species and strains as they are discovered is required.  

As currently understood, the distribution of species from the genus Coolia, appears to be 

worldwide, including both tropical and temperate regions, although C. tropicalis, C. 

areolata and C. palmyrensis seem to be restricted to tropical regions (Faust 1995; Fraga 

et al. 2008; Mohammad-Noor et al. 2013; Rhodes et al. 2000).  In Australia, there has 

been very limited work evaluating the distribution, species identity and toxicity of Coolia. 

Early work began with Holmes et al. (1995) characterising a strain collected from 

Platypus Bay, Queensland. More recently, the genus was assessed in more detail in the 
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Great Barrier Reef region (Momigliano et al. 2013) and some species were detected 

during sampling in Exmouth, Western Australia and temperate regions of New South 

Wales (Kohli, Neilan et al. 2014).  

1.4.3 Prorocentrum 

Prorocentrum is another genus of epibenthic dinoflagellate which co-occurs with 

Gambierdiscus, Ostreopsis and Coolia. This genus is very large, consisting of 56 species 

(Gómez 2005) with representatives occupying planktonic, benthic and epiphytic habitats 

(see review by Hoppenrath et al. 2013). Species from this genus continue to be discovered 

and their toxicity assessed (e.g. David, Laza-Martínez et al. 2014; Henrichs et al. 2013; 

Lim et al. 2013) with several species shown to produce Okadaic Acid and similar 

analogues (e.g. Heredia-Tapia et al. 2002; Morton, Bomber & Tindall 1994; Ten-Hage et 

al. 2000), although it is not known if these toxins contribute to human poisonings. 

Epibenthic species of Prorocentrum are distributed widely throughout Australia (e.g.  

Heil et al. 2004; Morton 1998; Murray, Nagahama & Fukuyo 2007) and the world (see 

review by Hoppenrath et al. 2013). 

1.4.4 Amphidinium 

Amphidinium is a very diverse genus which includes species that are planktonic, benthic, 

epiphytic and symbiotic (Jørgensen et al. 2004; Taylor 1971; Trench 1993). This genus 

is currently undergoing major reclassification with many species formerly classified 

under the genus Amphidinium, now being transferred to genera of their own (e.g. 

Sparmann, Leander & Hoppenrath 2008; Hoppenrath et al. 2012; Horiguchi et al. 2012). 

Epibenthic species of Amphidinium are widely distributed throughout Australia (e.g. 

Murray et al. 2004; Murray & Patterson 2002) and the world (e.g. Berland, Grzebyk & 

Thomassin 1992; Lee et al. 2003; Dolapsakis & Economou-Amilli 2015) with some 
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species known to produce bioactive compounds such as amphidinols (Murata et al. 1999; 

Paul et al. 1995; Satake et al. 1991). However, there is no evidence linking the production 

of toxins from species of Amphidinium to human poisonings, although considerable work 

further characterising species and the toxins is still required. 

 

1.5 An Australian Perspective 

1.5.1 Ciguatera Fish Poisoning (CFP) in Australia 

CFP has been an issue in Australia for many years. There were two human fatalities and 

more than 1400 documented cases between 1965 and 2010 (Gillespie, Lewis, et al. 1985; 

Hamilton et al. 2010). Outbreaks have primarily occurred in Queensland (Togue et al. 

1967; Clark & Whitwell 1968; Lewis & Endean 1984; Gillespie, Lewis, et al. 1985; Lewis 

et al. 1988; Lewis & Sellin 1992; Endean et al. 1993) and the Northern Territory (Lucas, 

Lewis & Taylor 1997), with one case from Victoria traced to consumption of a Maori 

Wrasse (Cheilinus undulates) imported from the Great Barrier Reef (Lucas, Lewis & 

Taylor 1997). More recently, there have been multiple cases of CFP in northern New 

South Wales, linked with the consumption of locally caught Spanish mackerel 

(Scomberomorus commerson) contaminated with P-CTX-1B (Farrell et al. 2016) (Figure 

1.3). 
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Figure 1.3. Map of Australia showing the locations of historical (1965 – 1985) and recent 

(2002 – 2017) reported cases of Ciguatera Fish Poisoning (CFP). 

Literature sources:  Endean et al. 1993; Farrell et al. 2016; Kohli et al. 2017; Lewis and Endean 1984; 

Lewis & Sellin 1992; Lucas, Lewis & Taylor 1997; Tonge et al. 1967 

 

1.5.2 Gambierdiscus and Fukuyoa in Australia 

Several species of Gambierdiscus and Fukuyoa have been documented from the Great 

Barrier Reef region of tropical eastern Australia (Figure 1.1). Sparrow et al. (2017) 

identified G. carpenteri from the central Great Barrier Reef region. Similarly, Murray et 

al. (2014) identified G. carpenteri and a species similar to G. belizeanus from the same 

region. Murray et al. (2014) also identified a species similar to G. yasumotoi (G. cf. 

yasumotoi) from this region but this taxon has been reclassified by Gómez et al. (2015) 
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as Fukuyoa paulensis. More recently, Kretzschmar et al. (2017) described G. lapillus 

collected from Heron Island within the southern Great Barrier Reef region. In addition, a 

previously unidentified strain of Gambierdiscus from the same location (Richlen et al. 

2008) was reclassified as a new species, G. honu, found to be widely distributed across 

the South Pacific Ocean (Rhodes et al. 2017). There were also numerous reports of 

Gambierdiscus with unconfirmed species designations from other sites in the Great 

Barrier Reef region from early studies before the genus was reclassified (Gillespie, 

Holmes, et al. 1985; Hallegraeff 1993; Holmes & Lewis 1994; Holmes, Lewis & 

Gillespie 1990; Holmes et al. 1991; Skinner, Lewis & Morton 2013; Sparrow & Heimann 

2016).  

A temperate population of Gambierdiscus has also been identified from eastern Australia. 

Kohli, Murray, et al. (2014) provided the first description of this population at Merimbula 

Lake and other nearby inlets in southern New South Wales and identified the species as 

G. carpenteri (Figure 1.1). It is not known if this temperate population of G. carpenteri 

is a uniquely adapted strain of the species or is evidence of an extension of the range of 

the tropical population into higher latitudes.   

There is only one report of Gambierdiscus from the west coast of Australia. Kohli (2013), 

identified a Gambierdiscus species similar to G. carpenteri in samples analysed with Cob 

gene pyrosequencing from Exmouth. Despite the limited investigations of Gambierdiscus 

and Fukuyoa diversity in Australia, G. carpenteri appears to be most frequently recorded, 

suggesting it has a broad distribution and is well adapted to coastal benthic habitats. 
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Figure 1.4. Map of Australia showing the locations of historical and recent reported cases 

of Ciguatera Fish Poisoning (CFP) in humans overlayed with the historical (< 2014) and 

recent (> 2014) distribution of Gambierdiscus and Fukuyoa. 

Literature sources:  Gillespie et al. 1985; Holmes, Lewis and Gillespie 1990; Holmes et al. 1991; Holmes 

1992; Holmes and Lewis 1994; Kohli, Murray, et al. 2014; Kretzschmar et al. 2017; Murray et al. 2014, 

Richlen et al. 2008; Skinner et al. 2013; Sparrow et al. 2016. 

 

1.5.3 Toxicology of Gambierdiscus and Fukuyoa from Australia 

The first toxicological analyses of Australian strains of Gambierdiscus started in the early 

1990’s, with strains collected from Queensland (Holmes 1992; Holmes & Lewis 1994; 

Holmes, Lewis & Gillespie 1990; Holmes et al. 1991). Examination of strain NQ1 

isolated from Hastings Reef, yielded the description of MTX-2 but no ciguatoxins were 

detected (Holmes, Lewis & Gillespie 1990). Further examination of two other strains, 
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NQ2/7 and WC1/1, isolated from Arlington Reef and Platypus Bay respectively, 

identified the presence of toxicity detected using the mouse bioassay, which was 

attributed to compounds called gambiertoxins, which were described as being precursors 

to CTXs (Holmes et al. 1991). The term gambiertoxins was used to discern between the 

compounds isolated from fish (ciguatoxins) and those of microalgal origin 

(gambiertoxins), but this terminology was eventually abandoned and now all compounds 

are known as ciguatoxins. Holmes et al. (1991) were the first to recognise toxicity likely 

associated with CTXs in strains of Gambierdiscus isolated from Australia. Unfortunately, 

the taxonomic identity of the strains used in these studies (described as Gambierdiscus 

toxicus) is not confirmed, as identification occurred prior to reclassification of the genus. 

More recently, Kretzschmar et al. (2017), used LC-MS/MS methods to test strains of G. 

lapillus for production of characterised CTXs (P-CTX-3B, 3C, 4A, 4B) and MTXs 

(MTX-1, putative MTX-3) for which standards are available. No CTXs were detected, 

although unassigned peaks were reported in the CTX transition zone. The putative MTX-

3 was the only MTX detected using this method. Results from the mouse bioassay showed 

toxicity via intraperitoneal injection but were not as clear for oral administration. 

However, crude extracts without separation of CTXs and MTXs were used for this study. 

Without separating the CTXs from MTXs, the toxic effects cannot be assigned to a 

particular toxin class. This is important because current data suggests it is primarily CTXs 

responsible for CFP but the toxic effects identified in Kretzschmar et al. (2017), may be 

a result of high MTX toxicity and therefore the actual contribution of G. lapillus to cases 

of CFP cannot be determined.This study by Kretzschmar and colleagues represents the 

only toxicological assessment of Gambierdiscus or Fukuyoa species from Australia 

reflecting the lack of laboratory cultures of Australian origin.  
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Kohli, Murray, et al. (2014) performed toxicological analyses on the temperate 

population of G. carpenteri from southern New South Wales, using cells collected 

directly from the field. Using the same LC-MS/MS and mouse bioassay approach as 

Kretzschmar et al. (2017), no characterised CTXs or MTXs were detected, though 

toxicity was detected via intraperitoneal injection and not via oral administration. Just as 

in Kretzschmar et al. (2017), it is not possible to determine whether CTXs or MTXs were 

responsible for the toxicity as crude extracts were also used in this study. 

To date, these are the only investigations into the toxicology of Australian Gambierdiscus 

and there are no studies investigating the toxicology of Australian Fukuyoa. This thesis 

sought to close that knowledge gap by examining the toxicology of Gambierdiscus and 

Fukuyoa from Australia and identify the species likely responsible for cases of CFP in 

this region. 

1.6 Thesis outline 

The goal of this thesis was to provide new understanding of the CFP causing taxa present 

in Australia. Within this context, this thesis aimed to: 

1. Investigate the diversity and toxicology of Gambierdiscus from eastern Australia.

2. Understand the ecology of the unique temperate population of G. carpenteri.

3. Assess if the temperate G. carpenteri population represents an extension of the

distribution of the tropical G. carpenteri population.

4. Evaluate the mechanisms involved in range extension of Gambierdiscus in eastern

Australia.
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5. Consider if other Gambierdiscus species also have the capacity for temperate 

extension of their distribution. 

 

These specific aims are addressed in the following chapters.  

Chapter 2 describes the identity and toxicology of Gambierdiscus monoclonal isolates 

established from a tropical and a temperate location in eastern Australia.  

Chapter 3 investigates how environmental variables influence the growth of the 

established tropical and temperate Gambierdiscus isolates and characterises the 

ecological niche for each species.  

Chapter 4 examines long distance dispersal mechanisms for BHAB species.  

Chapter 5 evaluates the capacity for Gambierdiscus cells to colonise novel temperate 

locations.  

Finally, to conclude, Chapter 6 summarises the key findings and highlights new insights 

that this thesis has contributed to our understanding of CFP causing organisms in eastern 

Australia, and their capacity for temperate range extension in this region.  

The implications of these findings are evaluated in relation to changing climatic 

conditions from both an Australian and global perspective, and future research directions 

are identified. 
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2 Diversity and toxicology of Gambierdiscus 

spp. (Dinophyceae) from tropical and 

temperate Australian waters 

This chapter has been published in the special issue Algal Toxins II, in Marine Drugs as: 

Larsson, M. E., Laczka, O. F, Harwood, D. T., Lewis, R. J., Himaya, S. W. A., Murray, 

S. A., Doblin, M. A. (2017). Toxicology of Gambierdiscus spp. from tropical and 

temperate Australian Waters. Marine Drugs. 16(1):7, doi: 10.3390/md16010007. 

 

Further publications arising from or related to this chapter: 

Larsson, M. E., Harwood, D. T, Lewis, R. J., Himaya, S. W. A., Doblin, M. A. (2018). 

Toxicological characterisation of Fukuyoa paulensis (Dinophyceae) from temperate 

Australia. Phycological Research. 67(1):65-71, doi: 10.1111/pre.12349 

Kretzschmar, A. L. and Larsson, M. E., Hoppenrath, M., Doblin, M. A., Murray, S. A. 

Characterisation of two toxic Gambierdiscus spp. (Gonyaulacalas, Dinophyceae) from 

the Great Barrier Reef (Australia): G. lewisii sp. nov. and G. holmesii, sp. nov. (Protist; 

in review). 

Munday, R., Murray, S., Rhodes, L. L., Larsson, M. E., Harwood, D. T. (2017).  

Ciguatoxins and maitotoxins in extracts of sixteen Gambierdiscus isolates and one 

Fukuyoa isolate from the South Pacific and their toxicity to mice by intraperitoneal and 

oral administration. Marine Drugs 15(7):208, doi: 10.339/md15070208. 

 

Author contributions: 
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carried out DNA extractions, experimental work, data analysis, designed the study and 

wrote the manuscript; O.F.L, S.A.M and M.A.D participated in the design. D.T.H 

performed the LC-MS/MS toxin analyses. R.J.L and H.S.W.A provided access to the 

Institute of Molecular Biosciences facilities at the University of Queensland and assisted 

with the FLIPR assays. All authors revised the manuscript. 
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2.1 Abstract 

Ciguatera Fish Poisoning (CFP) is a human illness caused by the consumption of marine 

fish contaminated with ciguatoxins (CTX), and possibly maitotoxins (MTX), produced 

by species from the epibenthic dinoflagellate genus Gambierdiscus. This study describes 

the identity and toxicology of some species of Gambierdiscus established from tropical 

and temperate eastern Australia. Based on newly cultured strains, four Gambierdiscus 

species were present at the tropical location, including G. carpenteri, G. lapillus, G. cf. 

pacificus and G. cf. silvae. Only G. carpenteri was identified from the temperate location. 

Characterised microalgal CTXs (P-CTX-3B, 3C, 4A and 4B) and MTX-1; were not 

detected in any species when tested using LC-MS/MS analyses. However, putative 

maitotoxin-3 (MTX-3) was present in all species except for the temperate strains of G. 

carpenteri. The presence of compounds displaying CTX-like activity in extracts of G. cf. 

pacificus and G. cf. silvae and trace level activity in strains of G. lapillus were detected 

using the Ca2+ influx SH-SY5Y cell Fluorescent Imaging Plate Reader (FLIPR) bioassay. 

While no detectable CTX-like activity was observed in tropical or temperate strains of G. 

carpenteri, all species showed strong MTX-like activity. This study, which represents the 

most comprehensive analysis of the toxicology of Gambierdiscus strains established from 

Australia to date, suggests that CFP in this region may be caused by currently undescribed 

CTXs and MTXs. 

 

2.2 Introduction 

Ciguatera fish poisoning (CFP) is a human illness of global importance. It occurs when 

marine fish contaminated with ciguatoxins (CTXs) and maitotoxins (MTXs) are 

consumed (Friedman et al. 2017). These potent neurotoxins are produced by species of 
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the epibenthic dinoflagellate genus Gambierdiscus (Yasumoto et al. 1977). There has 

been considerable taxonomic confusion within this genus. The application of molecular 

sequencing techniques, toxicity studies, more detailed scanning electron microscopy and 

a careful re-analysis of morphological characteristics, has led to reclassification of the 

genus into at least 15 species and five sub-groups (Litaker et al. 2009; Nishimura et al. 

2014; Richlen et al. 2008; Xu et al. 2014). However, targeted sampling and continued 

research will likely reveal more diversity in the future. 

As the increase of taxonomic resolution in the Gambierdsicus genus continues, it is also 

important to characterise the toxicology of each species to better understand which 

species are contributing to cases of human illness. CTXs are the primary toxins linked 

with cases of CFP (Yasumoto et al. 1977). These are highly potent, lipophilic, polyether 

toxins which affect mammalian cells by activating voltage gated sodium channels (Benoit, 

Legrand & Dubois 1986; Legrand et al. 1989; Lombet, Bidard & Lazdunski 1987) and 

can occur in a variety of different structural forms (P-CTX-3B, P-CTX-3C, P-CTX-4A, 

P-CTX-4B), each displaying differing toxicities (Chinain et al. 2010). MTXs are large (3, 

424 dalton), potent polyether toxins which enhance intracellular calcium levels 

(Gusovsky & Daly 1990; Murata et al. 1992; Trevino et al. 2008), can occur in a variety 

of structural forms (Holmes & Lewis 1994; Holmes, Lewis & Gillespie 1990) and are 

produced by species of Gambierdiscus (Yasumoto et al. 1977). 

Detection of toxins produced by Gambierdiscus species is complicated by the many 

structural forms produced, low observable quantities and a lack of adequate reference 

standards (Lehane & Lewis 2000). There is currently, no validated unified approach for 

evaluating the toxicity of Gambierdiscus species. Traditionally, Gambierdiscus toxicity 

was assessed via the mouse bioassay (Chinain et al. 2010; Chinain, Faust & Pauillac 

1999), which involves administering the extracted toxin intraperitoneally or orally to 
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Swiss albino mice, observing the symptomatology and calculating the median lethal dose 

(LD50) (Hoffman, Granade & McMillan 1983). This method however is non-specific and 

does not allow identification of the compound responsible for the observed toxicity. 

Therefore, more recently, mammalian cell-based assays have been developed which 

assess the toxicity of a microalgal extract by utilizing the mode of activity of the toxins 

and provide some degree of differentiation amongst toxin classes. These include 

neuroblastoma (Neuro-2a) cytotoxicity (Pisapia, Holland, et al. 2017) and the Ca2+ influx 

SH-SY5Y cell Fluorescent Imaging Plate Reader (FLIPR) bioassay (Lewis et al. 2016). 

However, the most specific evaluation of the toxicology of Gambierdiscus species 

currently available is a Liquid Chromatography Tandem-Mass Spectrometry (LC-

MS/MS) approach which can detect selected toxins for which standards are available (P-

CTX-3B, P-CTX-3C, P-CTX-4A, P-CTX-4B, MTX-1, putative MTX-3) (e.g. Rhodes et 

al. (2014); Rhodes, Smith, Verma, Curley, et al. (2017); Smith et al. (2016)), but is limited 

to the detection of only these specific compounds. 

CFP has been an issue in Australia for decades (Clark & Whitwell 1968; Gillespie, Lewis, 

et al. 1985; Hamilton et al. 2010; Lucas, Lewis & Taylor 1997) and continues to be a 

contemporary issue (Farrell et al. 2016). However, to date, the species of Gambierdiscus 

producing the toxins responsible are yet to be identified. The presence of Gambierdiscus 

has been documented throughout the Great Barrier Reef region of tropical eastern 

Australia (Gillespie, Holmes, et al. 1985; Hallegraeff 1993; Holmes & Lewis 1994; 

Skinner, Lewis & Morton 2013). Many of these early reports however, were documented 

prior to the reclassification of the genus and therefore an accurate identification of the 

species is not available. Work to characterise the taxonomy of Gambierdiscus within 

Australia is progressing with the occurrence of G. carpenteri and a species very similar 

to G. belizeanus described at several locations in the Great Barrier Reef (Murray et al. 
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2014) as well as identification of a temperate variant of G. carpenteri at Merimbula, New 

South Wales (Kohli, Murray, et al. 2014). Kretzschmar et al. (2017) described G. lapillus, 

from samples collected at Heron Island and a previously unidentified strain of 

Gambierdiscus (Richlen et al. 2008) was reclassified as a new species distributed widely 

in the Pacific Ocean, G. honu (Rhodes, Smith, Verma, Curley, et al. 2017). Although our 

understanding of the identity of Gambierdiscus species in Australia is advancing, very 

little is known of their toxicology.  

In this study, single cells of Gambierdiscus from tropical and temperate Australia were 

isolated and monoclonal cultures established. To verify their identity to species level, 

DNA was extracted from cultures and the D1-D3 and D8-D10 regions of the large subunit 

ribosomal rDNA gene were sequenced. Toxicity was assessed using LC-MS/MS and the 

Ca2+ influx SH-SY5Y cell FLIPR bioassay, advancing our understanding of the 

organisms which contribute to CFP in Australia.  

 

2.3 Methods 

2.3.1 Sampling and isolation 

Epiphytes, including associated epibenthic microalgae, were removed from the surface 

of seagrass (Zostera sp.) collected from the temperate sampling site at Merimbula Inlet, 

New South Wales, Australia (36.8979S, 149.9044E) and macroalgae (Padina sp., 

Laurencia sp. and Chnoospora sp.) collected from the tropical sampling site at Heron 

Island lagoon, Queensland Australia (23.4423S, 151.9148E) on 7th April 2014 and 27th 

July 2014, respectively (Figure 2.1).  
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Figure 2.1. Map showing the location of the sampling sites, Heron Island, Queensland 

and Merimbula, New South Wales, Australia. 

 

Single cells of Gambierdiscus spp. were isolated using the micropipette technique 

(Andersen & Kawachi 2005) and placed in individual wells of a 48-well clear microplate 

with 0.2 µm filtered sterilised and autoclaved seawater collected from each site and 

incubated in a plant growth chamber (Labec, Australia) at 20 °C under ~100 µmol 

photons m-2 s-1 on a 12:12 light:dark cycle. Modified K medium (Litaker et al. 2009) was 

gradually introduced as cells began to grow. Once isolates reached a concentration of 

approximately 20 cells per well, they were transferred to 25 cm2 (50 mL) sterile vented 

polystyrene tissue culture flasks (Falcon), oriented horizontally. Established cultures 

were then maintained in these vessels in modified K medium made from sterile oceanic 
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seawater (salinity was approximately 32, under ~100 µmol photons m-2 s-1 on a 12:12 

light:dark cycle. 

2.3.2 Strain identification 

Cells from approximately 100 mL of each Gambierdiscus culture were harvested by 

centrifugation at 600 x g for 10 min. DNA was extracted using a MoBio Soil DNA 

Extraction Kit following the manufacturer’s instructions and sent to a commercial service 

(Australian Genomic Research Facility (AGRF), Queensland, Australia) where the D1-

D3 region of the Large Subunit (LSU) rDNA was amplified using the primers D1R-F 

(Scholin et al. 1994) and D3-R (Nunn et al. 1996), and the D8-D10 region was amplified 

using the primers D8F and D10R (Litaker et al. 2009). These genetic markers were 

selected because they are commonly used for the Gambierdiscus genus and many 

sequences are publicly available for comparison on GenBank (www.ncbi.nlm.nih. gov). 

PCR amplifications were carried out in 50 µL reaction volumes containing AmpliTaq 

Gold 360 master mix, both forward and reverse primers (2.5 µm) and template at a 

concentration of 1 ng µL-1. Thermocycling conditions for the D1-D3 region were 95 °C 

for 5 min, 35 cycles at 95 °C for 30 s, 60 °C for 2 min, with a final step at 72 °C for 10 

min.   Thermocycling conditions for the D8-D10 region were 95 °C for 5 min, 35 cycles 

at 95 °C for 30 s, 54 °C for 30 s, 72 °C for 1 min, with a final step if 72 °C for 5 min. 

Amplification products (~ 950 bp) were purified and sequenced in both directions using 

the Sanger sequencing platform. Phylogenetic analyses were conducted in Genious v9.1.5 

(Kearse et al. 2012). Publicly available sequences of Gambierdiscus spp., and other 

dinoflagellates used as out-groups (Akashiwo sanguinea, Prorocentrum micans and 

Alexandrium affine, A. catenella  and A. tamarense) were downloaded from GenBank 

(www.ncbi.nlm.nih.gov) and aligned with the sequences obtained from this study using 

the MUSCLE algorithm (maximum number of iterations 8) (Edgar 2004). Sequences 
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from the D1-D3 and D8-D10 regions were truncated to 979 bp and 764 bp, respectively. 

Maximum Likelihood (ML) phylogenetic trees were generated for both regions with 

PHYML with 1,000 bootstraps (Guindon & Gascuel 2003) using a GTR substitution 

model and an estimated gamma distribution. Bayesian analysis was performed for both 

regions using MrBayes 3.2.6 (Huelsenbeck & Ronquist 2001) by means of the GTR+G 

(general-time reversible with gamma-shaped among-site variation) model. Bayesian 

analyses were carried out in four simultaneous runs with four chains each for 3.1 x 106 

generations, sampling every 1,000 trees and 1,000 trees were discarded as burn in.  

2.3.3 Toxicology 

2.3.3.1 Detecting P-CTX-3B, 3C, 4A and 4B using Liquid 

Chromatography Tandem-Mass Spectrometry (LC-

MS/MS) 

To test for the presence of these CTX compounds commonly linked with CFP, strains of 

Gambierdiscus established in this study were cultured in larger volume triplicate 75 cm2 

(250 mL) sterile vented polystyrene tissue culture flasks (Falcon, Corning, USA), at 24°C 

in a temperature controlled room under the maintenance conditions described above. To 

test the effect of temperature on toxin production by the tropical and temperate strains of 

G. carpenteri , an experiment was performed where cultures of the tropical and temperate 

strains (UTSHI2C4 and UTSMER9A3, respectively) were grown at 18 and 27 °C in 

temperature controlled plant growth cabinets (Climatron®, Plant Growth Cabinet, 

Australia). 

Cell growth was monitored using in vivo chlorophyll a fluorescence measurements. A 1 

mL aliquot was taken every 3 to 4 days from each flask and in vivo chlorophyll a 

fluorescence was measured for each sample using a fluorometer with the blue filter “in 

vivo chlorophyll a” module (Turner Designs, Trilogy®, USA) and then samples were 
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preserved with 1% Lugols iodine solution. Cultures were harvested in early stationary 

phase by centrifugation (3000 x g for 10 mins) and the three replicates were pooled to 

yield sufficient biomass before being freeze dried until further LC-MS/MS analyses.  

Counts of Lugols-preserved cells were used to estimate the number of cells in each cell 

pellet. The final 1 mL aliquot of culture collected prior to harvesting was counted using 

a Sedgewick Rafter Counting Chamber under an inverted light microscope (x 100 

magnification) (Nikon Eclipse TS100, Japan).  

Analysis of selected CTXs was carried out using a quantitative LC-MS/MS method 

developed at the Cawthron Institute (full method details will be disclosed in an upcoming 

manuscript by T.  Harwood). Microalgal pellets containing between 2.0 x105 and 2.0 x106 

cells were extracted in 1 mL of 100 % MeOH in glass tubes, then mixed and sonicated 

for 5 minutes. Samples were transferred to glass auto sampler vials using a glass pipette 

and 2 µL was injected for analysis. LC-MS/MS analysis was performed on an Ultra 

Performance Liquid Chromatograph (UPLC) coupled to a mass spectrometer with 

electrospray ionization. Chromatographic separation used a BEH Phenyl phenyl column 

eluted with ammoniated mobile phases; A) Milli-Q and B) acetonitrile. Starting 

conditions were 25 % B followed by a stepped gradient to 95 % B after 8 min, with re-

equilibration to 25 % B between 8-9 min. A flow rate 0.55 mL min-1 was used and the 

total run time was 9 minutes. Microalgal CTX reference material (P-CTX-3B; P-CTX-

3C; P-CTX-4A; P-CTX-4B) was supplied by Institut Louis Malardé, French Polynesia.  

MTX-1 (limit of detection of 1 ng mL-1) and putative MTX-3 were monitored as intact 

structures using methods developed at Cawthron Institute (Selwood et al., 2014; Argyle 

et al., 2016). Briefly, for MTX-1 a pseudo multiple reaction monitoring (MRM) transition 

(m/z 1689.6>1689.6) was acquired for the intact di-anion with the electrospray ionization 
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source being operated in negative-ion mode. It was also possible to monitor the presence 

of the sulphated polyether analyte known as MTX-3 using a specific MRM transition (m/z 

1037.6>96.8). 

2.3.3.2 Ciguatoxin (CTX) and maitotoxin-like (MTX) activities 

Selected strains of Gambierdiscus (tropical G. carpenteri UTSHI2C4, UTSHI6C3; 

temperate G. carpenteri UTSMER8B4, UTSMER9A3; G. lapillus UTSHI6B5, 

UTSHI2B6; G. cf. pacificus UTSHI6A6; G. cf. silvae UTSHI 6B1) were analysed for 

CTX and MTX-like activities. This subset of strains was chosen for analysis due to 

limited resources and selected based on the primary criterion of capturing species 

diversity across both locations. 

Strains were again grown under standard conditions at 24 °C in a temperature controlled 

room in two x 2 L glass bottles. In vivo chlorophyll a fluorescence was used as a proxy 

for cell abundance to track growth and duplicate flasks were pooled and harvested in the 

early stationary phase by first concentrating the cells on a 20 µm sieve into a small volume, 

followed by centrifugation (3000 x g for 10 min). Total cell abundances ranged between 

1.0 x 106 and 3.5 x 106.  

CTX and MTX-like activities were determined following the functional bioassay 

described by Lewis et al. (2016). Briefly, cell pellets were extracted twice in a mix of 

analytical grade methanol:ultrapure water:hexane (2:1:1) at a concentration of 10 mL per 

1.0 x106 cells, and subsequently sonicated twice for 1 min using a sonication probe (Q125, 

QSonica, Newtown, Connecticut) at an amplitude of 50%. The extract was then 

centrifuged to remove cell debris (600 x g for 10 mins) and the supernatant layers sampled. 

The hexane layer was discarded and the remaining extract dried under N2 gas, then 

reconstituted in 10 mL dichloromethane (DCM), and extracted twice with 5 mL 60 % 
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methanol (MeOH). The DCM lipophilic phase containing CTXs (top layer) was then 

separated from the MeOH hydrophilic phase containing MTXs (bottom layer) and both 

phases were dried separately under N2 gas in 20 mL amber glass vials.  

The dried extracts were reconstituted in 30% acetonitrile (ACN)/0.1% formic acid (FA) 

and approximately 1.0 x 106 microalgal cell equivalents were used for fractionation. 

Extracts were fractionated on an UltiMate 3000 Rapid Separation Liquid 

Chromatography System (Dionex, Illinois, USA) with a FC 204 Fraction Collector 

(Gilson, Middleton, USA). A Grace Vydac C18 (218TP) Reverse-Phase HPLC Column 

(250 x 4.6mm, 5 µm) (Grace Hichrom, Berkshire, UK) was used to separate the extracts 

with 0.043 % trifluoroacetic acid/90 % acetonitrile (aq) as elution buffer B and 0.05 % 

trifluoroacetic acid (aq) as buffer A. Initial elution was at 5 % B for 5 mins and then 

increased linearly to 90% B over 60 mins at a flow rate of 0.7 mL min-1. Seventy-seven 

fractions were collected, freeze dried and reconstituted in 30 µL physiological salt 

solution (PSS; composition NaCl 140mM, glucose 11.5 mM, KCl 5.9 mM, MgCl2 1.4 

mM, NaH2PO4 1.2 mM, NaHCO3 5mM, CaCl2 1.8 mM, HEPES 10 mM) containing 

0.1% bovine serum albumin (BSA) just prior to FLIPR assay analysis.  

Functional activity of extracts was then determined following Lewis et al. (2016). Briefly, 

SH-SY5Y human neuronal cells (ECACC, Salisbury, Wiltshire, UK) were maintained in 

RPMI medium containing 15% Foetal Bovine Serum (FBS) and 2 mM L-glutamine, 100 

units mL-1 penicillin and 0.1 mg L-1 streptomycin at 37 °C, under 5 % CO2 atmosphere. 

Cells were routinely split once a week at a 1:5 dilution using 0.25% trypsin with 

ethylenediaminetetraacetic acid (EDTA) (Gibco, Thermofisher Scientific, Australia).  

For the Ca2+ influx FLIPR bioassay, SH-SY5Y cells were planted into 384-well black 

walled imaging plates (Corning, Australia) at a density of 50, 000 cells per well and 
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cultured for 48 h under the conditions described above. Fluorescent responses (excitation, 

470-495 nm; emission, 515-575 nm) were assessed using the FLIPRTETRA fluorescent 

plate reader (Molecular Devices, Sunnydale, California, USA) after a 30 min incubation 

with a fluorescent Ca2+ dye (Calcium 4 No Wash Dye, Molecular Devices, San Jose, 

California, United States) diluted in Physiological Saline Solution (PSS) containing 0.1 % 

BSA. Ten microliters of reconstituted HPLC fractions were added to each well and the 

fluorescence response recorded for 5 mins prior to stimulation with 5 µM veratridine. 

Signals were interpreted as follows: if MTX-like activity was detected in the sample, 

calcium influx would be evident in this early stage of the assay. If a second peak was 

detected in response to veratridine addition, this was interpreted as an effect of CTX-like 

activity, which acts to enhance an otherwise sub-effective dose of veratridine. Positive 

control standards of P-CTX-2 and P-CTX-3 were used to verify CTX-like activity. The 

assay detected P-CTX-2 at 9.51±0.13, and P-CTX-3 at 9.26±0.14, (pEC50, n=2) in the 

presence of 5 µm veratridine, consistent with previous results using this assay by Lewis 

et al. (2016). 

FLIPR assay data were analysed using ScreenWorks software version 3.2.0.1.4 

(Molecular Devices, Sunnydale, California, USA). For each fraction, the MTX-like 

activity was normalised to the baseline and the maximum peak height in the following 

300 reads represented the MTX-like response. CTX-like activity was normalized to the 

veratridine response and the maximum peak height after the veratridine addition 

represented the CTX-like response.  
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2.4 Results 

2.4.1 Strain identification 

Maximum Likelihood and Bayesian analyses of the LSU rDNA D1-D3 and D8-D10 

regions provided evidence to support the clades described in Nishimura et al. (2013) for 

Gambierdiscus sp. All five strains of Gambierdiscus established from temperate eastern 

Australia (UTSMER8B4, UTSMER7A1, UTSMER1A3, UTSMER9A3, UTSMER8A4) 

and four strains from tropical eastern Australia (UTSHI2C4, UTSHI6C3, UTSHI6A1, 

UTSHI6D2), group with high support with other strains of G. carpenteri in both 

phylogenies (Figure 2.2 a and b). Therefore, most of the isolates collected from eastern 

Australia were identified as G. carpenteri (Table 2.1).  

Three strains (UTSHI6B5, UTSHI2B6, UTSHI2B5) grouped with high support in the 

LSU rDNA D8-D10 region phylogeny with G. lapillus (Figure 2.2 b), a new species 

described from the same tropical location in eastern Australia (Heron Island) 

(Kretzschmar et al. 2017). Sequences were not available however, to compare the LSU 

rDNA D1-D3 region phylogeny. Strain UTSHI6A6 grouped within clade V, the most 

diverse Gambierdiscus clade (Nishimura et al. 2013), in both LSU gene phylogenies. This 

strain is closely related to, but distinct from, G. pacificus strains from around the world 

(Figure 2.2 a and b). Similarly, strain UTSHI6B1 grouped within clade III (Nishimura et 

al. 2013) and was closely related to G. silvae in both phylogenies but also formed a 

distinct cluster (Figure 2.2 a and b). More analyses are required to fully describe these 

strains but are referred to here as G. cf. pacificus and G. cf. silvae respectively. 
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Table 2.1. Geographic origin and toxicity of Gambierdiscus strains established in this study. All strains were grown at 24 °C for toxin analysis. 
Strains listed with temperatures (e.g. 18 °C and 27 °C), indicate additional growth temperatures that were tested. For the LC-MS/MS analysis, ND 
denotes toxins not detected. For the Ca 2+ influx SH-SY5Y cell FLIPR bioassay, results shown as the number of CTX- and MTX-like peaks of 
activity and NA signifies strains which were not analysed.  

Species Name Site of Isolation Strain Number 
LC-MS/MS 

Ca2+ influx SH-SY5Y 
cell FLIPR Bioassay 

CTX  MTX 
CTX-like 
activity 

MTX-like 
activity 

Tropical G. carpenteri 
Heron Island Lagoon, Australia UTSHI2C4 

ND MTX-3 0 3 

Tropical G. carpenteri (18°C) ND MTX-3 NA NA 
Tropical G. carpenteri (27°C) ND MTX-3 NA NA 
Tropical G. carpenteri Heron Island Lagoon, Australia UTSHI6C3 ND MTX-3 0 4 
Tropical G. carpenteri Heron Island Lagoon, Australia UTSHI6A1 ND MTX-3 NA NA 
Tropical G. carpenteri Heron Island Lagoon, Australia UTSHI6D2 ND MTX-3 NA NA 
Temperate G. carpenteri Merimbula Lake, Australia UTSMER8B4 ND ND 0 4 
Temperate G. carpenteri Merimbula Lake, Australia UTSMER7A1 ND ND NA NA 
Temperate G. carpenteri Merimbula Lake, Australia UTSMER1A3 ND ND NA NA 
Temperate G. carpenteri 

Merimbula Lake, Australia UTSMER9A3 
ND ND 0 4 

Temperate G. carpenteri (18°C) ND ND NA NA 
Temperate G. carpenteri (27°C) ND ND NA NA 
Temperate G. carpenteri Merimbula Lake, Australia UTSMER8A4 ND ND NA NA 
G. lapillus Heron Island Lagoon, Australia UTSHI6B5 ND MTX-3 1 3 
G. lapillus Heron Island Lagoon, Australia UTSHI2B6 ND MTX-3 1 2 
G. lapillus Heron Island Lagoon, Australia UTSHI2B5 ND MTX-3 NA NA 
G. cf. pacificus Heron Island Lagoon, Australia UTSHI6A6 ND MTX-3 1 2 
G. cf. silvae Heron Island Lagoon, Australia UTSHI6B1 ND MTX-3 1 3 
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2.4.2 Detection of characterised ciguatoxins and maitotoxins 

Analysis of the Gambierdiscus culture extracts using LC-MS/MS did not reveal the 

presence of the microalgal-derived ciguatoxins P-CTX-3B, P-CTX-3C, P-CTX-4A and 

P-CTX-4B for which we had calibration standards, or MTX-1, in any of the strains 

established in this study. Putative MTX-3 was detected in all tropical strains of 

Gambierdiscus including G. carpenteri but was absent from all temperate strains of the 

same species (Table 2.1). Interestingly, these toxin profiles did not change when the 

cultures were grown at 18 or 27 °C (Table 2.1). Tropical strains of G. carpenteri 

continued to produce MTX-3 at temperatures as low as 18 °C and at the standard tropical 

water temperature of 27 °C, and the temperate cultures produced MTX-3 at either 

temperature. 
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Figure 2.2. Maximum Likelihood phylogenetic tree showing alignment of the D1-D3 

region (a) and the D8-D10 region (b) of the LSU rDNA sequences. Strains from this study 

are shown in bold. Values at nodes represent Bayesian posterior probability and 

Maximum Likelihood bootstrap support.  
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Figure 2.2. continued. Maximum Likelihood phylogenetic tree showing alignment of the 

(a) D1-D3 region and the (b) D8-D10 region of the LSU rDNA sequences. Strains from 

this study are shown in bold. Values at nodes represent Bayesian posterior probability 

and Maximum Likelihood bootstrap support.  
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2.4.3 Presence of ciguatoxin (CTX) and maitotoxin-like (MTX) activities 

in established strains 

The Ca2+ influx SH-SY5Y cell FLIPR bioassay (Lewis et al. 2016) showed distinct CTX-

like activities (i.e. post veratridine addition) in several of the HPLC fractions from the 

dichloromethane phase of three of the four Gambierdiscus species. Two species, G. cf. 

pacificus and G. cf. silvae, showed clear CTX-like activities (Figure. 2.3 g-h, Table 2.1), 

and low levels of CTX-like activity was detected in both strains of G. lapillus (Figure 2.3 

e and f). No distinct CTX-like activity was detected for tropical or temperate strains of G. 

carpenteri (Figure 2.3 a-d). MTX-like activity was detected in fractions eluted at 42-45 

min in extracts of all species except UTSMER9A3, one of the temperate strains of G. 

carpenteri (Figure 2.3 d). CTX-like activity was also detected in the fractions eluted prior 

to, during, and following this MTX-like activity peak (Figure 2.3).  

In comparison to the variable CTX-like activities amongst strains, strong MTX-like 

activities were detected in all Gambierdiscus strains tested. There was a distinct peak in 

the earliest fractions of the HPLC-fractionated methanol phase, and large activity in the 

fractions eluted between 30-60 min for all extracts (Figure 2.4). All the strains of G. 

carpenteri from both tropical and temperate Australia showed additional MTX-like 

activity peaks (Table 2.1) in fractions eluted between 10 and 30 min (Figure 2.4). CTX-

like activity was also detected in most extracts, prior to, and following strong MTX-like 

activity (Figure 2.4). 
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Figure 2.3. Ciguatoxin-like (red) and maitotoxin-like (blue) activities of the High-

Performance Liquid Chromatography (HPLC) fractionated (black trace) dichloromethane 

phase of extracts from Gambierdiscus strains established in this study. 
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Figure 2.4. Ciguatoxin-like (red) and maitotoxin-like (blue) activities of the High-

Performance Liquid Chromatography (HPLC) fractionated (black trace) methanol phase 

of extracts from Gambierdiscus strains established in this study. 
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2.5 Discussion 

CFP has been an issue in Australia for some time but very little is known about the 

toxicology of the causative organism/s in this region. Prior to this study, strains from 

various Australian locations had been identified, but a thorough analysis of their 

toxicology had not been undertaken. Identifying the Gambierdiscus species and 

compounds responsible for CFP in Australia is a critical first step toward improving risk 

management strategies and helping safeguard recreational fishers and the seafood export 

industry. In this study, 14 strains of Gambierdiscus were established from two locations 

in eastern Australia. Four Gambierdiscus species were identified from a site located in 

tropical eastern Australia, two of which could represent new species, and one species at 

a temperate location. Using a functional bioassay approach, G. lapillus and two other 

Gambierdiscus taxa (G. cf. pacificus, G. cf. silvae) were found to produce compounds 

with CTX-like activities. Chemical techniques were also used to verify that these 

compounds likely differ from the currently characterised CTXs produced by 

Gambierdiscus species (P-CTX-3C, 3B, 4A, 4B). 

This study uncovered considerable diversity of Gambierdiscus at the tropical location; 

recording four co-occurring species from Heron Island, Queensland. G. carpenteri was 

the only species found to occur at both the tropical and temperate locations (Merimbula, 

New South Wales). This species is one of the most widely distributed in the genus, 

occurring in the North Atlantic Ocean (Holland et al. 2013; Lyu et al. 2017), North Pacific 

Ocean (Holland et al. 2013; Kibler et al. 2012; Lewis et al. 2016; Litaker et al. 2009; 

Litaker et al. 2010; Pisapia, Holland, et al. 2017), South Pacific Ocean (Lyu et al. 2017) 

and the Caribbean Sea (Holland et al. 2013; Lewis et al. 2016). In Australia, G. carpenteri 

has previously been documented in the central Great Barrier Reef in Townsville (Murray 

et al. 2014; Sparrow et al. 2017) and at Merimbula, New South Wales (Kohli, Murray, et 
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al. 2014). Our results, therefore, verify these earlier reports of G. carpenteri from tropical 

and temperate Australia. 

Gambierdiscus lapillus was also identified from the tropical location of Heron Island. 

This species was described by Kretzschmar et al. (2017) from the same collection site in 

the southern Great Barrier Reef and is currently the only other record of this species. 

However, increased sampling and identification of Gambierdiscus species will likely 

reveal a much larger distribution. Two additional strains of Gambierdiscus established in 

this study (G. cf. pacificus, G. cf. silvae), were not genetically identical to other currently 

described species within the genus. These may represent additional undescribed species 

from Heron Island, although further morphological and molecular identifications are 

required to verify this. A recently described species of Gambierdiscus (G. honu) (Rhodes, 

Smith, Verma, Curley, et al. 2017) has a wide distribution across the South Pacific Ocean, 

including Heron Island (Richlen et al. 2008), but this species was not isolated in our study. 

This result highlights that a single sample collection and subsequent isolation process 

does not necessarily reveal all the diversity of a genus at a specific location.   

Using LC-MS/MS analyses, characterised CTXs of microalgal origin (P-CTX-3C, 3B, 

4A and 4B) were not detected in any of the culture extracts from this study. However, 

compounds with CTX-like activity were identified in three of the four species tested. 

Previous studies of the toxicology of Gambierdiscus from Australia are consistent with 

these results. Using the same LC-MS/MS method, Kretzschmar et al. (2017) did not 

detect characterised microalgal CTXs in strains of G. lapillus established from Heron 

Island but noted the presence of unassigned peaks in the CTX transition zone. Similarly, 

Kohli, Murray, et al. (2014) did not detect characterised microalgal CTXs in a collection 

of G. carpenteri cells taken directly from the field at Merimbula. The LC-MS/MS method 

used in all  studies were targeted at identification of P-CTX-3C, 3B, 4A and 4B, as these 
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are the currently characterised forms of microalgal origin for which standards are 

available. Therefore, this approach will not detect structurally related compounds with 

different masses. This indicates that the CTX-like activity detected using the functional 

assay in our study; is likely casused by compounds which differ from the currently 

characterised CTXs of microalgal origin.   

Gambierdiscus cf. pacificus produced the most distinct CTX-activity peak eluting at 

approximately 72 min (Figure 2.3). In a study using the same cell based functional assay, 

Lewis et al. (2016) identified CTX-like activity eluting at the same time in strains of G. 

ruetzleri (now Fukuyoa ruetzleri), G. carolinianus and G.  ribotype 2. However, LC-

MS/MS analyses had not been performed on the strains from Lewis et al. (2016) so it is 

not known whether this activity is linked with characterised forms of CTXs. The results 

from this study suggest that this compound may be a novel type of lipophilic toxin with 

CTX-like activity, and its characterisation should be the target of future research. Both 

strains of G. lapillus also showed CTX-like activity although the elution time of the 

compounds differed between strains. These differences may result from the fact that the 

strains produce different congeners of a toxin; however, understanding the reasons for 

such differences requires further investigation.  

Gambierdiscus cf. silvae showed distinct CTX-like activity, from a low polarity 

compound eluting at approximately 29 min (Figure 2.3). This compound was identified 

in the dichloromethane (DCM) phase of the cell extract, where lipophilic compounds like 

CTXs accumulate; however, known ciguatera toxins typically have higher polarities so 

further research is needed to accurately classify this toxin. G. carpenteri strains from 

tropical and temperate Australia did not show any distinct CTX-like activities, consistent 

with Lewis et al. (2016) who tested two strains of G. carpenteri (originally isolated from 

Belize in the Caribbean Sea and Hawaii in the eastern North Pacific Ocean), using the 
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same functional cell based Ca2+ influx SH-SY5Y cell FLIPR bioassay. These results 

suggest that G. carpenteri does not produce detectable quantities of ciguatera causing 

sodium channel activation compounds and therefore, may not contribute to the 

occurrence of CFP.  

Many Gambierdiscus species display toxicity in the lipophilic phase, following 

partitioning in assays such as the mouse bioassay and the mammalian cell based 

neuroblastoma (N2a) assay, suggesting that CTXs or compounds with the same mode of 

action are present (Pisapia, Holland, et al. 2017; Xu et al. 2014). Efforts should focus on 

testing whether the toxicity of these strains can be attributed to the CTXs characterised 

from French Polynesia, or whether toxins responsible for CFP differ between locations, 

as our findings seem to suggest. Certainly, the results from this study indicate the CTX-

like toxins from Australia may differ from those found in French Polynesia. Geographic 

differences in the structure of CTXs isolated from marine fish have been identified. For 

example, CTXs in fish from the Pacific Ocean are structurally distinct from those 

recovered in fish from the Caribbean and Indian Ocean (Lewis & Holmes 1993). CTXs 

isolated from marine fish do differ in structure from the CTXs produced by 

Gambierdiscus species, a result of bioaccumulation and biomagnification, however the 

geographic differences in the CTXs isolated from marine fish originating from different 

locations could suggest that the precursor toxins produced by Gambierdiscus sp. are just 

as diverse. 

Large MTX-like activities were identified in the DCM phase of all Gambierdiscus cell 

extracts, except for one strain of G. carpenteri established from temperate Australia. This 

was unexpected, as MTXs should only be present in the methanol phase following liquid 

partitioning of the microalgal cell extracts. However, the elution time of the MTX-like 

activity peak in the DCM phase corresponds to a compound with strong MTX-like 
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activity in the methanol phase and therefore, likely represents a carryover of MTXs. 

Although liquid partitioning of lipophilic (CTX) and hydrophilic (MTX) compounds in 

cell extracts using DCM and aqueous methanol is effective, some MTX carryover can 

occur and was also observed at the same elution time in the original Ca2+ influx SH-SY5Y 

cell FLIPR bioassay method description by Lewis et al. (2016). CTX-like activity was 

also detected on the shoulders of this MTX-like activity. This is likely a result of 

sensitisation of the sodium channels on the mammalian cell membrane in response to the 

addition of veratridine, resulting in a CTX-like activity peak and therefore, was not 

interpreted as an indicator of the presence of potential CTXs in this study. The MTX peak 

was not detected in G. carpenteri strain UTSMER9A3; however the CTX-like activity 

was. This was likely due to a lower level of MTX carryover from the methanol phase, 

only high enough to show a response after the addition of veratridine.   

Yasumoto et al. (1977) were the first to establish the link between CFP and the 

dinoflagellate Gambierdiscus. The structure of the microalgal derived CTXs responsible 

were later elucidated from a strain (RG1-1) of Gambierdiscus (reported as G. toxicus but 

taxonomic identity yet to be confirmed) isolated from the Gambier Islands in French 

Polynesia (Murata et al. 1990; Murata et al. 1989; Satake et al. 1997; Satake, Murata & 

Yasumoto 1993; Yasumoto et al. 2000). Chinain et al. (2010) then went on to complete 

the first comprehensive characterisation of CTX compounds from two highly toxic strains 

of G. polynesiensis (TB-92 and RG-92) from French Polynesia and the toxins 

characterised in these studies remain the primary toxins linked with CFP today.  

Gambierdiscus polynesiensis has been consistently found to exhibit considerable CTX-

like activity (receptor binding assay, Chinain et al. (2010); mouse bioassay, Rhodes et al. 

(2014); Neuro-2a assay, Pawlowiez et al. (2013) and is the only species shown to produce 

the characterised CTX compounds using LC-MS/MS analyses (Chinain et al. 2010; 
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Rhodes et al. 2014). Gambierdiscus polynesiensis is therefore thought to be an important 

contributor to CFP in the Pacific. Interestingly, a strain of G. polynesiensis was recently 

established and showed no production of CTX compounds when tested with LC-MS/MS 

but this is highly unusual for this species (Rhodes, Smith, Murray, et al. 2017). Presently, 

only six strains of G. polynesiensis have been reported in the literature, four from French 

Polynesia (Chinain et al. 2010), one from the Cook Islands (Rhodes et al. 2014), and one 

from the Kermadec Islands (Rhodes, Smith, Murray, et al. 2017). These locations are all 

located within the central South Pacific Ocean but CFP occurs across a much larger 

distribution (Friedman et al. 2017) and CTXs are confirmed to be present in fish from 

many locations (Bienfang et al. 2008; Boada et al. 2010; Lewis & Holmes 1993). 

Therefore either the distribution of G. polynesiensis is much larger than presently 

acknowledged, or there are other currently unidentified precursor toxins that contribute 

to CFP in other locations.  

Four congeners of MTX have been described, MTX-1, MTX-2, MTX-3 and MTX-4 

(Holmes & Lewis 1994; Holmes, Lewis & Gillespie 1990; Pisapia, Sibat, et al. 2017); 

and chemical detection methods exist for the two disulphated forms, MTX-1 and MTX-

3. Using LC-MS/MS analyses, we did not detect MTX-1 in any of the strains established 

from eastern Australia in this study. MTX-1 was originally described from a strain of 

Gambierdiscus (FP) isolated from French Polynesia (Holmes, Lewis & Gillespie 1990). 

The species used for this original description is not known, but MTX-1 has since only 

been identified in strains of G. australes from the Cook Islands (Rhodes et al. 2014), the 

Kermadec Islands (Rhodes, Smith, Verma, Murray, et al. 2017) and Japan (Pisapia, Sibat, 

et al. 2017).  

MTX-3 is a putative MTX first described by Holmes & Lewis (1994). It is structurally 

smaller than MTX-1 and MTX-2, but its complete structure, potency, and mode of action 
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remains unknown. Since the original description, MTX-3 has been found in all 

Gambierdiscus strains tested (T. Harwood pers. comm.), except for the temperate G. 

carpenteri strains established in this study. The factors driving the differences in MTX-3 

production between the tropical and temperate populations of G. carpenteri established 

in this study are unknown; however, the temperature experiment showed that temperature 

is not one of them. MTX-4 is a recently described congener of MTX, found only to be 

present in strains of G. excentricus isolated from a variety of locations and is highly potent 

(Pisapia et al. 2017). 

The Ca2+ influx SH-SY5Y cell FLIPR bioassay (Lewis et al. 2016) used in this study, 

showed that all strains of Gambierdiscus established from eastern Australia produce 

between two and four compounds displaying MTX-like activities. As LC-MS/MS 

analyses did not detect the presence of MTX-1 in these strains, the toxicity must therefore 

be attributed to other types of MTX.  Pisapia, Sibat, et al. (2017) tested a wide range of 

Gambierdiscus strains for the presence of the newly described toxin MTX-4 and found 

that only G. excentricus produced this compound. It is therefore unlikely the MTX-like 

activity in the strains tested in this study is related to the presence of MTX-4. 

Alternatively, MTX-2 was originally described from a strain of Gambierdiscus (NQ1) 

isolated from the central Great Barrier Reef, Australia (Holmes, Lewis & Gillespie 1990). 

As there is no chemical detection method for this type of MTX, it is not known if any of 

the compounds showing MTX-like activity in this study are from MTX-2, however it is 

likely.  

MTXs are hydrophilic compounds, and the likelihood of their contribution to human 

illness events was originally discarded due to their water solubility (Holmes & Lewis 

1994). However recent work has confirmed that MTXs can be retained in the viscera, 

liver, and flesh of fish (Kohli, Papiol, et al. 2014). These recent findings, coupled with 
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the consistent detection of MTX-like activity in all Gambierdiscus strains tested in this 

study and others (e.g. haemolytic activity, Holland et al. (2013); Pisapia, Holland, et al. 

(2017), mouse bioassay, Chinain, Faust & Pauillac (1999); Nishimura et al. (2013) and 

Ca2+ influx SH-SY5Y cell FLIPR bioassay, Lewis et al. (2016)), as well as the extremely 

high potency of these toxins, represent compelling arguments toward the need for further 

investigations into the role of MTXs in CFP. 

 

2.6 Conclusion 

In this study, 14 strains of Gambierdiscus were established from eastern Australia, 

representing four species. Three species were found to produce compounds displaying 

CTX-like activities, which are distinct from those able to be detected using current 

chemical analytical techniques. These results suggest that toxins produced by these 

Australian strains of Gambierdiscus likely differ from those currently linked with CFP 

identified in extracts of G. polynesiensis from French Polynesia, though characterisation 

of these compounds responsible for the CTX-like activity is necessary to evaluate this. 

Although this study was limited to Australian strains of Gambierdiscus, the findings are 

likely universal and therefore a concentrated effort should be made toward testing and 

characterising the toxicology of strains from other locations. Future work should also 

include establishing a baseline of Gambierdiscus species distribution in Australia, 

understanding the relative abundance of each species, and finding out how these 

organisms are influenced by environmental conditions, particularly in view of a changing 

climate. 
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3.1 Abstract 

Some species of the dinoflagellate genus Gambierdiscus produce potent neurotoxins 

which can cause Ciguatera Fish Poisoning (CFP) in humans. The genus is known to occur 

in benthic habitats throughout tropical and subtropical latitudes, although populations are 

being increasingly reported from temperate locations. In Australia, several 

Gambierdiscus strains established in culture from the tropics were shown to produce 

compounds with ciguatoxin-like activity (Chapter 2). In this study, we define the 

environmental niche of these and other Gambierdiscus strains from tropical and 

temperate Australia firstly to understand how environmental variables influence growth 

dynamics and secondly, evaluate if temperate range extension of the genus is restricted 

by the ecophysiological requirements of the species. Growth was measured across a 

gradient of temperature (15-30 C), salinity (20-38) and irradiance (10-200 µmol photons 

m-2 s-1) for twelve strains of Gambierdiscus representing four genetically distinct species, 

including the newly described G. lapillus, two potentially new species, G. cf. pacificus 

and G. cf. silvae, and tropical and temperate strains of G. carpenteri. Irrespective of their 

isolation locality, all strains showed maximum growth at ~25 °C and showed growth 

within 80% of maximum at temperatures between 20 and 28 °C. Maximum growth 

occurred at a salinity of ~32, although the optimal range was between 25 and 40. Cells 

divided at irradiance levels > 10 µmol photons m-2 s-1 but maximum growth occurred at 

levels greater than 100 µmol photons m-2 s-1. The environmental niche of tropical strains 

of Gambierdiscus did not significantly differ from temperate strains, suggesting that 

tropical toxin producing Gambierdiscus species also have the capacity to occupy 

temperate locations. These results provide valuable insights into the potential for range 

extension of Gambierdiscus to temperate areas and can assist with forecasting the risk of 

exposure to CFP in temperate Australia. 
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3.2 Introduction 

Ciguatera Fish Poisoning (CFP) is a human illness caused when marine fish contaminated 

with ciguatoxins and potentially maitotoxins are consumed (Kohli, Papiol, et al. 2014; 

Lehane & Lewis 2000). Cases of CFP are prevalent in island nations of the Pacific Ocean 

(Anderson et al. 1983; Chateau‐Degat et al. 2007; Lewis 1986) but have also been 

documented in the Indian Ocean (Quod & Turquet 1996), as well as the Caribbean sea 

and other parts of the tropical and subtropical Atlantic Ocean (Boada et al. 2010; 

Lawrence et al. 1980; Pérez-Arellano et al. 2005; Pottier, Vernoux & Lewis 2001; 

Czernichow et al. 1984; Radke 2013; Radke, Reich & Morris Jr 2015; Tester et al. 2010). 

The incidence and worldwide distribution of CFP is also thought to be expanding (Oshiro 

et al. 2010; Pérez-Arellano et al. 2005; Skinner et al. 2011).  

Ciguatoxins (CTX) and maitotoxins (MTX) are produced by species of the epibenthic 

dinoflagellate genus, Gambierdiscus (Yasumoto et al. 1977). The genus Gambierdiscus 

was originally described by Adachi & Fukuyo (1979) with samples collected from the 

Gambier Islands in French Polynesia. The genus consisted of a single species (G. toxicus) 

for many years until detailed research and the application of molecular identification 

techniques discovered finer taxonomic detail (Litaker et al. 2009). This led to the 

description of many new species (Fraga et al. 2016; Kretzschmar et al. 2017; Rhodes et 

al. 2017; Smith et al. 2016), as well as the reclassification of some species into a new 

genus, Fukuyoa (Gómez et al. 2015).  

The biogeographic distribution of Gambierdiscus is estimated to be between the latitudes 

of 32 °N and 35 °S (Lehane & Lewis 2000; Lewis 2001; Tindall & Morton 1998) although 

more recently, populations have been documented from temperate locations in the 

Mediterranean Sea, (Aligizaki, Nikolaidis & Fraga 2008), the North Pacific Ocean 
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(Nishimura et al. 2013) and the South Pacific Ocean (Kohli, Murray, et al. 2014; Chapter 

2). Speculation of the cause of this expanding distribution includes increased awareness 

and sampling effort and/or range extension due to climatic and anthropogenic pressures 

(Bienfang et al. 2008; Hallegraeff 2010; Villareal et al. 2007).  

Gambierdiscus, like many other marine photosynthetic organisms, requires suitable 

physicochemical conditions in terms of temperature, pH and salinity, in combination with 

carbon, nutrients and light to support growth. Determining how environmental variables 

influence growth will therefore allow greater understanding of the potential distribution 

of Gambierdiscus species. Early work describing the ecology of the genus identified its 

greatest abundance when water temperatures were between 21 and 31 °C (Bagnis, 

Legrand & Inoue 1990; Ballantine, Bardales & Alvey 1993; Chateau-Degat et al. 2005; 

Chinain et al. 1999; Hales, Weinstein & Woodward 1999; Hokama et al. 1996; Morton, 

Norris & Bomber 1992; Rongo, Bush & Van Woesik 2009), salinity was stable and high 

(Ballantine, Tosteson & Bardales 1988; Carlson & Tindall 1985; Delgado et al. 2006; 

Grzebyk et al. 1994; Morton, Norris & Bomber 1992), and irradiance levels were < 10 % 

of incident light (Ballantine, Bardales & Alvey 1993; Bomber, Guillard & Nelson 1988; 

Villareal & Morton 2002). Unfortunately, those studies preceded the reclassification of 

the genus so the identity of the Gambierdiscus species used remains unconfirmed. 

Furthermore, the environmental niche of many of the newly described species of 

Gambierdiscus has yet to be evaluated.  

The early ecological studies however, established the foundations of our understanding 

of the optimum growth conditions for the Gambierdiscus genus and its likely distribution. 

The preference for temperatures ranging from 21 and 31 °C (Bagnis, Legrand & Inoue 

1990; Ballantine, Bardales & Alvey 1993; Chateau-Degat et al. 2005; Chinain et al. 1999; 

Hales, Weinstein & Woodward 1999; Hokama et al. 1996; Morton, Norris & Bomber 
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1992; Rongo, Bush & Van Woesik 2009), coupled with the higher incidence rate of CFP 

in tropical locations, suggest the distribution of Gambierdiscus would be restricted to 

lower latitudes. However, recent discoveries of temperate populations of Gambierdiscus 

suggest these limits may need to be revised, or niche preferences for individual species 

and strains determined.  

Several species of Gambierdiscus have been reported from tropical eastern Australia, 

including G. carpenteri (Murray et al. 2014; Sparrow et al. 2017; Chapter 2), G. lapillus 

(Kretzschmar et al. 2017; Chapter 2), G. honu (Rhodes et al. 2017), and three currently 

unclassified strains which may represent new species, G. cf. belizeanus (Murray et al. 

2014), G. cf. pacificus and G. cf. silvae (Chapter 2). Three of these species are known to 

produce compounds with CTX-like activity and therefore may be contributing to cases of 

CFP in this region (Chapter 2). A temperate population of G. carpenteri has also been 

identified (Kohli, Murray et al. 2014; Chapter 2) at a latitude of 37 °S, the highest latitude 

reported for a species of Gambierdiscus. Having established clonal cultures of both 

tropical and temperate populations (Chapter 2) the aim of this study was to investigate 

and compare the physiological requirements of Gambierdiscus species and determine if 

temperate strains are uniquely adapted to conditions characteristic of higher latitude 

locations. 

 

3.3 Methods 

3.3.1 Cell culture 

Twelve strains of Gambierdiscus representing four species (G. carpenteri, G. lapillus, G. 

cf. pacificus and G. cf. silvae) were used for experiments in this study (Table 3.1). Strains 

were established by isolating single cells of Gambierdiscus from a tropical location in the 
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Great Barrier Reef region of eastern Australia (Heron Island) and the temperate location 

of Merimbula, New South Wales, as described in Chapter 2. Stock cultures of each strain 

were grown in modified K medium (Litaker et al. 2009) made from sterile aged natural 

seawater at a salinity of 32 and maintained at 24C under ~100 µmol photons m-2 s-1 on 

a 12:12 light:dark cycle in 25 cm2 (70 mL) sterile vented polystyrene tissue culture flasks 

(Falcon, Corning, New York, USA), oriented horizontally. 

3.3.2 Growth estimates 

In vivo chlorophyll a fluorescence was used as a proxy for cell abundance to measure 

growth of Gambierdiscus strains during experiments. Strains were grown in 75 cm2 (250 

mL) sterile vented polystyrene tissue culture flasks (Falcon, Corning, New York, USA) 

under stock culture maintenance conditions. A 1 mL aliquot was removed from each flask 

every 6 days until the cultures reached the stationary phase of growth. The in vivo 

chlorophyll a fluorescence was measured for each sample using a fluorometer (Turner 

Designs Trilogy Laboratory Fluorometer®, USA) and was then preserved with 1% 

Lugol’s iodine solution. To confirm in vivo chlorophyll a fluorescence is correlated with 

Gambierdiscus cell abundance, the cell abundance for each strain was enumerated using 

a Sedgewick Rafter counting chamber under an inverted light microscope (Nikon Eclipse 

TS100, Japan). Results from strains of the same species were combined (except for G. 

carpenteri for which the tropical and temperate strains were kept separate) and the 

correlation between in vivo chlorophyll a fluorescence and cell abundance was calculated 

for each species using linear regression analyses (OriginPro 8, OriginLab Corporation, 

Massachusetts, USA). In vivo chlorophyll a and cell abundance was shown to be linearly 

related for all species (Figure 3.1; p < 0.05), therefore in vivo chlorophyll a fluorescence 

was used as a rapid method to estimate cell growth in all experiments in this study.  
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Table 3.1: Information for strains of Gambierdiscus used in temperature, salinity and irradiance experiments for this and other studies. Additional 
strains are included for comparative purposes and form the basis of data in Figure 3.8. 

Species Strain Location Latitude Longitude Reference 

G. carpenteri UTSHI2C4 Heron Island, Australia 23°26'32 S 151°54'53 E This study 
 UTSHI6C3 Heron IslandAustralia 23°26'32 S 151°54'53 E This study 
 UTSHI6A1 Heron Island, Australia 23°26'32 S 151°54'53 E This study 
 UTSHI6D2 Heron Island, Australia 23°26'32 S 151°54'53 E This study 
 UTSMER8B4 Merimbula Lake, Australia 36° 53'48 S 149°54'68 E This study 
 UTSMER1A3 Merimbula Lake, Australia 36° 53'48 S 149°54'68 E This study 
 UTSMER9A3 Merimbula Lake, Australia 36° 53'48 S 149°54'68 E This study 
 UTSMER8A4 Merimbula Lake, Australia 36° 53'48 S 149°54'68 E This study 
 NOAA 1, CCMP 1654 Guam, Northern Mariana Islands 13°26'39 N 144°47'37 W Kibler et al. (2012) 
 KML1 Long Key, Florida Keys 24°49' 36 N 80°48'51 W Xu et al. (2016) 

G. lapillus UTSHI6B5 Heron Island, Australia 23°26'32 S 151°54'53 E This study 

 UTSHI2B6 Heron Island, Australia 23°26'32 S 151°54'53 E This study 

G. cf. pacificus UTSHI6A6 Heron Island, Australia 23°26'32 S 151°54'53 E This study 

G. pacificus 
NOAA 9, MR1, CCMP 

1650 
Moorea, Society Islands, Pacific Ocean 17°32'19 S 149°49'46 W Kibler et al (2012) 

 3S0509-27 Marakei, Kiribati 02°00'00 N 173°16'0 E Xu et al. (2016) 
 3S0510-19 Marakei, Kiribati 02°00'00 N 173°16'0 E Xu et al. (2016) 

G. cf. silvae UTSHI6B1 Heron Island, Australia 23°26'32 S 151°54'53 E This study 

G. silvae FC May10_9 St. Thomas, US Virgin Islands 18°20' 70 N 64°57'12 W Xu et al. (2016) 

G. australes S080911_1 Coasts of Susaki, Japan 33°23'38 N 133°20'29 E 
Yoshimatsu et al. (2014) 
Yoshimatsu et al. (2016) 
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 NOAA 25 Honolulu Hawaii, USA 21°18'24  N 157°51'29 W Kibler et al (2012) 
G. belizeanus NOAA 2, SB03, CCMP 399 St. Barthelemy Island, Caribbean 17°54'10 N 62°49'14 W Kibler et al (2012) 

 BP Mar10_6 St. Thomas, US Virgin Islands 18°20' 70 N 64°57'12 W Xu et al. (2016) 
 BP Mar10_7 St. Thomas, US Virgin Islands 18°20' 70 N 64°57'12 W Xu et al. (2016) 
 BP Mar10_22 St. Thomas, US Virgin Islands 18°20' 70 N 64°57'12 W Xu et al. (2016) 
 FC Dec10_13 St. Thomas, US Virgin Islands 18°20' 70 N 64°57'12 W Xu et al. (2016) 

G. caribaeus NOAA 19 Carrie Bow Cay, Belize, Caribbean 16°48'00 N 88°04'60 W Kibler et al (2012) 
 BP Aug08 St. Thomas, US Virgin Islands 18°20' 70 N 64°57'12 W Xu et al. (2016) 
 FC Nov09_4 St. Thomas, US Virgin Islands 18°20' 70 N 64°57'12 W Xu et al. (2016) 
 SH Nov09_3 St. Thomas, US Virgin Islands 18°20' 70 N 64°57'12 W Xu et al. (2016) 
 TF9G Koh Wai, Trat, Gulf of Thailand, Thailand 11°54′07′ N 102°24′23 E Tawong et al. (2016) 

G. carolinianus NOAA 6, CCMP 3144 
Cape Fear, North Carolina, Atlantic 

Ocean 
33°50'25 N 77°57'36 W Kibler et al (2012) 

 SH Mar10_12 St. Thomas, US Virgin Islands 18°20' 70 N 64°57'12 W Xu et al. (2016) 
 BB Apr10_3 St. Thomas, US Virgin Islands 18°20' 70 N 64°57'12 W Xu et al. (2016) 
 BP May10_1 St. Thomas, US Virgin Islands 18°20' 70 N 64°57'12 W Xu et al. (2016) 

G. ribotype 2 MQ2, CCMP 1655 Martinique, Caribbean 14°38'29 N 61°01'27 W Kibler et al (2012) 
G. scabrosus  

(G. sp. type 1) 
KW070922_1 Otsuki, Japan 32°46'22 N 132°37'31 E 

Yoshimatsu et al. (2014) 
Yoshimatsu et al. (2016) 

G. sp. type 2 M080828_2 Muroto, Japan 33°14'47 N 134°10'42 E 
Yoshimatsu et al. (2014) 
Yoshimatsu et al. (2016) 

G. sp. type 3 WI11G Kushimoto, Japan 33°27'10 N 135°47'34 E 
Yoshimatsu et al. (2014) 
Yoshimatsu et al. (2016) 

G. sp. type 4 1D0509-16 Marakei, Kiribati 02°00'00 N 173°16'0 E Xu et al. (2016) 
 1D0510-22 Marakei, Kiribati 02°00'00 N 173°16'0 E Xu et al. (2016) 

G. sp. type 5 DS0511-03 Marakei, Kiribati 02°00'00 N 173°16'0 E Xu et al. (2016) 
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3.3.3 Niche estimate experiments 

For each experiment, established strains of Gambierdiscus were inoculated into triplicate 

25 cm2 sterile vented polystyrene tissue culture flasks (Falcon, Corning, New York, USA), 

with 50 mL fresh standard modified K medium prepared from natural aged seawater, at 

a standardised cell density of approximately 10 cells mL-1. Flasks were acclimated to the 

experimental conditions for seven days before the 60-day growth assays. A 1 mL aliquot 

was removed from each flask every 3 to 4 days, and the in vivo chlorophyll a fluorescence 

measured, until the cultures reached the stationary phase of growth. The maximum 

growth rate was calculated using the slope of natural logarithm transformed cell 

abundance data in the linear portion of the growth curve. 

For temperature experiments, flasks were placed horizontally under ~100 µmol photons 

m-2 s-1 on a 12:12 light:dark cycle and incubated under different temperatures (15, 18, 21, 

24, 27, 30 °C) in controlled-temperature incubators (Climatron® Plant Growth Cabinet, 

Australia). For salinity experiments, the salinity of natural aged seawater (~35) was 

adjusted to the experimental treatments of 20, 26, 32 and 38 by diluting with sterile MilliQ 

water or by adding sterile artificial seawater of relatively high salinity prepared as per 

Berges, Berges, Franklin & Harrison (2001). Nutrients were added as per standard 

modified K medium and flasks were incubated at a constant temperature of 24 °C under 

~100 µmol photons m-2 s-1 on a 12:12 light:dark cycle. For irradiance experiments, flasks 

were incubated at a constant temperature of 24 °C on a 12:12 light:dark cycle under 

different irradiance levels (10, 50, 100 and 200 µmol photons m-2 s-1), verified using a 

light meter (WALZ Universal Light Meter-500, Germany) and a 4π light sensor (WALZ, 

Model US-SQS/L, Germany) in air.  
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Figure 3.1. Linear relationship between the in vivo chlorophyll a fluorescence (RFU, 

Relative Fluorescence Units) and cell abundance (cells mL-1) for Gambierdiscus species 

included in this study (a) tropical G. carpenteri, (b) temperate G. carpenteri, (c) G. 

lapillus, (d) G. cf. pacificus and (e) G. cf. silvae. 
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3.3.4 Estimating optimum growth conditions and niche width 

The calculated maximum growth rate for each replicate of each strain was plotted as a 

function of the environmental variable (e.g. temperature, salinity, irradiance) to form a 

reaction norm. The shape of the reaction norm was then fitted to estimate growth 

parameters such as the conditions under which maximum growth occurred and the upper 

and lower limits for growth (e.g., for temperature, Topt, Tmax, Tmin, respectively). 

Parameter estimation was achieved in R version 3.2.3 (R Core Team, 2012). 

Temperature and salinity reaction norms were both fitted with a function first applied to 

phytoplankton by Eppley (1972) and modified by Thomas et al. (2012). This function 

describes the temperature or salinity dependent specific growth rate using the following 

equation: 

𝑓 ሺEሻ ൌ 𝑎𝑒௕ா ൤1 െ ൬ 
𝐸 െ 𝑧
𝑤/2

 ൰ ൨
ଶ

 

 

where, growth rate f is a function of either temperature or salinity (E). The shape of the 

reaction norm is controlled by species traits, z and w. The niche width is given by w and 

species trait z determines the location of the maximum of the quadratic portion of the 

function. 

Irradiance reaction norms were fitted with a Monod function with a photoinhibition term 

as was used in Megard, Tonkyn & Senft (1984) and Litchman (2000). 
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where, µ is the specific growth rate (day-1), µmax is the maximum specific growth rate 

(day-1), I is the irradiance (µmol photons m-2 s-1), k is a half-saturation constant (µmol 

photons m-2 s-1), r is the metabolic loss rate and kinh is the photoinhibition constant (µmol 

photons m-2 s-1). 

For temperature, salinity and light, the optimum range for growth was estimated to be the 

threshold at which 80% of the maximum growth was achieved as described in Kibler et 

al. (2012). The upper and lower limits for growth were estimated at the point at which 

growth was below zero. Other studies have used a polynomial curve fit to estimate these 

parameters (Kibler et al. 2012; Xu et al. 2016), so for comparison, data from this study 

were also fitted with a polynomial curve. There were no significant differences in the 

growth parameter estimates between methods (data not shown). 

Growth rates across environmental gradients of temperature, salinity and irradiance were 

statistically analysed individually using parametric methods. They were also analysed 

collectively using a multivariate approach (PRIMER-E v6; Clarke & Gorley 2006) to 

compare fitness of individual Gambierdiscus strains. Analysis of similarity (ANOSIM) 

was used as the data were not normally distributed and showed heteroscedasticity.  

To test whether tropical and temperate strains of G. carpenteri had different 

environmental niches, an Analysis of Variance (ANOVA) was used to statistically 

analyse differences between the estimated niche parameters (SPSS v24 IBM Corporation, 

Armonk, New York, USA). Analyses were performed individually for parameters 

including T µmax, Topt, Tmin, Tmax, T niche width (calculated from the difference between Tmin 

and Tmax), S µmax, Sopt, Smin, Smax, S niche width and I µmax, Iopt, Smin, Imax, I width. This type 

of statistical comparison was only possible for G. carpenteri as there were multiple strains 

of the species.   
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The environmental niche of Gambierdiscus species was also statistically analysed using 

Permutational Analysis of Variance (PERMANOVA) of a Bray-Curtis resemblance 

matrix in PRIMER-E v6 (Clarke & Gorley 2006) for temperature, salinity and irradiance 

individually and collectively through comparison of the estimated growth parameters for 

each strain (e.g. µmax, opt, niche min, niche max, niche width). Individual strains could 

not be analysed using this approach as only a single estimated growth parameter is 

produced from the three replicates. Therefore, this could only be analysed at a species 

level where there were multiple strains of the same species. The collective estimated 

environmental growth parameters were visualised using Principle Coordinate Analysis 

(PCO) in PRIMER-E v6 (Clarke & Gorley 2006) and the similarity displayed using a 

Bray-Curtis resemblance matrix.  

 

3.4 Results 

3.4.1 Thermal niche estimates 

Maximum growth rates (µmax) of Gambierdiscus across the tested temperatures ranged 

between 0.10 and 0.20 day-1 (Table 3.2 and Figure 3.2). Tropical G. carpenteri strains 

had higher growth rates (0.16 ± 0.04 day-1; n = 4) compared to temperate strains (0.14 ± 

0.04 day-1; n = 4) although considerable intraspecific variation was observed (Table 3.2 

and Figure 3.2;). Gambierdiscus lapillus strains (n = 2) had the highest growth rate of all 

taxa (0.20 and 0.19 day-1), followed by G. cf. silvae (0.18 day-1) and G. cf. pacificus, 

which had the lowest rate of growth (0.13 day-1) although only a single strain of the latter 

species was tested (Table 3.2 and Figure 3.2; p < 0.05).  

The temperature at which maximum growth occurred (T µmax) across all strains ranged 

between 23.8 and 27.2 °C (Table 3.2 and Figure 3.2). The tropical strains of G. carpenteri 
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generally had a T µmax 1 °C lower than the temperate strains (T µmax = 25.4 ± 1.2 °C and 

26.4 ± 0.8 °C, respectively) and exhibited a wider thermal optimum range (> 80 % of 

µmax) of 4.5 to 6.6 °C, compared with 4.1 to 4.9 °C for the temperate strains (Table 3.2 

and Figure 3.2), however these differences were not statistically significant (p > 0.05). 

Gambierdiscus lapillus showed the highest growth (~0.20 day-1) at ~24 °C, the lowest T 

µmax for all species tested, however the optimum range extended from 20.0 to 27.0 °C. 

Gambierdiscus cf. pacificus and G. cf. silvae reached maximum growth at 25 °C and had 

an optimum range from ~22.0 to 27.7 °C (Table 3.2 and Figure 3.2).  

The minimum temperature where growth terminated (Tmin) was estimated to be ~15.0 °C 

for all species of Gambierdiscus tested, except for a single temperate strain of G. 

carpenteri (UTSMER8B4) which had a Tmin of 0.7 °C (potential outlier due to the lack 

of convergence during curve fitting; Figure 3.2). Similarly, the maximum temperature 

where growth terminated (Tmax) was estimated to be ~30.0 °C for all Gambierdiscus 

species tested, including the temperate G. carpenteri strains (Table 3.2 and Figure 3.2). 
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Table 3.2: Summary of calculated growth parameters from temperature reaction norms for each strain of Gambierdiscus measured in this study, 
including maximum growth rate (µmax), the temperature (°C) at which maximum growth was reached (T µmax), the optimum temperature range for 
growth (Topt) and the minimum and maximum temperatures where growth terminated (Tmin and Tmax). 

 

Species µmax (d-1) T µmax (°C) Topt (°C) Tmin (°C) Tmax (°C) 

Tropical G. carpenteri (UTSHI2C4) 0.20 26.5 23.8 - 28.3 14.9 30.0 

Tropical G. carpenteri (UTSHI6C3) 0.17 24.2 20.7 - 27.2 15.1 30.3 

Tropical G. carpenteri (UTSHI6A1) 0.12 25.2 22.1 - 27.7 15.3 30.0 

Tropical G. carpenteri (UTSHI6D2) 0.15 25.5 22.3 - 27.9 14.8 30.2 

Temperate G. carpenteri (UTSMER8B4) 0.10 27.2 24.7 - 28.8 0.7 30.1 

Temperate G. carpenteri (UTSMER1A3) 0.12 26.0 23.3 - 28.0 15.4 29.9 

Temperate G. carpenteri (UTSMER9A3) 0.16 26.1 23.2 - 28.1 13.4 30.0 

Temperate G. carpenteri (UTSMER8A4) 0.18 26.1 23.2 - 28.1 15.1 30.0 

G. lapillus (UTSHI6B5) 0.20 23.8 20.3 - 26.8 14.8 30.0 

G. lapillus (UTSHI2B6) 0.19 24.1 20.6 - 27.0 15.0 30.1 

G. cf. pacificus (UTSHI6A6) 0.13 25.4 22.4 - 27.7 16.0 30.0 

G. cf. silvae (UTSHI6B1) 0.18 25.3 21.9 - 27.7 14.1 30.0 
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Figure 3.2. Temperature reaction norms for strains of Gambierdiscus established from 

tropical and temperate Australia in this study. Dots indicate the measured growth rates; 

the blue line indicates the line of best fit using the function described in Thomas et al. 

(2012) and the red lines represent the 95% confidence band. 
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3.4.2 Salinity niche estimates 

In general, maximum growth rates (µmax) under different salinity conditions were lower 

than under different temperatures, ranging from 0.04 to 0.18 day-1 (Table 3.3 and Figure 

3.3) and were significantly different between strains (p < 0.05). Maximum growth was 

reported at salinities (Sopt) ranging from 26 to 35 (Table 3.3 and Figure 3.3) and the shape 

of the salinity reaction norms differed between species and strains of Gambierdiscus 

(Figure 3.3). Both the tropical and temperate strains of G. carpenteri had an Sopt of 33.0, 

compared with 31.0 for G. cf. pacificus and a more brackish 30.2 for G. cf. silvae. The 

two strains of G. lapillus tested had highest growth at contrasting salinities, with µmax of 

strain UTSHI6B5 at 31.5, similar to the other Gambierdiscus species, whereas for G. 

lapillus strain UTSHI2B6, growth reached a maximum at 26.0 (Table 3.3 and Figure 3.3). 

The Smin differed enormously between strains (Table 3.3 and Figure 3.3), ranging from < 

10 to 20. It was similar among tropical G. carpenteri strains (~20), but ranged from < 10 

to 20.4 for the temperate G. carpenteri strains (Table 3.3 and Figure 3.3). This variation 

led to no significant effect of strain location for Smin. Growth terminated for the G. cf. 

silvae strain at 19.6 and < 10 for the G. cf. pacificus strain. The Smin for strains of G. 

lapillus were also quite different: < 10 for strain UTSHI6B5 and 16.1 for strain 

UTSHI2B6 (Table 3.3 and Figure 3.3). All strains could tolerate hypersalinity to some 

degree, with growth terminating at salinities (Smax) between 38 and 45 (Table 3.3 and 

Figure 3.3). There was no significant difference in Smin or Smax between the tropical and 

temperate strains of G. carpenteri (p > 0.05) 
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Table 3.3. Summary of calculated growth parameters from the salinity reaction norms for each strain of Gambierdiscus measured in this study, 
including maximum growth rate (µmax), the salinity at which maximum growth was reached (S µmax), the optimum salinity range for growth (Sopt) 
and the minimum and maximum salinity where growth terminated (Smin and Smax). 

 

Species µmax (d-1) S µmax Sopt Smin Smax 

Tropical G. carpenteri (UTSHI2C4) 0.09 32.1 25.7 - 40.9 19.8 > 60 

Tropical G. carpenteri (UTSHI6C3) 0.13 34.2 30.5 - 36.7 19.8 39.1 

Tropical G. carpenteri (UTSHI6A1) 0.07 32.2 27.6 - 36.1 20.3 40.1 

Tropical G. carpenteri (UTSHI6D2) 0.08 33.7 29.2 - 37.0 19.8 40.3 

Temperate G. carpenteri (UTSMER8B4) 0.04 29.4 24.0 - 35.7 18.4 44.0 

Temperate G. carpenteri (UTSMER1A3) 0.06 31.5 24.6 - 36.7 < 10 40.9 

Temperate G. carpenteri (UTSMER9A3) 0.09 35.0 25.5 - 41.7 < 10 47.7 

Temperate G. carpenteri (UTSMER8A4) 0.06 34.6 31.0 - 37.0 20.4 39.2 

G. lapillus (UTSHI6B5) 0.18 31.5 24.9 - 35.8 < 10 39.6 

G. lapillus (UTSHI2B6) 0.12 26.0 21.0 - 32.8 16.1 46.9 

G. cf. pacificus (UTSHI6A6) 0.14 31.0 24.8 - 35.0 < 10 38.6 

G. cf. silvae (UTSHI6B1) 0.14 30.2 25.2 - 35.6 19.6 43.0 
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Figure 3.3: Salinity reaction norms for strains of Gambierdiscus established from 

tropical and temperate Australia in this study. Dots indicate the measured growth rates; 

the blue line indicates the line of best fit using Thomas et al. (2012) function and the red 

lines represent 95% confidence band. 
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3.4.3 Irradiance niche estimates 

Maximum growth rates (µmax) measured during irradiance experiments were significantly 

different (p < 0.05) among Gambierdiscus strains, ranging from 0.05 to 0.14 day-1 (Table 

3.4 and Figure 3.4). Growth was measured across four irradiance levels (10, 50, 100, 200 

µmol photons m-2 s-1) and the irradiance level at which maximum growth occurred (Iopt) 

was similar for all species and strains at ~100 µmol photons m-2 s-1 (Table 3.4). The shape 

of the irradiance reaction norms were very similar (Figure 3.4) which is reflected in 

similar estimates of the Imin (~10 µmol photons m-2 s-1) and Imax (>200 µmol photons m-2 

s-1) amongst all strains tested (Table 3.4 and Figure 3.4). There was no significant 

difference between the tropical and temperate G. carpenteri strains for each of the 

estimated irradiance growth parameters. 

3.4.4 Gambierdiscus environmental niche 

The ecophysiological requirements of Gambierdiscus species were not significantly 

different (p > 0.05) from one another when estimates of growth parameters (e.g. µmax, opt, 

niche min, niche max, and niche width) were compared for temperature, salinity and 

irradiance individually or when they were analysed collectively. When the overall 

estimated environmental niche (temperature, salinity and irradiance estimated growth 

parameters combined) of Gambierdiscus strains measured in this study were compared 

using Principle Coordinate Analysis (PCO) analysis, there was over 90% similarity 

amongst isolates (Figure 3.5). 
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Table 3.4. Summary of calculated growth parameters calculated from the irradiance reaction norm function for each strain of Gambierdiscus 
measured in this study, including maximum growth rate (µmax), the irradiance (µmol photons m-2 s-1) at which maximum growth was reached (I 
µmax), the optimum irradiance range for growth (Iopt) and the minimum and maximum irradiance where growth terminated (Imin and Imax). 
 

 Species  µmax (d-1) 
I µmax (µmol 

photons m-2 s-1) 

Iopt (µmol 

photons m-2 s-1) 

Imin (µmol photons m-2 

s-1) 

Imax (µmol photons 

m-2 s-1) 

Tropical G. carpenteri (UTSHI2C4) 0.09 132.6 66.0 - > 200 12.0 > 200 

Tropical G. carpenteri (UTSHI6C3) 0.07 173.3 84.1 - > 200 11.1 > 200 

Tropical G. carpenteri (UTSHI6A1) 0.08 95.7 49.0 - 186.1 10.0 > 200 

Tropical G. carpenteri (UTSHI6D2) 0.09 108.5 54.9 - > 200 9.7 > 200 

Temperate G. carpenteri (UTSMER8B4) 0.05 99.9 51.1 - 195.0 10.6 > 200 

Temperate G. carpenteri (UTSMER1A3) 0.05 114.5 55.7 - > 200 8.4 > 200 

Temperate G. carpenteri (UTSMER9A3) 0.12 120.9 68.1 - > 200 10.8 > 200 

Temperate G. carpenteri (UTSMER8A4) 0.05 92.6 48.2 - > 200 10.6 > 200 

G. lapillus (UTSHI6B5) 0.05 106.8 54.6 - > 200 10.3 > 200 

G. lapillus (UTSHI2B6) 0.08 117.7 58.9 - > 200 11.0 > 200 

G. cf. pacificus (UTSHI6A6) 0.09 125.8 60.7 - > 200 8.6 > 200 

G. cf. silvae (UTSHI6B1) 0.14 105.3 53.3 - > 200 10.3 > 200 
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Figure 3.4. Irradiance reaction norms for strains of Gambierdiscus spp. established from 

tropical and temperate Australia in this study. Dots indicate the measured growth rates; 

the blue line indicates the line of best fit using Thomas et al. (2012) function and the red 

lines represent 95% confidence band. 
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Figure 3.5. Principle Coordinate Analysis (PCO) of the collective estimated growth 

parameters (e.g. µmax, opt, niche min, niche max, niche width) from temperature, salinity 

and irradiance experiments. Each symbol represents an individual strain of 

Gambierdiscus and the shape and colour of the symbols represent different 

Gambierdiscus species. Groupings represent 90% similarity (solid line) and 95% 

similarity (broken line).  
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3.5 Discussion 

In Australia, Gambierdiscus species are known to be distributed throughout the tropical 

waters of the Great Barrier Reef (Gillespie et al. 1985; Holmes, Lewis & Gillespie 1990; 

Holmes et al. 1991; Kretzschmar et al. 2017; Murray et al. 2014; Rhodes et al. 2017; 

Skinner, Lewis & Morton 2013; Sparrow & Heimann 2016; Sparrow et al. 2017; Chapter 

2) and at the temperate location of Merimbula, New South Wales (Kohli, Murray, et al. 

2014; Chapter 2). Strains established from both the tropical and temperate part of the 

distribution provided a unique opportunity to compare their environmental niche and 

evaluate whether tropical taxa could occupy temperate habitats, thereby assessing the 

potential for range extension of the ciguatera causing genus in this region. Here we show 

that 12 Australian Gambierdiscus isolates have potentially similar environmental niches 

based on their physiological response to three environmental parameters: temperature, 

salinity and light.  

There was no significant difference in the environmental niche of the tropical and 

temperate strains of G. carpenteri, and there was over 90% similarity in the 

environmental niche of all strains tested. These results suggest that strains of G. 

carpenteri established from the temperate location are not specifically adapted to these 

environmental conditions and therefore, other strains or species of the genus may also 

have the capacity to occupy temperate locations without the need for vast adaptation. This 

is particularly important for future management of CFP, as it indicates that species which 

produce compounds with CTX-like activity and are potentially contributing to cases of 

CFP, such as G. lapillus, G. cf. pacificus and G. cf. silvae (Chapter 2), could have a much 

wider distribution than is presently documented.   
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3.5.1 Comparison of the fitness of Gambierdiscus strains 

The maximum growth rates (µmax) measured for Gambierdiscus strains in this study were 

consistent with other studies (Kibler et al. 2012; Tawong et al. 2016; Xu et al. 2016; 

Yoshimatsu et al. 2016; Yoshimatsu et al. 2014). Of the tropical species in this study, G. 

lapillus had the highest fitness, followed by G. cf. silvae, G. carpenteri and G. cf. 

pacificus.  

Overall, Gambierdiscus growth rates are generally low compared with other microalgal 

genera. For example, Morton, Norris & Bomber (1992) compared the growth of multiple 

genera of epibenthic dinoflagellates under a gradient of environmental conditions and 

found Amphidinium had the highest (~0.45 division rate), followed by Ostreopsis (~0.35 

division rate), Prorocentrum (~0.3 division rate), Coolia (~0.3 division rate) and finally 

Gambierdiscus (~0.2 division rate). This indicates that high cell abundances of 

Gambierdiscus species would likely take several months to develop (Litaker et al. 2010), 

and therefore bloom formation requires prolonged favourable environmental conditions.  

3.5.2 Temperature 

Tropical and temperate Australian strains of Gambierdiscus had similar optimum 

temperatures for growth (T µmax). Thomas et al. (2012) found that T µmax is related to the 

latitude of the isolation location, which directly reflects the mean annual water 

temperature (lower water temperatures at higher latitudes results in a lower T µmax). Given 

the vast differences in water temperature between Heron Island and Merimbula (Figure 

3.7) and 13 degrees of latitudinal difference; we anticipated T µmax for the temperate G. 

carpenteri strains would be lower. To explore this and other hypotheses more broadly 

across the Gambierdiscus genus, growth data from similar experiments conducted 

globally were compiled (Table 3.1; Figure 3.6 and 3.8) 
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The relationship between T µmax and latitude for Gambierdiscus (Figure 3.6) shows a 

weak positive correlation with latitude, compared with the strong correlation found in 

Thomas et al. (2012). There are two likely reasons for the differences. Firstly, the range 

of latitudes used by Thomas et al. (2012) was much broader than the latitudinal range in 

this study (~70 versus 13 degrees). Secondly, the taxa used in Thomas et al.’s comparison 

were isolated from ocean environments. In contrast, Gambierdiscus are epibenthic 

species and often occur in shallow water habitats which may have local thermal 

conditions that are not representative of annual mean offshore ocean temperatures (e.g. 

the benthos of shallow environments may reach warmer temperatures). A relationship 

between mean annual water temperature and T µmax may still exist for Gambierdiscus, 

but it may not be well represented by latitude, as opposed to local water temperatures.  

Local conditions at the sites where strains were isolated from in this study were therefore 

considered. The mean annual water temperatures at Heron Island, and Merimbula, the 

tropical and temperate locations from this study, are 24.4 °C and 17.6 °C respectively 

(Figure 3.7). Indeed, the water temperatures at Merimbula rarely reach 24 °C or above so 

it is somewhat surprising that the temperature for maximum growth of Gambierdiscus 

strains isolated from this location is ~25 °C, with the population persisting during winter 

when temperatures are as low as 12 °C and even reaching “bloom” proportions annually 

(Kohli, Murray, et al. 2014).  
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Figure 3.6. Dots represent the temperature at which maximum growth was achieved (T 

µmax) (blue), and the minimum (Tmin) (green) and maximum (Tmax) (red) temperature for 

growth estimated from temperature reaction norm experiments. These data have been 

fitted with a polynomial curve to demonstrate the relationship of the thermal performance 

traits with latitude. Data sourced from Kibler et al. 2012; Yoshimatsu et al. 2014, 2016, 

Tawong et al. 2016; Xu et al. 2016 and this study. 
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Figure 3.7. Monthly average temperature for the Heron Island, Queensland Australia 

(tropical) and Merimbula, New South Wales (temperate).  Data sourced from the IMOS-

Weather Station (http://www.aims.gov.au) and the New South Wales Food Authority. 
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One possible explanation for the poor relationship between habitat temperature and T 

µmax, could be that the G. carpenteri temperate population represents a relatively recent 

range extension of a G. carpenteri population with tropical origins and has not yet 

thermally adapted to the local conditions. Gambierdiscus has a known tropical 

distribution but has been reported from temperate locations in recent years (Aligizaki, 

Nikolaidis & Fraga 2008; Kohli, Murray, et al. 2014; Nishimura et al. 2013). The marine 

environment along the east coast of Australia is highly connected by a polewards flowing 

western boundary current, the East Australian Current (EAC), which delivers warm water 

southward from the tropics year-round (Ridgway 2007). It has been suggested that the 

EAC could disperse epibenthic harmful algal bloom species to temperate locations 

(Heimann, Capper & Sparrow 2011; Murray et al. 2014; Sparrow et al. 2017). However, 

the genetic relatedness of the Australian tropical and temperate populations of G. 

carpenteri are yet to be evaluated.  

Other parameters derived from thermal reaction norms are the Tmin and Tmax temperature 

for growth and may prove more valuable when evaluating the potential for 

Gambierdiscus species to extend their range into temperate latitudes. Indeed, the 

relationship between latitude and Tmin temperature for growth of Gambierdiscus species 

is stronger than with the T µmax or Tmax temperatures for growth (Figure 3.6). The average 

Tmin of Gambierdiscus species included in our study was 17.1 °C and 18.0 °C for other 

studies (Figure 3.8), which is much lower than temperatures experienced in tropical 

marine habitats. Interestingly, monthly average temperatures at the temperate isolation 

location from this study (Merimbula), can drop as low as 12 °C (Figure 3.6), suggesting 

Gambierdiscus species can survive temperatures well below their estimated minimum 

temperature for growth.   
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Overall, maximum growth of Australian strains of Gambierdiscus occurred at 

temperatures between 23.8 and 26.5 °C (Table 3.2). In comparison, other studies have 

found maximum growth at temperatures between 23.8 and 31.1 °C (Figure 3.8; Kibler et 

al. 2012; Tawong et al. 2016; Xu et al. 2016; Yoshimatsu et al. 2016; Yoshimatsu et al. 

2014). Despite this variation in the temperature at which maximum growth occurs, the 

thermal niche of Gambierdiscus species across the genus is fairly consistent. Generally, 

growth can occur at temperatures between 15 and 30 °C (Figure 3.8), reflecting the typical 

tropical distribition of the genus.  

 

 

 

 

 

 

Figure 3.8. Temperature, salinity and irradiance niche of Gambierdiscus strains in this 

study compared to other studies. Black bar indicates µmax , grey bar indicates region of 

maximum growth (>80% of µmax ) and white bar indicates region of growth. Y-axis shows 

Gambierdiscus species name and abbreviation of isolation locations. Note: irradiance 

values up to 400 µmol photons m-2 s-1 only included in figure.  

Isolation location abbreviations are as follows: HI, Heron Island, Australia; MER, Merimbula, Australia; 

MI, Mariana Islands; USA, United States of America; SI, Society Islands; KIR, Kiribati; VI, Virgin Islands; 

JP, Japan; HAW, Hawaii; BEL, Belize; TL, Thailand; NC, North Carolina; MAR, Martinique 
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3.5.3 Salinity 

Defining the salinity niche of a marine microalgal species can provide insight into habitat 

preferences and when considering HAB species, can identify potential high-risk 

environments (e.g. reef flats, island lagoons, estuaries that have a gradient in salinity). 

Gambierdiscus species are traditionally thought to inhabit tropical reef environments (e.g. 

Litaker et al. (2010)), although have been increasingly reported from seagrass dominated 

lake or estuarine systems (Chapter 2; Lugomela 2006; Shah et al. 2010). In our study, S 

µmax was between 31.0 and 33.0, except for one strain of G. lapillus (UTSHI2B6) that 

had a brackish water preference (26.0). The cause of this disparity between strains of G. 

lapillus is not known but highlights intraspecific differences that can occur between 

strains isolated from the same location at the same time. Interestingly, the S µmax of 

Gambierdiscus strains occurs at salinities lower than oceanic 35 (Figure 3.8) but taxa 

have an optimum range (Sopt) which extends well beyond this value (i.e. 26 to 40) (Figure 

3.8).  

The Smin and Smax is also important in predicting habitats where Gambierdiscus can occur. 

The Smin of Gambierdiscus species from our study was between 10 and 20 (Figure 3.3). 

Although these values show divergence, they demonstrate that Gambierdiscus species 

isolated from Australia can grow at salinity levels well below seawater and can therefore 

also occupy habitats with freshwater inputs such as estuaries. The Smax, although variable, 

was greater than 38 for all strains (Figure 3.3), indicating these species can also occur in 

habitats typical of the distribution of the genus (e.g. marine reef habitats). There were 

also no differences in the salinity niche found between strains of Gambierdiscus 

established from the tropical reef habitat and the temperate seagrass dominated coastal 

embayment in this study (Figure 3.3). The salinity niche estimated from other studies is 
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also very broad ranging from 10 to 57 (Figure 3.8), suggesting these findings are not 

unique to Australian strains of Gambierdiscus.  

For the interpretation of these laboratory data, it is important to consider that reaction 

norms and model fits produce optimal results when there are large differences in growth 

between treatments. The capacity to accurately extrapolate the minimum and maximum 

niche for growth is therefore hindered when growth responses are low or the number of 

treatments are limited. Evidence of this can be seen in some of the salinity niche width 

estimates from this study where a greater resolution of tested salinities would have more 

accurately defined the niche limits. Nonetheless, reaction norms and model fits have 

accurately captured optimum growth conditions for the taxa in this study and are a valid 

method for investigating how environmental variables influence growth of microalgal 

species.  

3.5.4 Irradiance 

Microalgae are photosynthetic organisms that derive energy from light. Light or 

irradiance levels can vary enormously with water depth and can ultimately regulate the 

vertical distribution of epibenthic marine microalgae. In our study, growth was measured 

across a gradient of irradiance ranging from 10 to 200 photons m-2 s-1 and maximum 

growth (I µmax) was achieved at ~100 µmol photons m-2 s-1 (Figure 3.4). There is 

enormous diversity in the growth response of Gambierdiscus strains to irradiance 

reported in the literature (Figure 3.8). Some studies find maximum growth occurs at 

irradiance levels as low as 49 µmol photons m-2 s-1 (G. australes, Kibler et al. (2012)) 

and as high as 427 µmol photons m-2 s-1 (G. sp. type 3, Yoshimatsu et al. (2016)). 

However, direct comparisons are made difficult by the different designs of irradiance 

experiments (e.g. different light sources, treatment levels and methods of irradiance 
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measurement, growth medium, temperature and light interactions). A general comparison 

of all Gambierdiscus strains and species reveals that the optimum range for growth is 

between 50 and 400 µmol photons m-2 s-1 and growth can occur at irradiance levels as 

low as 10 µmol photons m-2 s-1 (Figure 3.8). 

Gambierdiscus species are commonly found in shallow water habitats where irradiance 

levels are high, therefore the relative preference for low irradiance levels is interesting. It 

is not known why Gambierdiscus species favour the benthic environment but some 

hypothesise it is advantageous for optimising exposure to irradiance. Villareal & Morton 

(2002), speculate that substrate association may allow epibenthic dinoflagellates to 

occupy microhabitats within the thalli of macrophytes allowing for adjustment to the level 

of irradiance as required. However, others have suggested that the large amount of mucus 

produced by epibenthic dinoflagellates is a mechanism to shield cells under high 

irradiance conditions (Ballantine, Tosteson & Bardales 1988; Heil, Maranda & Shimizu 

1993).  

Another important implication of the ability of Gambierdiscus species to grow under low 

irradiance conditions is that deep water habitats are also able to be occupied. Based on 

irradiance reaction norm experiments, Yoshimatsu et al. (2016) concluded 

Gambierdiscus can grow at depths of up to 87 m. This expansive vertical distribution of 

Gambierdiscus species has vast implications for the area that can be occupied in a given 

location and the maximum population size of a given region and could influence the type 

of marine fish species able to accumulate the CFP causing toxins produced by the 

microalgal cells.  

 

 



 

 
Chapter 3   91 

3.5.5 Future work 

The environmental niche of 41 strains of Gambierdiscus representing nine described 

species and seven ribotypes have now been described (this study, Kibler et al. 2012; 

Tawong et al. 2016; Xu et al. 2016; Yoshimatsu et al. 2016; Yoshimatsu et al. 2014). 

Although this is an enormous effort, many species remain to be examined and the huge 

diversity in growth responses of Gambierdiscus strains from the same species, mean 

species-specific niches remain difficult to accurately define. Nonetheless, genus specific 

environmental niche estimates are broadly consistent and support the currently 

recognised tropical to subtropical distribution. They do however also show, that 

occupation of temperate habitats is possible. To further refine our current understanding 

of the distribution of the organisms involved in CFP, it will be important to focus on 

defining the environmental niches of highly toxic Gambierdiscus species in the future. 

These results can be then be used to model the risk of CFP under current and future 

climate conditions (Kibler et al. 2017).  

There are some important considerations which must be made when transferring the 

results of environmental niche estimates to evaluations of species ditributions. The first 

is that laboratory experiments were completed under nutrients replete conditions which 

can affect how species respond to environmental extremes and may not reflect responses 

in nature where resources are limiting. The second, is that the laboratory exeriments were 

also conducted under constant temperature, salinity and irradiance levels. Again, this may 

not reflect natural conditions which are variable and therefore may overestimate growth. 

It is therefore anticipated that the described fundamental niche may differ from the 

realised niche and should be considered when assessing the risk of CFP in a location. It 

is ultimately toxin production which will affect the risk of CFP in a particular area so 
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future work should also focus on the relationship between environmental parameters, 

including biological interactions, and toxin production.



 

 
Chapter 4  93 

 

 

 

 

 

Chapter 4 Hitchhiking in the East Australian 

Current – rafting as a dispersal mechanism 

for harmful epibenthic dinoflagellates 
 

 

 

 

 

 

 

 

 

 

 



 

 
Chapter 4  94 

4 Hitchhiking in the East Australian Current – 

rafting as a dispersal mechanism for harmful 

epibenthic dinoflagellates 
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4.1 Abstract 

Due to their small size, drifting marine microorganisms have large dispersal capacity in 

the global ocean. However, it is not known how epibenthic microalgae disperse across 

long distances, because they are generally associated with a substrate. This study 

examined a long-term data series (~50 years) of microalgal composition from a coastal 

station in south east Australia, for the presence of epibenthic dinoflagellates in the 

plankton. In addition, drifting macrophytes and plastic debris were collected from the 

East Australian Current, the associated microalgal taxa identified, their viability assessed, 

and phylogenetic analyses to identify cryptic harmful epibenthic dinoflagellate species 

were used. There were no occurrences of epibenthic dinoflagellates from the genera 

Gambierdiscus, Fukuyoa, Ostreopsis, and Coolia at the long-term coastal station. It was 

therefore concluded that entrainment of cells in ocean currents is an unlikely mechanism 

for transportation of these taxa. The epibenthic microalgal community associated with 

macrophyte rafts and plastic debris was primarily comprised of diatom taxa. However, 

intact cells of potentially harmful epibenthic dinoflagellates from the genera Coolia, 

Amphidinium, and Prorocentrum were also observed, and their viability confirmed by 

division of isolated cells and establishment into clonal cultures. Phylogenetic analyses 

confirmed the presence of Coolia palmyrensis on a drifting Sargassum sp. raft, which 

constitutes the first report of this potentially harmful epibenthic species in temperate 

Australian waters. This study shows that harmful epibenthic dinoflagellates can attach to, 

and remain viable when associated with macrophyte fragments that drift in the open ocean, 

therefore revealing rafting as a potential vector for dispersal of these organisms. 
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4.2 Introduction 

Dinoflagellates are a frequent part of microalgal communities in the photic and benthic 

zones of the world’s coastal waters and oceans. A range of species, known as ‘harmful’ 

dinoflagellates, can produce potent toxins that accumulate in the food web (e.g., filter-

feeding shellfish) and when consumed by humans, can cause food related illnesses (Van 

Dolah 2000). Epibenthic dinoflagellates occupy the benthic environment, living in close 

association with the benthos or substrates such as a macrophytes. These organisms have 

been implicated in several human related illnesses ranging from respiratory (Durando et 

al. 2007) and dermatologic (Tubaro et al. 2011) conditions and Ciguatera Fish Poisoning 

(CFP) (Yasumoto et al. 1979).  

Over the past decade, there has been considerable research focus on understanding the 

taxonomy of the main epibenthic dinoflagellate genera Gambierdiscus Adachi & Fukuyo 

(Adachi & Fukuyo 1979), Fukuyoa Gómez, Qui, Lopes & Lin (Gómez et al. 2015), 

Ostreopsis Schmidt (Schmidt 1901), Coolia Meunier (Meunier 1919), Prorocentrum 

Ehrenberg (Ehrenberg 1834) and Amphidinium Claparède & Lachmann (Claparède & 

Lachmann 1859). Each can easily be identified to genus level based exclusively on cell 

morphology using a light microscope, however large morphological similarities between 

species within some genera (e.g. Gambierdiscus, Fukuyoa, Ostreopsis and Coolia) mean 

phylogenetic analyses are often necessary to resolve identification to species level 

(Accoroni et al. 2016; Karafas, York & Tomas 2015; Litaker et al. 2009).  

More recently, epibenthic dinoflagellate research has shifted to ecological studies aimed 

at understanding current and future species distributions (Kibler et al. 2012; Kibler et al. 

2015; Xu et al. 2016).  As a result, there is growing evidence that harmful epibenthic 

dinoflagellates are extending their range from tropical to more temperate locations in both 
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the northern and southern hemispheres (Aligizaki, Nikolaidis & Fraga 2008; Berdalet, 

Vila & Abós-Herrandiz 2015; Kohli et al. 2014). However, the natural and human-

assisted vectors facilitating this range extension remain relatively unexplored. 

Due to their small size, marine micro-organisms have the potential to be dispersed long 

distances, suspended in ocean currents (McManus & Woodson 2012). It has been 

suggested that harmful epibenthic dinoflagellates may also be dispersed in this way 

(Heimann, Capper & Sparrow 2011; Murray et al. 2014; Sparrow et al. 2017); however, 

their association with a substrate makes planktonic drift of free-living cells an unlikely 

mechanism of transport. A more likely method of dispersal is ‘rafting’. This involves 

organisms being transported while attached to floating materials and is already a 

recognised long distance dispersal mechanism for many sentinel marine species (Thiel & 

Gutow 2005a, 2005b). These floating materials, or rafts, can have a biotic origin (e.g. 

macrophytes) or an abiotic origin (e.g. litter and plastics) (Thiel & Gutow 2005a, b), and 

both have the potential to disperse harmful epibenthic dinoflagellates (Besada et al. 1982, 

Bomber et al. 1988, Masó et al. 2003, Masó et al. 2016).  After observing the poor 

swimming ability and nonplanktonic habit of epibenthic dinoflagellates, Besada et al. 

(1982) were the first to propose rafting as the most likely dispersal mechanism for these 

organisms. Investigations then followed and epibenthic dinoflagellates were found to be 

associated with drifting macrophyte fragments collected in the Florida Straits (Bomber et 

al. 1988), and marine plastic debris collected along the Catalan coast in the north-western 

Mediterranean (Masó et al. 2003, Masó et al. 2016).  However, whether viable epibenthic 

dinoflagellates could remain associated with, and be transported by, rafts in open ocean 

environments is not known.    

The East Australian Current (EAC) is the western boundary current of the South Pacific 

Ocean, originating in the tropical Coral Sea and flowing southward along the edge of the 
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eastern Australian continental shelf (Ridgway 2007). Marine organisms such as reef fish 

are frequently transported from tropical to temperate latitudes in eastern Australia via the 

EAC (Booth et al. 2007). Like other western boundary currents, the EAC is increasing its 

poleward extension (Suthers et al. 2011; Wu et al. 2012; Yang et al. 2016), transporting 

more tropical water into temperate latitudes. Range extensions facilitated by this 

strengthening of the current have already been reported for a number of marine organisms 

including coastal fish (Last et al. 2011), invertebrates (Banks et al. 2007; Ling et al. 2009), 

zooplankton (Johnson et al. 2011) and kelp (Coleman et al. 2011) and could also aid range 

extensions of epibenthic dinoflagellates. This current was therefore used as a case study 

to investigate the potential for long distance dispersal of epibenthic dinoflagellate species, 

both suspended in the plankton and via rafting. 

The influence of the EAC on the temperate southeast Australian pelagic ecosystem has 

been monitored at a historic time series station, Port Hacking (PH100), for over 70 years 

(Thompson et al. 2009). PH100 is located ~5 km from the coast at a depth of 100 m 

(Figure 4.1), and is routinely sampled for hydrographic and biological parameters, 

including phytoplankton species composition (http://imos.org.au). Given that the fraction 

of EAC water at PH100 increased during the decade 1997 to 2007 (Thompson et al. 2009), 

this station provides a relevant point of reference to assess the abundance of epibenthic 

dinoflagellates in the water column versus their abundance on rafts.  

In this study, our objective was to sample rafts of biotic and abiotic origin during an 

oceanographic voyage, and quantify their capacity to transport viable cells of epibenthic 

dinoflagellates. We then assessed this against the backdrop of epibenthic dinoflagellate 

diversity and abundance detected in the plankton at the PH100 station over the previous 

50 years, to evaluate rafting as a natural dispersal vector for epibenthic dinoflagellates.  
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4.3 Methods 

4.3.1 Presence of epibenthic dinoflagellates in the Port Hacking (PH100) 

time-series (1965-2013)  

Port Hacking 100 m Station (PH100) is a long-term observing station located on the 

continental shelf of south east Australia (34.120 °S, 151.224 °E) (Figure 4.1). This station 

is regularly influenced by the East Australian Current (EAC) and can therefore be used 

to investigate microalgal species composition and transport in this dynamic western 

boundary current system (Thompson et al. 2009, Ajani et al. 2014a, b). The time-series 

used in this study was a combination of datasets from the Port Hacking National 

Reference Station (1965-2009) and the Integrated Marine Observing System (IMOS) 

National Reference Station (NRS) Network (same location, 2009-2013), and was 

combined and curated as described in Ajani et al. (2016). The five datasets included 

weekly sampling between April 1965 - April 1966 (Grant and Kerr 1970); weekly 

sampling between April 1978 - April 1979 (Hallegraeff 1981); weekly sampling between 

April 1997 - April 1998 (Ajani et al. 2001); monthly sampling between September 1998 

- December 2009 (Ajani et al. 2014a, b); and monthly sampling between February 2009 

- December 2013 (imos.aodn.org.au). For a detailed description of the sample collection 

methodology, see Ajani et al. (2016). Briefly, samples were collected either as discrete 

bottle samples from 0 - 50 m (Grant & Kerr 1970, Hallegraeff 1981, Hallegraeff & Reid 

1986) or by 50 m or 100 m vertical haul with a 37 m or 20 m mesh net (Ajani et al. 

2001, Ajani et al. 2014a, b). Samples were preserved, and microscopic examination was 

performed to identify and enumerate microalgal taxa.  

This extensive 50-year database consisting of 267 individual samples, was searched for 

occurrences of epibenthic dinoflagellate cells from the genera Amphidinium, Ostreopsis, 
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Coolia, Prorocentrum, Gambierdiscus and Fukuyoa. Their presence in the plankton at 

PH100 would therefore suggest that cells had either been advected to the site from local 

shallow water habitats after being suspended from the benthos or transported from more 

distant sites via the plankton. As the genus Prorocentrum comprises some species which 

are pelagic and others which are epibenthic, only species which were described as 

benthic/epibenthic in Hoppenrath et al. (2014) or Hallegraeff et al. (2010) (e.g. 

Prorocentrum lima, P. rhathymum and P. clipeus), or were not defined as being either 

benthic/epibenthic or pelagic (Prorocentrum spp.) were included in the analyses. The 

percent occurrence rate of epibenthic dinoflagellates was calculated by dividing the 

number of samples where the genus occurred with the total number of samples in the 50-

year record and multiplying by 100. 
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Figure 4.1. (a) Map showing the location of the Port Hacking 100 m Station (PH100) and 

the sampling location of rafts collected in the East Australian Current (EAC) and an eddy 

and (b) map of the Sea Surface Temperature (SST) during collection of raft samples on 

the oceanic voyage between Brisbane and Sydney in June 2015. Data for (b) sourced from 

IMOS http://oceancurrent.imos.org.au/sst. 

 

4.3.2 Presence of epibenthic dinoflagellates on ocean rafts 

4.3.2.1 Raft collection and sample processing 

Drifting macrophyte and plastic debris rafts were collected in horizontally towed 1 m2 

neuston nets and occasionally from a 1 m2 towed multiple opening and closing net in the 

upper 100 m, at sites within the EAC and associated oceanographic features (e.g. 

mesoscale eddies) during a voyage (IN2015_V03) from Brisbane to Sydney on the RV 

Investigator in June 2015 (Figure. 4.1). Floating debris in a single horizontal net tow, 
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sometimes comprising multiple macrophyte species, was combined into a single sample 

and recorded as a single raft. Rafts were then processed by being placed into a plastic 

sealable bag with a volume (150 mL to 500 mL) of 0.2 µm filtered seawater. Epiphytes 

were vigorously shaken from the surface of the rafts for approximately one minute and 

15 mL of the suspended organisms were preserved with Glutaraldehyde solution to a final 

concentration of 1% (v/v). Macrophyte raft samples were oven dried for preservation. 

The rest of the suspension was incubated at 20 C, under ~50 µmol photons m-2 s-1 light 

before being examined under the microscope for cell isolations. 

To evaluate the relationship between the type and size of rafts and associated microalgae 

abundance and diversity, raft samples were graded with a size and complexity score to 

take into account differences in surface area and texture. Each sample was given a score 

ranging from 1 to 4, describing the raft size (1 = very small (< 5 cm2), through to 4 = 

large (> 20 cm2)), and a score describing raft complexity (1 = single species with flat 

blades, through to 4 = complex leaf structure such as Sargassum sp.). Scores for 

individual rafts were then combined to get a total raft index score (see Supplementary 

Figure 4.1. for examples).  

4.3.2.2 Identification and enumeration of the microalgal 

community associated with rafts 

Glutaraldehyde preserved samples were concentrated from 15 mL to 2 mL by 

sedimentation for 48 hours and microalgae taxa identified to the lowest possible 

taxonomic level using a Sedgewick Rafter counting chamber under an  inverted light 

microscope (maximum magnification x 1000) fitted with phase contrast (Nikon Eclipse 

TS100, Japan). Cells were counted to a threshold of 100 and the entire chamber scanned 

for the presence of rare taxa. The number of cells per raft was calculated from the initial 
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volume of filtered seawater added. Taxa were determined to be benthic/epibenthic based 

on classification by Hoppenrath et al. (2014) and Hallegraeff et al. (2010). Differences 

among the epibenthic microalgal community associated with raft samples were visualised 

using Multi-Dimensional Scaling (MDS) in Primer v6.1.16 (Clarke & Warwick 2001) 

and significance tested for using ANOSIM (p < 0.01). 

To examine whether epibenthic dinoflagellate cells associated with rafts were viable, 

single cells were isolated from a Sargassum spp. raft samples using the micropipette 

technique (Andersen & Kawachi 2005) under an inverted light microscope (Nikon 

Eclipse TS100, Japan). Established monoclonal cultures were maintained in modified K 

medium (Litaker et al. 2009) made from sterile aged natural seawater at a salinity of 32 

at 24 C, under ~100 µmol photons m-2 s-1 on a 12:12 light:dark cycle. 

4.3.2.3 Phylogenetic analysis of cryptic harmful epibenthic 

dinoflagellate species associated with rafts 

Due to the strong morphological similarity amongst some epibenthic dinoflagellate taxa, 

a detailed phylogenetic analysis was conducted to identify the established strain of Coolia. 

Other monoclonal isolates could be identified by light microscopy using an inverted light 

microscope (Nikon Eclipse TS100, Japan). Cells from 100 mL of the Coolia culture were 

pelleted by centrifugation at 3000 g for 10 min and DNA was extracted using a 

PowerSoilDNA Extraction Kit (Mo Bio, USA), following the manufacturer’s instructions. 

Extracted DNA was sent to a commercial service (Australian Genomic Research Facility 

(AGRF), Queensland, Australia) where the D1-D3 region of the LSU rDNA was 

amplified using primers D1R-F (Scholin et al. 1994) and D3-R (Nunn et al. 1996) using 

the conditions described in Rhodes et al. (2014). Amplification products (~ 950 bp) were 

purified and sequenced in both directions.  
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Phylogenetic analyses were conducted in Geneious v9.1.5 (Kearse et al. 2012). Publicly 

available sequences of Coolia spp. and Ostreopsis spp. were downloaded from GenBank 

(www.ncbi.nlm.nih.gov) and aligned with the sequences obtained from this study using 

the MUSCLE algorithm (maximum number of iterations 8) (Edgar 2004), with 

Ostreopsis spp. sequences used as out-groups. Sequences were truncated to 756 bp and a 

maximum likelihood phylogenetic tree was generated using PHYML with 1,000 

bootstraps (Guindon & Gascuel 2003) using a GTR substitution model and an estimated 

gamma distribution. Bayesian analyses was performed using MrBayes 3.2.6 

(Huelsenbeck & Ronquist 2001) by means of the GTR+G (general-time reversible with 

gamma-shaped among-site variation) model. Alignment analyses were carried out in four 

simultaneous runs with four chains each for 3.1 x 106 generations, sampling every 1,000 

trees and 1,000 trees were discarded as burn in.  

 

4.4 Results 

4.4.1 Presence of epibenthic dinoflagellates in the Port Hacking (PH100) 

time-series (1965-2013) 

There were no occurrences of epibenthic dinoflagellates from the genera Gambierdiscus, 

Fukuyoa, Ostreopsis, or Coolia in the PH100 microalgal database. However, genera such 

as Amphidinium and Prorocentrum which contain both pelagic and epibenthic taxa were 

detected. Amphidinium spp. occurred in 17 of 267 (6%) samples and Prorocentrum spp. 

occurred in 78 of 267 (30%) samples (Supplementary Figure 4.1).  Epibenthic 

Prorocentrum taxa (e.g. Prorocentrum lima), occurred in 3 of 267 samples (1%) 

(Supplementary Figure 4.1).  
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4.4.2 Presence of epibenthic dinoflagellates on ocean rafts 

Fifteen raft samples were collected from the oceanographic region influenced by the East 

Australian Current (EAC) and associated ocean water masses off the continental shelf of 

New South Wales, Australia (i.e. >200 m isobath). Thirteen of the fifteen rafts were 

collected in an eddy and the remaining two were collected in the EAC (Table 4.1). Twelve 

samples were macrophytes including seagrasses (Posidonia spp. and Zostera spp.) and 

macroalgae (Hormosira spp. and Sargassum spp.). There was one sample of pumice, a 

terrestrial plant fragment (small tree branch), and a sheet of plastic.  

The composition and abundance of microalgal communities associated with rafts of 

seagrass, macroalgae, and the plastic sheet were very similar, but distinct from the 

communities present on the pumice and small tree branch (ANOSIM, p < 0.01; Figure 

4.2). The top six taxa driving these differences included the diatoms Grammatophora 

marina, Licmophora cf. abbreviata, Navicula spp., Plagiotropis sp., Leptocylindrus sp., 

and the dinoflagellate Amphidinium spp.. 

Raft size and complexity was linearly positively correlated with both the abundance 

(r2=0.27) and diversity (r2=0.38) of associated microalgal taxa, with larger and more 

complex rafts (of any type) harbouring more abundant and diverse microalgal taxa 

(Figure 4.3 a and b).  
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Table 4.1. Type of rafts collected in the East Australian Current (EAC) and associated 

oceanographic features (e.g. eddies), with the environmental conditions and location of 

sampling sites. Note that some samples contained more than one type of raft and were 

identified to genus level when possible. 

 

Rafts 
Collection 
Location 

Temperature 
(C) 

Salinity  
Latitude 

(°S) 
Longitude 

(°E) 

Seagrass 1 Eddy 21.1 35.5 -32.39563 153.07483 
Seagrass 2 Eddy 21.1 35.5 -32.39563 153.07483 
Seagrass 3 Eddy 20.7 35.5 -32.39920 153.12806 
Seagrass 4 Eddy 20.7 35.5 -32.39920 153.12806 
Seagrass 5 Eddy 20.7 35.5 -32.39920 153.12806 
Seagrass 6 Eddy 20.8 35.5 -32.35212 153.05226 
Seagrass 7 Eddy 20.4 35.6 -32.44710 153.19540 
Seagrass 8 Eddy 20.2 35.8 -32.46802 153.23935 
Macroalgae/ 
seagrass 1 

Eddy 20.4 35.6 -32.44710 153.19540 

Macroalgae/ 
seagrass 2 

Eddy 20.2 35.7 -32.46802 153.23935 

Macroalgae 
/seagrass 3 

Eddy 20.4 35.6 -32.44752 153.22234 

Sargassum sp. EAC 21.3 35.7 -32.47680 153.42200 
Small tree 
branch 

EAC 21.6 35.7 -32.41252 153.37844 

Pumice Eddy 20.7 35.6 -32.43980 153.18450 
Plastic Eddy 20.4 35.6 -32.44710 153.19540 
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Figure 4.2. Non-metric Multi-Dimensional Scaling (nMDS) plot showing differences in 

the microalgal community composition associated with different rafts based on raft type. 

 

Overall, the microalgal community associated with rafts was dominated by diatoms 

(Figure 4.3 a), with many taxa classified as epibenthic (e.g. Bacillaria paxillifera, 

Cocconeis sp., Cylindrotheca closterium, Grammatophora marina, Licmophora cf. 

abbreviata, Navicula spp. and Striatella spp.) (Table 4.2 and Figure 4.4 a). Some pelagic 

taxa were also present, possibly due to entrainment in the complex three dimensioanl 

structures of some rafts. Potentially harmful epibenthic dinoflagellate taxa were the next 

most abundant group. Prorocentrum cf. clipeus, Prorocentrum lima, Prorocentrum 

rhathymum, and Coolia spp. were found to be associated with 5 of 15 rafts (33 %) and 

Amphidinium spp. with all rafts. As clonal isolates of algae were only established from 

one raft, the overall proportion of rafts from which we have confirmed a toxic epibenthic 

dinoflagellate is 6%. ‘Other’ taxa (cyanobacteria) were also present in some samples 

(Table 4.2 and Figure 4.4), contributing least to microalgae abundance (Figure 4.4 b). 
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The viability of microalgal cells was confirmed by the establishment of six clonal isolates 

from raft samples. Cultures of Amphidinium cf. carterae, Amphidinium cf. operculatum, 

Prorocentrum lima, and Coolia sp. (Figure 4.5) were established into culture after being 

isolated from a macroalgal raft of Sargassum sp. (Figure 4.6).  

The identity of the Coolia isolate was confirmed using the LSU D1-D3 region, a widely 

used marker region of the rDNA capable of distinguishing Coolia species (Jeong et al. 

2012; Karafas, York & Tomas 2015; Leaw et al. 2010). Phylogenetic analysis of the LSU 

D1-D3 rDNA revealed that the raft strain grouped with other strains of Coolia 

palmyrensis from tropical locations around the world (Figure 4.7), confirming its identity 

and likely low latitude origin.  
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Figure 4.3. Relationship between (a) the richness of microalgal taxa and (b) microalgal 

abundance associated with rafts according to the raft size and complexity (raft index 

score). 
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Figure 4.4. Richness (a) and abundance (b) of the microalgal communities associated 

with rafts drifting in the East Australian Current (EAC) and associated water masses.  
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Table 4.2. Microalgal taxa associated with rafts collected in the East Australian Current 

(EAC) (Table 4.1) and associated water masses. The taxa classified as epibenthic are 

indicated with + symbol, planktonic with a – symbol, and NA denotes when information 

was not available or applicable. 

Class Genus/Species Epibenthic 

Bacillariophyceae Achnanthes longipes C.Agardh, nom. illeg. NA  
Amphora spp. Ehrenberg ex Kützing, 1844 +  
Bacillaria paxillifera (O.F.Müller) T.Marsson +  
Climacosphenia moniligera Ehrenberg NA  
Cocconeis sp. Ehrenberg, 1836 +  
Cylindrotheca closterium (Ehrenberg) Reimann & 
J.C.Lewin 

+ 
 

Grammatophora marina (Lyngbye) Kützing +  
Haslea sp. Simonsen, 1974 +  
Lauderia annulata Cleve -  
Leptocylindrus spp. Cleve, 1889 -  
Licmophora cf. abbreviata C.Agardh +  
Licmophora spp. C.Agardh, 1827, nom. et typ. 
cons. 

+ 
 

Melosira sp. C.Agardh, 1824, nom. cons. +  
Melosira varians C.Agardh +  
Navicula spp. Bory, 1822 +  
Nitzschia longissima (Brébisson) Ralfs +  
Plagiotropis sp. Pfitzer, 1871 NA  
Pleurosigma W.Smith, 1852, nom. et typ. cons. +  
Striatella sp. C.Agardh, 1832 +  
Striatella cf. unipunctata (Lyngbye) C.Agardh +  
Synedra sp. Ehrenberg, 1830 NA 

 Unidentified pennate NA 
Dinophyceae Amphidinium cf. operculatum + 
 Amphidinium spp. É.Claperède & J.Lachmann, 

1859 
+ 

 Heterocapsa sp. F.Stein, 1883 -  
Prorocentrum cf. clipeus Hoppenrath +  
Prorocentrum lima (Ehrenberg) F.Stein +  
Prorocentrum rhathymum A.R.Loeblich III, 
Sherley & Schmidt 

+ 
 

Coolia palmyrensis Karafas, Tomas & York + 
Cyanophyceae Unidentified Oscillatoriales NA 
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Figure 4.5. Images of clonal epibenthic dinoflagellates cultures established from a 

macrophyte raft samples of Sargassum sp. collected drifting in the East Australian 

Current (EAC), a) Coolia palmyrensis b) Prorocentrum lima, c) Amphidinium cf. 

operculatum and d) Amphidinium cf. carterae. Scale bar = 10 µm.  

 

 

 

Figure 4.6. Sargassum sp. raft from which the Coolia sp., Amphidinium spp., and 

Prorocentrum sp. strains were isolated for cell viability assessment. Image (a) shows raft 

prior to processing and image (b) shows a close-up image of the raft. 
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Figure 4.7. Maximum likelihood tree of the Coolia culture (UTSR7) isolated from 

Sargassum sp. raft sample collected drifting along the East Australian Current (EAC), 

showing alignment of the partial LSU rDNA sequences (D1-D3 region). Values at the 

nodes represent Maximum Likelihood bootstrap and Bayesian posterior probability 

support. 
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4.5 Discussion 

Planktonic microorganisms are not typically considered to be dispersion limited in the 

ocean, due to their small size, vast population sizes, and pelagic lifestyle, all of which 

facilitate their transport in ocean currents. Epibenthic dinoflagellates, however, are 

closely associated with the benthos or substrates such as macrophytes, and therefore, 

planktonic dispersal of free-living (unattached) cells is less likely. This study used two 

lines of evidence to show that rafting is a natural mechanism for long distance transport 

of epibenthic dinoflagellates: (1) the relatively high prevalance of epibenthic taxa 

associated with drifting macrophytes collected on an oceanographic voyage; and (2) their 

virtual absence in the water column at a coastal site over 50 years.  

Earlier investigations demonstrated the association of epibenthic dinoflagellates with 

biotic or abiotic rafts in shallow and sheltered waters (Bomber et al. 1988, Masó et al. 

2003). However it was not known if these organisms could remain associated with and 

be transported by rafts in open ocean environments.This study found intact cells of six 

taxa of epibenthic dinoflagellates from three genera (Coolia, Prorocentrum and 

Amphidinium) on macrophyte rafts drifting in a major western boundary current, and 

confirmed their viability by establishing laboratory cultures of species from all three 

genera. These findings therefore demonstrate that viable cells of epibenthic 

dinoflagellates can remain associated with macrophyte rafts as they are transported 

offshore, confirming that rafting represents a natural means by which these organisms 

could extend their distribution, particularly from tropical to more temperate locations 

when entrained in ocean boundary currents. 

New cultures of epibenthic dinoflagellate species from the genera Amphidinium, 

Prorocentrum and Coolia were established from a Sargassum sp. raft sample collected in 
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this study. Prorocentrum is a very diverse genus that includes both planktonic and 

epibenthic species (Hoppenrath et al. 2013) and is widely distributed throughout Australia 

(Heil et al. 2004; Morton, Norris & Bomber 1992; Murray, Nagahama & Fukuyo 2007) 

and the world (Hoppenrath et al. 2013). Similarly, Amphidinium is broadly distributed in 

Australia (Murray et al. 2004; Murray & Patterson 2002) and globally (Berland, Grzebyk 

& Thomassin 1992; Lee et al. 2003). This genus is considered primarily epibenthic but is 

frequently reported in the plankton, likely due to misidentification or taxonomic 

uncertainty (Jørgensen, Murray & Daugbjerg 2004; Murray et al. 2004). In comparison, 

species from the genus Coolia have only been found associated with epibenthic 

environments and although the genus has a seemingly global distribution, some species 

have a more restricted range (Leaw et al. 2016). There is only one study describing the 

taxonomic identity of Coolia from Australia (Momigliano et al. 2013), thus the culture of 

Coolia isolated from the Sargassum sp. raft sample in this study was examined in more 

detail.  

This investigation provided the first reports of Coolia palmyrensis, in temperate Australia. 

Coolia palmyrensis is a newly described, mildly toxic species (Karafas, York & Tomas 

2015) and has so far only been reported to have a tropical distribution, recorded at 

Palmyra Atoll in the North Pacific Ocean and the Dominican Republic in the Caribbean 

Sea (source locations for description) (Karafas, York & Tomas 2015). However, 

sequences available in Genbank (www.ncbi.nlm.nih.gov) suggest that the distribution 

might extend to Hong Kong, Fiji, and Spain. C. palmyrensis has also been found in a 

sample from the Central Great Barrier Reef region in Australia (originally described as 

Coolia sp. in Momigliano et al. (2013) but later classified as C. palmyrensis (Gómez et 

al. 2016; Karafas, York & Tomas 2015; Leaw et al. 2016).  While there has not been a 

comprehensive survey of the distribution of C. palmyrensis in Australia, this species has 
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never been described from temperate locations (Leaw et al. 2016), suggesting the origin 

of the Sargassum sp. raft sample collected from the EAC from which the C. palmyrensis 

strain was isolated was probably tropical.   

Other raft samples in this study were collected in an oceanic eddy located at 

approximately 32 S. At latitude 30 – 32 S, the EAC generally separates from the coast 

to form the eastward flowing Tasman Front, with the remaining southwards flow forming 

a series of mesoscale eddies (Mata et al. 2006). These eddies can entrain coastal water 

and organisms and transport rafts of marine macrophytes and debris. The implication is 

that the raft samples collected in the eddy may have been transported directly offshore 

from temperate latitudes rather than upstream tropical locations. Prevailing wind 

direction and strength can also influence the dispersal of floating material (Ruiz-Montoya, 

Lowe & Kendrick 2015) and should be considered when assessing the potential source 

of raft material.  

The size and complexity of raft samples collected in this study were positively correlated 

with both the abundance and diversity of microalgal taxa, as commonly found in a wide 

range of studies considering many different taxa (Thiel & Gutow 2005a, 2005b). 

Furthermore, rafts of macroalgae and seagrass from the genera Sargassum spp., 

Posidonia spp., and Zostera spp. were the most common and the general abundance and 

widespread distribution of these macrophytes in Australia (Christianson et al. 1981; 

Kirkman 1997) suggests that these taxa may have the highest capacity to act as rafts in 

this region. Furthermore, if storm intensity and frequency increases (Barnard et al. 2015), 

the rate of detachment of coastal macrophytes may rise (Witman 1987, Seymour et al. 

1989), thereby increasing the supply of rafts and potential for transportation of associated 

organisms (Macreadie et al. 2011). 
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A study by Masó et al. (2003) was the first to assess whether rafts of abiotic origin, 

specifically marine plastic debris, could harbour harmful microalgae taxa. They found the 

epibenthic dinoflagellates Ostreopsis spp. and Coolia spp. associated with plastic debris 

collected along the Catalan coast in the western Mediterranean. The microalgal 

community associated with the plastic raft sample had a very similar composition to that 

of seagrass and macroalgae, indicating the likely coastal origin of the plastic. This reveals 

the capacity of anthropogenic marine debris to act in a manner similar to that of 

macrophyte rafts, a concern given that abiotic materials such as plastic have low 

decomposition rates, can stay afloat for extended periods and are becoming increasingly 

more abundant in our oceans (Derraik 2002; Eriksen et al. 2014; Haward 2018; Lebreton 

et al. 2018). The ability if millimetre sized marine plastics to act as habitat for 

microorganisms has also recently been investigated (Reisser et al. 2016). Although small, 

these materials were found to have microalgal cells associated with their surface and may 

therefore also act as rafts and could also aid dispersal of harmful epibenthic 

dinoflagellates. Pumice was another type of raft collected during this study. Many small 

clasts of pumice can be generated in a single volcanic event and can travel vast distances 

in ocean currents, making this material an effective rafting agent (Bryan et al. 2012) that 

should also be considered in the future.  

This study contrasted the abundance of potentially harmful epibenthic dinoflagellates on 

rafts with those in the plankton at a time-series location. Epibenthic dinoflagellates were 

virtually absent from a long-term coastal phytoplankton monitoring site located ~5 km 

from the coast. Although it seems unlikely that an epibenthic species would be advected 

in the plankton, it has been the most commonly suggested mechanism for dispersal of 

these organisms to date (Faust & Tester 2004), particularly along the east coast of 

Australia (Heimann, Capper & Sparrow 2011; Murray et al. 2014; Sparrow et al. 2017). 
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This study showed that the epibenthic dinoflagellate Prorocentrum lima was documented 

in only 3 of 267 samples over a fifty-year period (1978, 1979 and 2008). This occurrence 

rate is very low but shows that some unassociated epibenthic dinoflagellate cells can be 

found in surface waters. Therefore, we cannot rule out that planktonic transport via 

drifting of free-living cells may occur for these taxa, but it seems a far less likely 

compared to rafting. 

 

4.6  Conclusion 

In this study, it was shown for the first time that epibenthic dinoflagellates remain viable 

when transported into the open ocean while associated with rafts of both biotic and abiotic 

origin. Rafting is therefore an effective dispersal mechanism for harmful epibenthic 

dinoflagellates and could facilitate geographic range extensions. However, whether rafted 

epibenthic dinoflagellate cells can be delivered to shallow waters and successfully 

colonise new coastal habitats remains an open question and should be a fruitful area of 

future research. 
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4.7 Supplementary Materials 

 

 

 

 

Supplementary Figure 4.1. Percent occurrence of epibenthic dinoflagellates 

from the genera Gambierdiscus, Ostreopsis, Coolia, Amphidinium and 

Prorocentrum as determined from five datasets spanning 50 years from a coastal 

monitoring station (PH100) influenced by the East Australian Current (EAC) in 

south east Australia (1965 to 2015). Red colour shows occurrence of 

Prorocentrum lima as differentiated from unconfirmed species of Prorocentrum 

(Prorocentrum spp.) in blue. 
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Supplementary Figure 4.2. Images of raft samples included in this study as examples.
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5.1 Abstract 

Gambierdiscus is a genus of epibenthic dinoflagellate, of which some species are 

associated with the human illness Ciguatera Fish Poisoning (CFP). Species from this 

genus are typically found in tropical environments though in recent years, populations 

have been documented in more temperate locations, stimulating concern the genus may 

be extending its range. Here we evaluate for the first time, the capacity of Gambierdiscus 

to successfully colonise novel temperate locations. Two strains of Gambierdiscus 

established from tropical eastern Australia representing two species (G. carpenteri and G. 

lapillus), were compared to a strain of G. carpenteri established from a population in 

temperate eastern Australia. Dose response experiments whereby natural and artificial 

epiphytic microalgae assemblages were supplemented with Gambierdiscus cells showed 

that very few propagules are required for successful colonisation (survival and subsequent 

cell division) under optimal environmental conditions for Gambierdiscus growth. There 

was also no difference in the colonisation abilities of the tropical strains of Gambierdiscus 

when compared with the temperate strain, indicating that emigrant populations of the 

genus have similar capacity to colonise temperate locations as a local population. This 

study provides important insight into the risk of temperate range extension of organisms 

that have the potential to cause human harm.  

 

5.2 Introduction 

Common epibenthic dinoflagellate genera include Gambierdiscus Adachi & Fukuyo, 

Fukuyoa Gómez, Qui, Lopes & Lin, Ostreopsis Schmidt, Amphidinium Claparède & 

Lachmann, Prorocentrum Ehrenberg and Coolia Meunier. The dinoflagellate genera, 

Gambierdiscus and Fukuyoa, are of particular interest because some species produce 
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ciguatoxins (CTXs) and related compounds (Adachi & Fukuyo 1979), which have been 

implicated in the human illness Ciguatera Fish Poisoning (CFP) (Yasumoto et al. 1979).  

Gambierdiscus has a tropical to sub-tropical distribution (Litaker et al. 2010), although 

more recently, temperate populations of Gambierdiscus have been documented in the 

North Atlantic Ocean (Aligizaki, Nikolaidis & Fraga 2008), North Pacific Ocean 

(Nishimura et al. 2013) and South Pacific Ocean (Kohli, Murray et al. 2014). It has been 

suggested that these temperate populations represent a range extension of the genus in 

response to, or facilitated by, global climate change (Aligizaki, Nikolaidis & Fraga 2008; 

Heimann, Capper & Sparrow 2011). Certainly, such range shifts have been shown for 

many other marine organisms including sea urchins (Agatsuma & Hoshikawa 2007; Ling 

et al. 2009), anemones (Sagarin et al. 1999), intertidal invertebrates (Pitt, Poloczanska & 

Hobday 2010), fish (Booth et al. 2007; Figueira & Booth 2010; Last et al. 2011) and 

zooplankton (Johnson et al. 2011). While these range extensions are being documented 

increasingly, our understanding of the mechanisms involved is limited. 

Smayda (2002) conceptualised the process of dinoflagellate expansion into new areas and 

described three stages that must be successfully completed for an emigrant microalgal 

species to successfully extend its range. Stage one involves compatibility of the new 

habitat, meaning the environmental conditions must meet the requirements and lie within 

the physiological tolerance range of the emigrant species. Stage two refers to persistence 

of the emigrant species in the new location and is achieved when there is an increase in 

the abundance of descendants of the original founder population. Successful population 

growth can be influenced by the number of propagules originally introduced (a concept 

referred to in the invasion literature as ‘propagule pressure’ (Carlton 2003)). Stage three 

refers to entry into the already established microalgal community at the new location and 

is often achieved when a colonising species is more competitive than at least some of the 
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resident species, or an unoccupied niche is available. This conceptual framework from 

arrival, to growth and co-existence in a new location is used in this study to assess the 

mechanisms involved in temperate range extension of Gambierdiscus. Specifically, the 

ability of Gambierdiscus to persist in natural epibenthic microalgal communities from 

temperate eastern Australia is examined, and the competitive ability of Gambierdiscus 

species in relation to other epibenthic dinoflagellates is evaluated. To our knowledge, this 

is the first study to empirically measure the colonisation capacity of a marine microalga 

and assess this aspect of species range extensions.   

 

5.3 Methods 

5.3.1 Natural epiphytic community colonisation experiment 

Three temperate coastal sites in eastern Australia were chosen for this experiment: Lake 

Macquarie, (33.0539 S, 151.6433 E), Brisbane Water, (33.4641 S, 151.2510 E) and 

Narrabeen Lagoon (33.7231 S, 151.2952 E) (Figure 5.1). The sites were selected as 

they did not have a documented resident population of Gambierdiscus but were locations 

which could feasibly be colonised by Gambierdiscus in the future. Sites were sampled on 

the 13th February 2016, during the austral summer. 

Physicochemical parameters such as water temperature (C), pH, conductivity (mS/cm) 

and dissolved oxygen (DO) (mg/mL) were measured at each site using a multi-parameter 

probe (WTW Multi 3430; Xylem Analytics, Germany) and turbidity (ntu) was measured 

using a turbidity meter (Analite NEP160; McVan Instruments Pty Ltd, Victoria, 

Australia).  
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Figure 5.1. Map showing the isolation location of the epibenthic dinoflagellate strains 

used in this study, Heron Island, Queensland and Merimbula New South Wales (triangles) 

and the sampling for sites for the natural community experiments, Lake Macquarie, 

Brisbane Water and Narrabeen Lagoon, New South Wales, Australia (solid circles). 
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A 30 x 30 cm patch of seagrass (Zostera sp.) (~ 500 g seagrass wet weight) was removed 

from each site and placed in a large ziplock bag. Ambient water was added to the bag and 

the epiphytic community was detached from the surface of the seagrass by vigorously 

shaking and kneading. The suspended material was then poured through a 165 µm mesh 

into a 20 L container to exclude large zooplankton and debris. Ambient water continued 

to be added until 20 L of water was collected, and all epiphytes had been removed from 

the surface of the seagrass. This epiphytic material was the natural community used for 

these experiments. 

A 50 mL subsample was removed and preserved with Lugols iodine solution (~1% final 

concentration) for identification and enumeration of the original epiphytic community. 

Samples were concentrated by sedimentation for 48 h and microalgal taxa identified to 

the lowest possible taxonomic level using a Sedgewick Rafter counting chamber under 

an inverted light microscope (maximum magnification x 1000) fitted with phase contrast 

(Eclipse TS100, Nikon, Japan). When identification to species level was not possible, 

cells were assigned to genus level only. Abundance was estimated by counting to 100 

cells as per Hötzel & Croome (1999) and each sample was scanned for 1 h to enumerate 

rare taxa. A 200 mL aliquot of the natural epiphytic community was added to each 75 

cm2 Tissue Culture Flasks (Falcon, Corning, New York, United States) and randomly 

allocated to treatments that were supplemented with Gambierdiscus cells in a gradient of 

cell concentration (0, 0.1, 1, 2, 5, 10 cells mL-1; n = 3). Macronutrients and trace metals 

were added to each flask at a concentration of 20 % modified K medium (Litaker et al. 

2009) with added silicate at a concentration of f/10 medium (Guillard 1975) at the 

beginning and every six days of the experiment. Three cultures of Gambierdiscus were 

used for this experiment, a tropical strain of G. carpenteri (UTSHI2C4), a temperate 

strain of G. carpenteri (UTSMER9A3) and a strain of G. lapillus of tropical origin 
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(UTSHI2B6). These were selected on the basis that the temperate G. carpenteri may 

represent a population which has already successfully colonised a temperate location and 

may therefore represent a population with a high colonisation ability. The inclusion of 

the same species from a tropical location provided a species-specific comparison. A third 

culture, Gambierdiscus lapillus was included as this strain has been found to produce 

compounds with CTX-like activity (Chapter 2) and has a comparatively fast growth rate 

relative to the other strains that could influence its colonisation ability (Chapter 3). Flasks 

were incubated at temperatures corresponding to the collection site (Table 5.1) in a 

Climatron Plant Growth Cabinet (Thermoline, New South Wales, Australia) under ~100 

µmol photons m-2 s-1 on a 12:12 light:dark cycle. 

 

Table 5.1. Location and water quality information for sites used in natural epiphytic 

community colonisation experiment. 

Site Name 
Lake 

Macquarie 
Brisbane 

Water 
Narrabeen 

Lagoon 

Latitude 33.0539 S 33.4641 S  33.7231 S  
Longitude 151.6433 E 151.2510 E 151.2952 E 
Water Temperature (C) 26.5 27.6 31.1 
pH 8.2 8.5 8.1 
Salinity 30.8 29.2 20.1 
Dissolved Oxygen 
(mg/mL) 

7.4 10.0 7.8 

Turbidity (ntu) 6.7 27.2 300 

 

 

To test the fitness of Gambierdiscus in the absence of the epibenthic community under 

the same environmental conditions, control flasks containing only Gambierdiscus cells 

in water collected from each site were also included in the experiment. To prepare these 
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control (absence of biotic interactions) treatments, particulate material was removed from 

the epiphyte mixture by filtering through glass fibre filter (0.7 µm pore size; Whatman 

GF/F; GE Healthcare; Kent, United Kingdom) and 200 mL was added to triplicate 75 cm2 

Tissue Culture Flasks (Falcon, Corning, New York, United States). Gambierdiscus cells 

were added to yield a final concentration of 10 cells mL-1. The rate of growth of control 

cultures was calculated using the slope of natural logarithm transformed cell abundance 

in the linear portion of the growth curve and a one-way Analysis of Variance (ANOVA) 

was used to test the difference in Gambierdiscus growth between control and community 

treatments (SPSS v24 IBM Corporation, Armonk, New York, USA). 

Gambierdiscus cell abundance in all treatments was estimated every 2-3 days for 18 days. 

This was done by removing a 1 mL aliquot from each replicate and preserving the sample 

in Lugols iodine solution (~1% final concentration). Each sample was then loaded into a 

24 well glass bottom plate (In Vitro Technologies, United States) and left to settle for 1 

h. The base of each well was then imaged using bright field mode and a 20 x objective 

using a high throughput bioimager (IN Cell Analyzer 2200; GE Healthcare, Kent, United 

Kingdom). The number of Gambierdiscus cells in each image was counted manually and 

the number of cells per mL calculated.  

5.3.2 Artificial community colonisation experiment 

To test the competitive ability of Gambierdiscus in terms of other co-occurring epibenthic 

dinoflagellate genera under optimum growth conditions, an artificial community 

colonisation experiment was performed. Cultures of Ostreopsis sp., Coolia sp., 

Prorocentrum sp. and Amphidinium sp. were established from epibenthic microalgal 

samples collected from the surface of seagrass collected at Merimbula Inlet, Australia 

(36.8979 S, 149.9044 E) (Figure 5.1). Epibenthic dinoflagellates were initially 
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identified to genus level using morphological characteristics under an inverted light 

microscope (Eclipse TS100; Nikon, Japan). Single cells were isolated using the 

micropipette technique (Andersen & Kawachi 2005) and monoclonal cultures were 

established in modified K medium (Litaker et al. 2009) made from sterile aged natural 

seawater at a salinity of 32. The flasks were incubated at 24C, under ~100 µmol photons 

m-2 s-1 on a 12:12 light:dark cycle. Isolates were maintained under the same conditions in 

25 cm2 (50 mL) sterile vented polystyrene tissue culture flasks (Falcon, Corning, New 

York, United States), oriented horizontally.  

The mixed artificial epibenthic dinoflagellate community was prepared by combining 

established laboratory cultures of Ostreopsis sp., Coolia sp., Amphidinium sp. and 

Prorocentrum sp.  (Table 5.1), each at a concentration of 10 cells mL-1. The community 

mixture was made in sterile aged natural seawater supplemented with nutrients every six 

days at 20% the concentration of modified K medium (Litaker et al. 2009) and flasks 

were incubated in 25 cm2 Tissue Culture Flasks (Falcon, Corning, New York, United 

States). Cells of Gambierdiscus were added in a concentration gradient (0, 1, 2, 5, 10, 20 

cells mL-1; n = 3) as described above for the natural epiphyte community colonisation 

experiment.  

To examine the effect of condition on the capacity of the founding population to persist 

in a new habitat, there was an additional treatment involving addition of stressed cells to 

a parallel set of flasks. As the health of introduced Gambierdiscus cells could be 

compromised during transportation in a dispersal scenario (e.g., via ocean currents or 

ships’ ballast water), this was intended to be more representative of the colonisation 

process.  
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The pre-treatment involved growing the cultures for 30 days with no added nutrients. 

Chlorophyll a fluorescence was measured using a Water Pulse-Amplitude-Modulated 

fluorometer (WATER-PAM, Walz, Germany) and the maximum quantum yield of PSII 

(Fv/Fm) was used to provide an index of the overall health of the cultures (Schreiber, 

Bilger & Neubauer 1995). A 2 mL sample of each Gambierdiscus culture was measured 

prior to addition to confirm that healthy and stressed inocula had a significant divergence 

in Fv/Fm (p < 0.05) (Supplementary Figure 5.1).  

Controls consisted of each species grown individually (tropical and temperate G. 

carpenteri and G. lapillus (both healthy and stressed), Ostreopsis sp., Coolia sp., 

Amphidinium sp. and Prorocentrum sp.) at a concentration of 10 cells mL-1. Flasks were 

incubated at optimum growth conditions (24 °C, 32 salinity, 100 µmol photons m-2 s-1 on 

a 12:12 light:dark cycle) as previously determined (Chapter 3). Gambierdiscus 

abundance was estimated every three days for 30 days using the same method described 

in the previous experiment, and growth was calculated using the slope of natural 

logarithm transformed cell abundance data from the linear portion of the growth curve. 

Differences in growth rates between taxa were tested using One-way Analysis of 

Variance (ANOVA) in SPSS v24 (IBM Corporation, Armonk, New York, USA). 

5.3.3 Dissolved nutrient analysis 

Dissolved nutrient concentrations were monitored throughout each experiment to confirm 

limitation did not occur. Samples were collected prior to nutrient addition at T0 and each 

subsequent addition (T6, T12, T18 etc) by removing 1 mL from each replicate and placing 

in a 1.5 mL tube (Eppendorf, Germany). Tubes were centrifuged at 3000 g for 5 minutes 

to pellet the particulate material and 250 µL of the supernatant was transferred to a 96 
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multi-well plate (Falcon, Corning, New York, United States) which was stored at - 20°C 

until analysis.  

Nitrate analysis was completed using the colorimetric assay as per Schnetger & Lehners 

(2014), using a 96 multi-well plate reader (Infinite M100 PRO, TECAN, Hombrechtikon, 

Switzerland). This was the most practical nutrient to measure, as organic phosphate was 

used as the phosphate source and cannot be detected using the standard soluble reactive 

phosphorus method.  Samples were diluted using Ultrapure MilliQ water when 

concentrations were above the detectable range.  

 

5.4 Results 

5.4.1 Natural community colonisation experiment 

The physicochemical conditions at each of the three sites for the natural community 

colonisation experiment differed. Lake Macquarie had a water temperature of 26.5 °C, 

compared with 27.6 °C at Brisbane Water and 31.1 °C at Narrabeen Lagoon (Table 5.1). 

Salinity also differed among sites, with Lake Macquarie and Brisbane Water having 

salinity levels closest to seawater at (~ 30) while salinity at Narrabeen Lagoon was quite 

low (20; Table 5.1). Dissolved oxygen levels were consistent across sites (7.4, 7.8 and 

10.0 mg/mL), whereas turbidity varied enormously (Table 5.1). Turbidity levels were 6.7, 

27.2 and 300 ntu at Lake Macquarie, Brisbane Water and Narrabeen Lagoon, respectively 

(Table 5.1). 

The epibenthic microalgal communities at each of the three sites varied considerably. 

Lake Macquarie had the lowest total microalgal cell abundance at ~280 cells mL-1, 

followed by Brisbane Water (~430 cells mL-1), and Narrabeen Lagoon (~1300 cells mL-



 

 
Chapter 5   133 

1). The microalgal community was dominated by diatoms at all sites, followed by 

dinoflagellates, then all other cell types (e.g. cyanobacteria). Species richness was lowest 

at Narrabeen Lagoon, where seven of nine taxa were diatoms, in addition to one 

dinoflagellate and one cyanobacterium. The Lake Macquarie epibenthic community 

comprised twelve taxa in total: seven diatoms, four dinoflagellates and one 

cyanobacterium. Brisbane Water had the highest species richness with twenty taxa, 

including 14 diatoms and six dinoflagellates (Supplementary Table 5.1).  

Cells within the control treatments (Gambierdiscus only) were able to grow and persist 

at all sites; albeit at different rates (Figure 5.2 a, b, c and Figure 5.3). All three species of 

Gambierdiscus were able to persist for the duration of the experiment when added to the 

natural Lake Macquarie and Brisbane Water communities, irrespective of the initial 

concentration of cells added. In comparison, no Gambierdiscus species at any cell 

concentration survived after 18 days when added to the Narrabeen Lagoon community 

(Figure 5.2). The final yield of Gambierdiscus cells after 18 days of incubation was 

highest when added to the natural Lake Macquarie epibenthic microalgal community. 

Growth of all three Gambierdiscus taxa was higher in the filtered controls compared to 

within the epiphytic community. Both the tropical and temperate strain of G. carpenteri 

grew slower in the filtered water from Narrabeen Lagoon versus Lake Macquarie and 

Brisbane Water (Figure 5.3). Gambierdiscus lapillus also grew well at Lake Macquarie 

(0.15 day-1) and Brisbane Water (0.14 day-1), however growth was negative at Narrabeen 

Lagoon (Figure 5.3).  

Nitrate did not limit growth in any treatment at any stage of the experiment 

(Supplementary Figure 5.2). Indeed, some accumulation of nitrate was evident, which 

was consistent across species, sites and treatments. 
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Figure 5.2. Mean (±SD) abundance of Gambierdiscus cells within the natural epiphytic community experiment at Lake Macquarie (a, d, g, j), 
Brisbane Water (b, e, h, k) and Narrabeen Lagoon (c, f, i, l) for the tropical strain of G. carpenteri (d to f), G. lapillus (g to i) and the temperate 
strain of G. carpenteri (j to l). Each line in a-c represents the abundance of Gambierdiscus cells in the controls with no epibenthic community for 
each species at each site and in d to l  represents the abundance of Gambierdiscus cells for each concentration originally added. 
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Figure 5.3. Mean (±SD) growth rate of individual Gambierdiscus species controls at each 

site. 
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5.4.2 Artificial community colonisation experiment 

The abundance of healthy Gambierdiscus cells increased in all treatments, regardless of 

the initial concentration added. In contrast, stressed cells only persisted, and in some cases 

grew, but at very slow rates (Figure 5.4).  

The growth rate of each species differed significantly (P < 0.05). Amphidinium sp. had 

the highest growth rate at 0.77 day-1, followed by Coolia sp. (0.47 day-1), Ostreopsis sp. 

(0.26 day-1) and Prorocentrum sp. (0.15 day-1) (Figure 5.5). Tropical G. carpenteri cells 

with high Fv/Fm (i.e. healthy inoculum) grew the fastest at 0.25 day-1, while healthy cells 

of G. lapillus and the temperate strain of G. carpenteri both grew at ~0.16 day-1 (Figure 

5.5). The stressed cells of each Gambierdiscus species grew at approximately half the 

rate of the healthy cells of the same species (Figure 5.5).  Interestingly, Ostreopsis sp. 

and Prorocentrum sp. grew at a similar rate to that of the Gambierdiscus species (Figure 

5.5). As with the natural community experiment, dissolved nutrient concentrations were 

not limiting (Supplementary Figure 5.3). 
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Figure 5.4. Mean (±SD) abundance of Gambierdiscus cells within the artificial community colonisation experiment through time for the tropical 
strain of G. carpenteri (a, d, g), G. lapillus (b, e, h) and the temperate strain of G. carpenteri (c, f, i). The lines in a-c represent the abundance of 
healthy and stressed cells for each species of Gambierdiscus. 
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Figure 5.5. Mean (±SD) growth rate for control treatment for each individual genus. 
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5.5 Discussion 

Two approaches were used to evaluate the capacity for successful colonisation of 

Gambierdiscus into epibenthic habitats in this study. The first involved adding 

Gambierdiscus cells in a gradient of abundance to natural epibenthic microalgal 

communities collected from temperate locations. Provided abiotic conditions were 

suitable, all Gambierdiscus strains were able to persist and grow at all cell abundances 

tested. The second approach involved assessing the competitive ability of Gambierdiscus 

strains in relation to other epibenthic dinoflagellates under optimal environmental 

conditions and showed that despite having the slowest growth rates, Gambierdiscus cells 

were able to compete effectively with other epibenthic dinoflagellate genera. The results 

from this study demonstrate that the presence of Gambierdiscus in communities is more 

strongly influenced by abiotic conditions than competition for resources amongst the 

resident epibenthic microalgal community. This is an important finding when evaluating 

the possible range extension of the genus into more temperate locations.  

The locations chosen for the natural epiphytic community colonisation experiment 

represent a gradient of environmental conditions and resident epibenthic microalgal 

community taxon diversity. Lake Macquarie had a temperature (27 °C) and salinity (30) 

within the optimum range for growth of the Gambierdiscus strains (Chapter 3), but a high 

diversity and abundance of resident epiphytic microalgal taxa to compete with. Brisbane 

Water had less favourable environmental conditions (temperature of 28 °C and salinity 

of 29), although conditions remained within the tolerable range for Gambierdiscus 

species (Chapter 3) and had a slightly lower diversity and abundance of the resident 

epiphytic microalgal community compared to Lake Macquarie. Narrabeen Lagoon had 

temperature (30 °C) and salinity (20) conditions that were on the edge of the tolerable 



 

 
Chapter 5   140 

range for the Gambierdiscus strains (Chapter 3), but had relatively low cell abundance 

and diversity of resident epiphytic microalgae. These differences are summarised below 

in a conceptual diagram (Figure 5.6).  

 

 

Figure 5.6. Summary of abiotic and biotic conditions within natural epibenthic 

communities used in experiments.  

 

The basic principles of colonisation outlined in Smayda (2002) highlight the importance 

of compatible habitat for a colonising emigrant dinoflagellate species and suggest 

locations with lower resident species diversity would be easier to colonise than locations 

with higher diversity because there would be fewer taxa to compete with. This was not 

the case in this study. The presence of Gambierdiscus in communities was more related 

to favourable environmental conditions than the abundance and diversity of other 

microalgal epiphytes. Gambierdiscus cells added to the Narrabeen Lagoon community 
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(which had moderate diversity) were not able to persist because of sub-optimal 

environmental conditions, suggesting that the environment is the primary filter for 

colonisation. This finding highlights the importance of determining compatible habitat 

for Gambierdiscus when assessing the potential for range extension of the genus. 

Epibenthic dinoflagellates exist in a surprisingly consistent consortium globally. There 

are often representatives from the genera Amphidinium, Coolia, Ostreopsis and 

Prorocentrum in benthic samples (Besada, Loeblich & Loeblich III 1982; Faust 1995; 

Vila, Garcés & Masó 2001).  These genera are very widespread and are the most likely 

competitors of Gambierdiscus species. The size of the cells in each genus ranges 

enormously with Amphidinium carterae for example having relatively small cell diameter 

(~15 µm), while Prorocentrum lima is much larger (50 µm). The size ranking of the 

consortium is therefore Amphidinium < Coolia < Ostreopsis < Prorocentrum, with 

Gambierdiscus cells the largest (between 50 and 100 µm) (Hoppenrath et al. 2014).  

Cell size is strongly correlated with growth rate (Banse 1976), which can ultimately affect 

competitiveness. One would therefore predict Amphidinium carterae to have a much 

faster growth rate than Gambierdiscus and could potentially outcompete Gambierdiscus 

in co-culture. Consequently, to further examine the capacity for temperate range 

extension of Gambierdiscus, we tested the ability of three Gambierdiscus species to grow 

in the presence of other members of the epibenthic dinoflagellate consortium in an 

artificial community colonisation experiment. The results of our study show that growth 

rates were generally in accordance with the cell size-growth rate relationship. All 

Gambierdiscus species were able to survive for the length of the experiment at all initial 

cell concentrations suggesting Gambierdiscus can compete with other epibenthic 

dinoflagellate genera despite having the slowest growth rates. We note however, that 
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these taxa may not be competing if there is resource partitioning, as has been elegantly 

demonstrated for co-ocurring diatoms (Alexander et al. 2016). 

Eastern Australia was a relevant case study to evaluate the range extension of tropical 

Gambierdiscus as there is already a resident population of G. carpenteri in a temperate 

location at Merimbula in New South Wales (Kohli, Murray et al. 2014; Chapter 2). It has 

been suggested that this population represents a temperate range extension of the genus 

from the central population in northeastern Australia (Heimann, Capper & Sparrow 2011; 

Murray et al. 2014; Sparrow et al. 2017). Whether the finding of G. carpenteri in that 

location indicates a recent range extension remains to be elucidated, however the very 

presence of this population outside the known distribution of the genus suggests that 

colonisation occurred at some stage in the past. This scenario therefore provides a 

reference for evaluating the colonisation success of tropical Gambierdiscus strains in 

temperate locations. The current study included strains of Gambierdiscus established 

from both tropical and temperate eastern Australia and therefore allowed comparison of 

colonisation success of the contrasting populations. Interestingly, there were no 

differences between the tropical and temperate strains of G. carpenteri and G. lapillus in 

their ability to persist in natural epiphytic communities from temperate eastern Australia 

and compete with co-occurring epibenthic microalgae. Both G. carpenteri and G. lapillus 

have a widespread distribution in the Great Barrier Reef Region, however the temperate 

population of Gambierdiscus at Merimbula consists only of G. carpenteri. While our 

experiments do not cover the full scope of processes (e.g., predation, disease etc) that 

would occur when Gambierdiscus is introduced to novel environments, they showed no 

difference in the persistence of taxa within epiphytic communities (Figure 5.2 d, g, j), 

suggesting G. lapillus has as much potential to colonise temperate Australia as G. 

carpenteri.  
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5.6 Conclusions 

In this study, in the context of temperate range extension, the ability of three strains of 

Gambierdiscus to colonise novel locations was evaluated. The ability of the strains to 

persist and grow in natural epibenthic microalgal communities and the competitive ability 

of Gambierdiscus in relation to other epibenthic dinoflagellate taxa was assessed.  Even 

though species of Gambierdiscus have some of the slowest growth rates amongst the 

epibenthic microalgal taxa examined in this study, cells were able to survive at 

concentrations tested in both experiments. The results of the experiments demonstrated 

that, at least under laboratory conditions, the local epibenthic community and an artificial 

dinoflagellate community did not outcompete Gambierdiscus populations.  Unfortunately, 

there are environmental and moral contraints that limit our ability to validate the 

outcomes of our laboratory experiments in natural settings, but they suggest that it may 

only take a single pulse of very few Gambierdiscus cells for this genus to colonise new 

habitats and potentially extend its range into more temperate locations. Some 

Gambierdiscus species have been recently found to produce compounds with CTX-like 

activities (G. lapillus, G. cf. pacificus and G. cf. silvae) (Chapter 2). Understanding the 

capacity for temperate range extension of these species will be crucial for evaluating the 

risk of CFP in these regions and should be the focus of future research. 
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5.7 Supplementary Materials 

 

Supplementary Table 5.1. Microalgal taxa identified from resident epibenthic communities of the three sites sampled for the natural community 
colonisation experiments (Lake Macquarie, Brisbane Water and Narrabeen Lagoon).  + indicates the taxa was present and – indicates the taxa were 
absent. 

Class Genus/Species Lake Macquarie Brisbane Water Narrabeen Lagoon 

Bacillariophyceae Amphora spp. Ehrenberg ex Kützing, 1844 + + + 

 Cocconeis sp. Ehrenberg, 1836 + + + 

 Grammatophora marina (Lyngbye) Kützing + + + 

 Leptocylindrus spp. Cleve, 1889 + + + 

 Licmophora spp. C.Agardh, 1827, nom. et typ. cons. + + - 

 Melosira sp. C.Agardh, 1824, nom. cons. - + - 

 Navicula spp. Bory, 1822 + + + 

 Nitzschia longissimi (Brébisson) Ralfs + + + 

 Pleurosigma sp. W.Smith, 1852, nom. et typ. cons. + + + 

 Striatella sp. C.Agardh, 1832 - + - 
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Dinophyceae Amphidinium spp. É.Claperède & J.Lachmann, 1859 + + + 

 

Coolia sp. A.Meunier, 1919 

Fukuyoa sp. F.Gómez, D.X.Qiu, R.M.Lopes & Senjie Lin, 

2015 

- + + 

 Prorocentrum lima (Ehrenberg) F.Stein - + + 

 
Prorocentrum rhathymum A.R.Loeblich III, Sherley & 

Schmidt 
- + + 

 Unidentified Dinoflagellate - + - 

Cyanophyceae Unidentified Oscillatoriales + - + 
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Supplementary Figure 5.1. Mean (±SD) Fv/Fm (indicator of health) measurements for 

each Gambierdiscus species included in the artificial community colonisation 

experiment. 
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Supplementary Figure 5.2. Mean (±SD) concentrations of dissolved nitrate (mol L-1) in the growth medium through time for the Lake Macquarie 
(a, d, g, j), Brisbane Water (b, e, h, k) and Narrabeen Lagoon (c, f, I, l) treatments and for the tropical strain of G. carpenteri (d to f), G. lapillus (g 
to i) and the temperate strain of G. carpenteri (j to l) for the natural community colonisation experiment. Each line in a to c represents the 
concentration of nitrate dissolved in the growth medium in the natural epiphytic community control (no added Gambierdiscus cells) and in d to l, 
represents the concentration of nitrate dissolved in the growth medium for each treatment when Gambierdiscus cells were added. 
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Supplementary Figure 5.3. Mean (±SD) concentrations of dissolved nitrate (moles L-1) in the growth medium through time for the tropical strain 
of G. carpenteri (a, d, g), G. lapillus (b, e, h) and the temperate strain of G. carpenteri (c, f, l) during the artificial community colonisation 
experiment. Each line in plots a to c represents the concentration of nitrate dissolved in the growth medium in the Gambierdiscus cell only controls 
and in d to l represents the concentration of nitrate dissolved in the growth medium for each treatment when Gambierdiscus cells were added.

0 5 10 15 20 25 30
0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0 5 10 15 20 25 30
0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0 5 10 15 20 25 30
0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0 5 10 15 20 25 30
0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0 5 10 15 20 25 30
0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0 5 10 15 20 25 30
0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0 5 10 15 20 25 30
0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0 5 10 15 20 25 30
0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0 5 10 15 20 25 30
0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

N
itr

at
e

 (
m

o
ls

 L
-1
)

Tropical G. carpenteri G. lapillus Temperate G. carpenteri 

 Healthy
 Stressed

b) c)

d) Healthy

N
itr

at
e

 (
m

o
ls

 L
-1
)

a)

e) Healthy

 1 cell mL-1

 2 cells mL-1

 5 cells mL-1

 10 cells mL-1

 20 cells mL-1

f) Healthy
 1 cell mL-1

 2 cells mL-1

 5 cells mL-1

 10 cells mL-1

 20 cells mL-1

g) Stressed

N
itr

a
te

 (
m

ol
s 

L
-1
)

Day

h) Stressed

Day

i) Stressed

Day



 

 
Chapter 6 – General Discussion  149 

 

 

 

 

 

 

Chapter 6 General Discussion 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
Chapter 6 – General Discussion  150 

6 General Discussion 

 

6.1 Overview 

This thesis has significantly advanced our understanding of the toxicology and ecology 

of Gambierdiscus strains isolated from tropical and temperate Australia (summarised in 

Figure 6.1). It has shown that there is a large diversity of Gambierdiscus species in eastern 

Australia and identified some that are likely contributors to cases of CFP in the region 

(Chapter 2). This work also evaluated the potential for temperate range extension of 

epibenthic dinoflagellates, including CFP causing genera, showing that the 

environmental niche of strains is not likely restricting the distribution of Gambierdiscus 

in eastern Australia (Chapter 3). Furthermore, this study identified rafting as the most 

likely natural long-distance dispersal mechanism for epibenthic dinoflagellates (Chapter 

4) and that relatively slow growth of colonising Gambierdiscus cells did not preclude it 

from persisting amongst natural temperate epiphytic communities (Chapter 5). Overall, 

results from this thesis provide fundamental information for developing a management 

strategy to mitigate the risk of human exposure to CFP, in eastern Australia. Below, the 

key findings and implications of this work are discussed. 
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Figure 6.1.  Conceptual diagram summarising the design and major findings of this thesis.  
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6.2 Diversity of Gambierdiscus and Fukuyoa in eastern Australia 

Cases of CFP have been reported in Australia as far back as the 18th century (Lewis 2006). 

Since then, there have been large outbreaks of the syndrome and two human fatalities (Gillespie 

et al. 1985; Hamilton et al. 2010). CFP in Australia is primarily caused by fish caught in the 

tropical waters of eastern Australia (Clark & Whitwell 1968; Gillespie et al. 1985; Tonge et al. 

1967), although cases are beginning to be reported from fish caught in more sub-tropical 

locations (Farrell et al. 2016).  

Despite the widespread occurrence of CFP in Australia, very little is known of the causative 

organisms in this region. Holmes, Lewis and Gillespie were the first to isolate strains of 

Gambierdiscus from Australia (Holmes & Lewis 1994; Holmes, Lewis & Gillespie 1990; 

Holmes et al. 1991). These studies remained the only published investigations into CFP causing 

organisms from this region for the next 20 years, and thus comprise the foundations of our 

current understanding. Unfortunately, the identity of the species from these older studies 

remain unconfirmed as they preceded the taxonomic reclassification of the genus (Litaker et al. 

2009).  

Murray et al. (2014) provided the first glimpse of the diversity of Gambierdiscus and Fukuyoa 

species from tropical eastern Australia. Sampling at multiple sites in the central Great Barrier 

Reef region, three species were identified, F. paulensis (originally reported as G. cf. yasumotoi 

but later reclassified by Gómez et al. (2015) as F. paulensis), G. carpenteri and a species similar 

to G. belizeanus (G. cf. belizeanus). Following this, a unique temperate population of G. 

carpenteri was described from Merimbula and Wapengo, New South Wales (Kohli, Murray et 

al. 2014), further contributing to our understanding of the distribution of potential CFP taxa 

along the east coast of Australia. Then very recently, two new species of Gambierdiscus were 

formally described from Heron Island in the southern Great Barrier Reef region, G. lapillus 
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(Kretzschmar et al. 2017) and G. honu (Rhodes et al. 2017) and another study confirmed the 

presence of G. carpenteri in the Great Barrier Reef region (Sparrow et al. 2017).  

The findings of this thesis further contribute to this growing understanding of the diversity of 

CFP causing genera in Australia (Chapter 2). In a single sampling event at Heron Island, four 

species of Gambierdiscus were established into culture, two of which may represent new taxa 

(G. cf. silvae and G. cf. pacificus). These results indicate that there are likely many species of 

Gambierdiscus in Australia and the true extent of the diversity within this region is yet to be 

elucidated.  

Currently, accurate identification of Gambierdiscus species is challenging, relying on 

establishing laboratory cultures, a process that is inherently difficult for this genus and seems 

to target the dominant and resilient species – i.e., those that survive the cell isolation and culture 

process. This has been a major limitation to CFP research, and resolving diversity in the field 

without the need for cultivating significant biomass for scanning electron micrograph and 

phylogenetic analyses will be the key to advancing understanding of their ecology. Rapid 

screening assays which can identify cells directly from environmental samples utilising 

techniques such as quantitative Polymerase Chain Reaction (qPCR), Fluorescent In-situ 

Hydridisation (FISH) or metabarcoding may be the way forward, alongside continued growth 

of sequence databases. These techniques rely on a baseline understanding of the diversity of 

species and often need to be developed for each region individually. Nonetheless, rapid 

detection techniques such as these will enable investigations into the relative abundance of 

different species in natural communities relative to abiotic and biotic conditions; a vital next 

step to improve our ability to predict the spatio-temporal distribution of potential CFP causing 

organisms.  
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6.3 Determining the species contributing to CFP in eastern Australia 

Understanding the diversity of Gambierdiscus and Fukuyoa provides valuable insight into the 

organisms potentially contributing to CFP in a region, but investigations into the toxicology of 

the species are necessary to accurately attribute the source of CFP toxins. There is currently no 

unified approach for the detection of toxins produced by Gambierdiscus and Fukuyoa species, 

largely because of the many structural forms and congeners that exist. This is the second major 

limitation to progress in the field of CFP research. The early study by Holmes et al. (1991), 

identified compounds with CTX-like activity (originally referred to as Gambiertoxins (GTXs)) 

in the lipophilic phase of a strain of Gambierdiscus (reported as G. toxicus, though species 

identification remains unconfirmed) from tropical eastern Australia. Thus, this study provided 

the first evidence of CFP causing organisms in Australia. Holmes & Lewis (1994) and Holmes, 

Lewis & Gillespie (1990), also determined significant toxicity to mice in the hydrophilic phase 

of the partitioned crude microalgal extract of the same Gambierdiscus strain, and went on to 

describe three chemical structures, MTX-1, MTX-2 and MTX-3. This work provided the 

foundation for our understanding of the toxicology of Gambierdiscus from the Australian 

region but only a limited number of strains with unconfirmed identities were investigated.  

At approximately the same time, the structure of microalgal derived CTXs was elucidated from 

a strain of Gambierdiscus (RG1-1) (reported as G. toxicus but species identity unconfirmed) 

isolated from the Gambier Islands in French Polynesia (Murata et al. 1990; Murata et al. 1989; 

Satake, MacKenzie & Yasumoto 1997; Satake, Murata & Yasumoto 1993). Chinain et al. 

(2010) completed the first comprehensive characterisation of CTX compounds from two highly 

toxic strains of G. polynesiensis (TB-92 and RG-92) from French Polynesia. The toxins 

characterised in these studies (P-CTX-3B, 3C, 4A and 4B) remain the primary toxins linked 

with CFP today (Yogi et al. 2014). These compounds can now be detected using Liquid 
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Chromatography-Mass Spectrometry (LC-MS), one of the approaches used to investigate the 

toxicology of Australian Gambierdiscus isolates in this thesis (Chapter 2). None of the 

characterised toxins were detected in any of the newly established strains of Gambierdiscus 

isolated from tropical or temperate Australia, supporting the findings of Kretzschmar et al. 

(2017) and Kohli, Murray et al. (2014), who tested a tropical G. lapillus strain and a temperate 

G. carpenteri population (respectively) for toxicity. However, this LC-MS/MS approach is 

limited to detecting CTXs with known chemical structures, thus a mammalian cell-based assay 

approach which utilises the known mode of activity of the toxins, was used to further 

characterise the toxicology of established Australian isolates of Gambierdiscus in this thesis 

(Chapter 2).  

Compounds displaying CTX-like activity were identified in strains of G. cf. pacificus, G. cf. 

silvae and G. lapillus, as indicated by the accumulation of Ca2+ in SH-SY5Y cells detected 

using a Fluorescent Imaging Plate Reader (FLIPR) (Lewis et al. 2016). Applied to Australian 

isolates of Gambierdiscus for the first time (Chapter 2), the FLIPR assay results have 

significantly contributed to our understanding of the taxa which may be causing cases of CFP 

in the Australian region. The cell-based FLIPR approach to toxicological investigations of 

Australian Gambierdiscus isolates has also shown that the active compounds likely differ from 

the currently characterized CTXs of microalgal origin for which standards are available (P-

CTX-3C, 3B, 4A, 4B).  

These results highlight two things, firstly, that multiple methods are required to fully 

characterise the toxicology of species from the genera Gambierdiscus and Fukuyoa and that a 

single technique provides an incomplete description of the contribution of a certain species to 

CFP. Further research needs to not only assess the toxicity of established strains of 

Gambierdiscus and Fukuyoa from a region but to also characterise the structure of the 

compounds involved. Linking the taxonomic identity of Gambierdiscus and Fukuyoa species 
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with their toxicology and understanding their relative abundance in natural communities will 

also need to be coupled with understanding how toxin production is influenced by 

environmental factors. Chapter 3 showed how environmental variables influence growth of 

Gambierdiscus strains but toxin production was not quantified. It is likely that certain 

environmental conditions stimulate or regulate toxin production but there are currently no 

studies addressing this for CFP causing organisms. Clearly, understanding toxin production in 

the field will be essential for managing CFP in the future.   

 

6.4 Potential for range extension of Gambierdiscus in eastern Australia 

Gambierdiscus and Fukuyoa are known to be distributed throughout tropical and sub-tropical 

latitudes (Litaker et al. 2010). However, populations are increasingly being reported from more 

temperate locations (Aligizaki, Nikolaidis & Fraga 2008; Kohli, Murray et al. 2014; Nishimura 

et al. 2013), suggesting the genus is extending its range. In Chapter 3 of this thesis, the 

environmental niche of tropical and temperate Gambierdiscus strains was compared to 

characterise the physiological limits for growth and better understand potential constraints on 

species distributions. Gambierdiscus was able to grow across a very broad range of 

environmental conditions, with strains of tropical and temperate origin having a similar 

environmental niche. These results demonstrate that the tropical strains of Gambierdiscus, 

including those which produce CFP causing toxins, have the capacity to occupy temperate 

locations, but are potentially limited in their current distribution by other, yet to be tested 

factors. 

An inherent aspect of range extension of an organism is dispersal. The organism must be 

dispersed from a population within its range, before being transported to a novel location. Due 

to their small size, marine microorganisms are known to have large dispersal capacity in the 
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global oceans (McManus & Woodson 2012). Current driven long-distance dispersal has been 

suggested as a vector for temperate range extension of Gambierdiscus, particularly along the 

east coast of Australia (Heimann, Capper & Sparrow 2011; Murray et al. 2014; Sparrow et al. 

2017). Chapter 4 of this thesis has shown that pelagic dispersal of Gambierdiscus is most likely 

via rafting in association with macrophytes and other substrates, not as free-floating cells but 

may include other mechanisms not assessed in this thesis, such as ballast water dispersal.  

Following dispersal, an organism must also successfully colonise a novel location to extend its 

range. Despite Gambierdiscus having one of the slowest documented growth rates amongst 

epibenthic microalgal taxa, colonisation experiments investigating growth of Gambierdiscus 

strains within natural and artificial communities showed that immigrants can persist (Chapter 

5). Although these experiments did not address all aspects which may be influencing 

prospective colonisation success of Gambierdiscus, they demonstrated that the genus has a 

high capacity for potential colonisation but only under optimal environmental conditions.  

The results of this thesis show that tropical Gambierdiscus strains could (1) occupy temperate 

locations (Chapter 3), (2) be dispersed long distances via rafting (as was shown for Coolia; 

Chapter 4) and (3) persist when introduced to epibenthic temperate seagrass communities 

(Chapter 5). Together, these data indicate that temperate range extension of Gambierdiscus in 

eastern Australia is feasible. This does not, however, provide empirical evidence that the 

population of G. carpenteri at Merimbula in southern NSW is a result of a tropical range 

extension. Verifying the relatedness of these populations would require application of more 

advanced molecular techniques than were applied in this study. For example, microsatellite 

markers have recently been used to compare the population dynamics of Gambierdiscus in the 

US Virgin Islands (Sassenhagen & Erdner 2017). Application of this technique amongst the 

Australian strains of G. carpenteri may similarly demonstrate genetic relatedness and should 

be considered in the future. A fundamental issue when evaluating whether a species has 
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extended its range, is that the organism may have been present at the “new” location all along 

but remained undetected. This is a possibility for the newly identified temperate populations 

of Gambierdiscus in Australia and elsewhere. However, results from this thesis establish that 

temperate range extension of Gambierdiscus is possible and if it hasn’t yet occurred, it may in 

the future. Furthermore, the very existence of temperate populations of Gambierdiscus in 

Australia, and the growth of tropical strains under a broad range of conditions, provide enough 

evidence to suggest that our current understanding of the distributional limits of the genus 

needs to be revised.  

Given that tropical populations of G. carpenteri could be transported to temperate locations, 

colonising and occupying them, this raises the question of why Gambierdiscus is not already 

found throughout temperate latitudes in eastern Australia. The most likely explanation may be 

that propagules of the species have not yet been dispersed from tropical to temperate locations, 

or that when they have been delivered, they were unable to persist. Without a comprehensive 

survey to document the distribution and abundance of benthic dinoflagellate species in 

Australia, this is a challenging question to answer. An obvious recommendation emerging from 

this thesis is that a baseline diversity survey of benthic dinoflagellates in Australia is conducted.  

While this thesis has provided considerable insight into the causative organism/s of CFP in 

Australia, it has not addressed the ultimate vector of toxin transfer to humans, marine fish. Very 

little is known about how toxins are transferred from the microalga to marine fish (e.g., how 

many cells need to be consumed for CTXs to accumulate above threshold levels, over what 

time etc), but this process is ultimately what controls the risk of CFP in a region. Understanding 

these trophic transfer processes will be key to advancing our current understanding of the risk 

of CFP in humans, and eventually developing a risk framework for how to manage this public 

health issue in tropical to temperate locations globally.



 

 
References  159 

References 
 

Accoroni, S., Romagnoli, T., Penna, A., Capellacci, S., Ciminiello, P., Dell'Aversano, C., 

Tartaglione, L., Abboud–Abi Saab, M., Giussani, V. & Asnaghi, V. 2016, 'Ostreopsis 

fattorussoi sp. nov. (Dinophyceae), a new benthic toxic Ostreopsis species from the 

eastern Mediterranean Sea', Journal of Phycology, vol. 52, no. 6, pp. 1064-84. 

Adachi, R. & Fukuyo, Y. 1979, 'The thecal structure of a marine toxic dinoflagellate 

Gambierdiscus toxicus gen. et sp. nov. collected in a ciguatera-endemic area', Bulletin of 

the Japanese Society of Scientific Fisheries, vol. 45, no. 1, pp. 67-71. 

Agatsuma, Y. & Hoshikawa, H. 2007, 'Northward extension of geographic range of the sea urchin 

Hemicentrotus pulcherrimus in Hokkaido, Japan', Journal of Shellfish Research, vol. 26, 

no. 2, pp. 629-35. 

Ajani, P., Lee, R., Pritchard, T. & Krogh, M. 2001, 'Phytoplankton dynamics at a long-term 

coastal station off Sydney, Australia', Journal of Coastal Research, pp. 60-73. 

Ajani, P.A., Allen, A.P., Ingleton, T. & Armand, L. 2014a, 'A decadal decline in relative 

abundance and a shift in microphytoplankton composition at a long-term coastal station 

off southeast Australia', Limnology and Oceanography, vol. 59, no. 2, pp. 519-31. 

Ajani, P.A., Allen, A.P., Ingleton, T. & Armand, L. 2014b, 'Erratum: A decadal decline in relative 

abundance and a shift in microphytoplankton composition at a long-term coastal station 

off southeast Australia', Limnology and Oceanography, vol. 59, no. 6, pp. 2240-2. 

Ajani, P.A., Hallegraeff, G.M., Allen, D., Coughlin, A., Richardson, A.J., Armand, L., Ingleton, 

T. & Murray, S. 2016, 'Establishing Baselines: Eighty Years of Phytoplankton Diversity 



 

 
References  160 

and Biomass in South-eastern Australia'. Oceanography and Marine Biology: An Annual 

Review, 54:387-412. 

Alexander, H., Jenkins, B.D., Rynearson, T.A. & Dyhrman, S.T. 2015, 'Metatranscriptome 

analyses indicate resource partitioning between diatoms in the field', Proceedings of the 

National Academy of Sciences, p. 201421993. 

Aligizaki, K., Katikou, P., Milandri, A. & Diogène, J. 2011, 'Occurrence of palytoxin-group 

toxins in seafood and future strategies to complement the present state of the art', Toxicon, 

vol. 57, no. 3, pp. 390-9. 

Aligizaki, K., Nikolaidis, G. & Fraga, S. 2008, 'Is Gambierdiscus expanding to new areas', 

Harmful Algae News, vol. 36, pp. 6-7. 

Andersen, R.A. & Kawachi 2005, 'Traditional microalgae isolation techniques', Algal Culturing 

Techniques, pp. 83-100. 

Argyle, P., Harwood, D., Rhodes, L., Champeau, O. & Tremblay, L. 2016, 'Toxicity assessment 

of New Zealand and Pacific dinoflagellates Ostreopsis and Gambierdiscus 

(Dinophyceae) extracts using bioassays', New Zealand Journal of Marine and Freshwater 

Research, vol. 50, no. 3, pp. 444-56. 

Babinchak, J. A., et al. 1986. ‘Toxin production by Gambierdiscus toxicus isolated from the 

Florida Keys.’, Marine Fisheries Review 48(4): 53-56. 

Baden, D.G. & Adams, D.J. 2000, 'Brevetoxins: chemistry, mechanism of action, and methods 

of detection'. In: Botana LM (ed) Seafood and Freshwater Toxins: Pharmacology, 

Physiology and Detection, Marcel Dekker Inc, New York. 23:505-532 



 

 
References  161 

Bagnis, R., Kuberski, T. & Laugier, S. 1979, 'Clinical observations on 3,009 cases of ciguatera 

(fish poisoning) in the South Pacific', The American Journal of Tropical Medicine and 

Hygiene, vol. 28, no. 6, pp. 1067-73. 

Bagnis, R., Legrand, A.-M. & Inoue, A. 1990, 'Follow-up of a bloom of the toxic dinoflagellate 

Gambierdiscus toxicus on a fringing reef of Tahiti'. In: Granéli, E., Sundström, B., Edler, 

L., Anderson, D. D. (eds). Toxic Marine Phytoplankton, Elsevier Scientific Publications, 

New York, pp. 98-103. 

Balech, E. 1956, 'Étude des dinoflagellés du sable de Roscoff', Rev. Algol., vol. 2, pp. 29-52. 

Ballantine, D., Bardales, A., Tosteson, T. & Durst, H. 1985, 'Seasonal abundance of 

Gambierdiscus toxicus and Ostreopsis sp. in coastal waters of southwest Puerto Rico', 

Proceedings of the 5th International Coral Reef Congress, vol. 4, Antenne Museum-

EPHE Tahiti, pp. 417-22. 

Ballantine, D., Bardales, A. & Alvey, M. 1993, 'Culture of three dinoflagellate species associated 

with ciguatera', 2. RP-USA Phycology Symposium/Workshop, Cebu City; Dumaguete 

City (Philippines), 6-18 Jan 1992, PCAMRD. 

Ballantine, D.L., Tosteson, T.R. & Bardales, A.T. 1988, 'Population dynamics and toxicity of 

natural populations of benthic dinoflagellates in southwestern Puerto Rico', Journal of 

Experimental Marine Biology and Ecology, vol. 119, no. 3, pp. 201-12. 

Banks, S.C., Piggott, M.P., Williamson, J.E., Bové, U., Holbrook, N.J. & Beheregaray, L.B. 2007, 

'Oceanic variability and coastal topography shape genetic structure in a long-dispersing 

sea urchin', Ecology, vol. 88, no. 12, pp. 3055-64. 

Banse, K. 1976, 'Rates of growth, respiration and photosynthesis of unicellular algae as related 

to cell size—a review', Journal of Phycology, vol. 12, no. 2, pp. 135-40. 



 

 
References  162 

Barnard, P.L., Short, A.D., Harley, M.D., Splinter, K.D., Vitousek, S., Turner, I.L., Allan, J., 

Banno, M., Bryan, K.R. & Doria, A. 2015, 'Coastal vulnerability across the Pacific 

dominated by El Nino/Southern oscillation', Nature Geoscience, vol. 8, no. 10, pp. 801-

7. 

Benoit, E., Legrand, A. & Dubois, J. 1986, 'Effects of ciguatoxin on current and voltage clamped 

frog myelinated nerve fibre', Toxicon, vol. 24, no. 4, pp. 357-64. 

Berdalet, E., Vila, M. & Abós-Herrandiz, R. 2015, 'Expansion of the benthic dinoflagellate 

Ostreopsis with climate change: health risks assessment and policy strategies for 

management', Harmful Algal Blooms and Climate Change Scientific Symposium. 

Berges, J.A., Franklin, D.J. & Harrison, P.J. 2001, 'Evolution of an artificial seawater medium: 

improvements in enriched seawater, artificial water over the last two decades', Journal of 

Phycology, vol. 37, no. 6, pp. 1138-45. 

Berland, B., Grzebyk, D. & Thomassin, B. 1992, 'Benthic dinoflagellates from the coral reef 

lagoon of Mayotte Island (SW Indian Ocean); identification, toxicity and preliminary 

ecophysiological study', Bulletin – Societe de Pathologie Exotique, vol. 85, pp. 453-456. 

Besada, E., Loeblich, L. & Loeblich III, A. 1982, 'Observations on tropical, benthic 

dinoflagellates from ciguatera-endemic areas: Coolia, Gambierdiscus, and Ostreopsis', 

Bulletin of Marine Science, vol. 32, no. 3, pp. 723-35. 

Biecheler, B. 1952, Recherches sur les Péridiniens, vol. 36, Laboratoire d'évolution des êtres 

organisés. 

Bienfang, P., Oben, B., DeFelice, S., Moeller, P., Huncik, K., Oben, P., Toonen, R., Daly-Engel, 

T. & Bowen, B. 2008, 'Ciguatera: the detection of neurotoxins in carnivorous reef fish 



 

 
References  163 

from the coast of Cameroon, West Africa', African Journal of Marine Science, vol. 30, 

no. 3, pp. 533-40. 

Bienfang, P., Parsons, M., Bidigare, R., Laws, E. & Moeller, P. 2008, 'Ciguatera Fish Poisoning', 

Oceans and Human Health: Risks and Remedies from the Seas, p. 257. 

Boada, L.D., Zumbado, M., Luzardo, O.P., Almeida-González, M., Plakas, S.M., Granade, H.R., 

Abraham, A., Jester, E.L. & Dickey, R.W. 2010, 'Ciguatera fish poisoning on the West 

Africa Coast: An emerging risk in the Canary Islands (Spain)', Toxicon, vol. 56, no. 8, pp. 

1516-9. 

Bomber, J. W., et al. 1989. ‘Genetic variability in toxin potencies among seventeen clones of 

Gambierdiscus toxicus (Dinophyceae)’, Journal of Phycology 25(4): 617-625. 

Bomber, J.W., Guillard, R.R. & Nelson, W.G. 1988, 'Roles of temperature, salinity, and light in 

seasonality, growth, and toxicity of ciguatera-causing Gambierdiscus toxicus Adachi et 

Fukuyo (Dinophyceae)', Journal of Experimental Marine Biology and Ecology, vol. 115, 

no. 1, pp. 53-65. 

Bomber, J.W., Morton, S.L., Babinchak, J.A., Norris, D.R. & Morton, J.G. 1988, 'Epiphytic 

dinoflagellates of drift algae—another toxigenic community in the ciguatera food chain', 

Bulletin of Marine Science, vol. 43, no. 2, pp. 204-14. 

Booth, D., Figueira, W., Gregson, M., Brown, L. & Beretta, G. 2007, 'Occurrence of tropical 

fishes in temperate southeastern Australia: role of the East Australian Current', Estuarine, 

Coastal and Shelf Science, vol. 72, no. 1, pp. 102-14. 

Brescianini, C., Grillo, C., Melchiorre, N., Bertolotto, R., Ferrari, A., Vivaldi, B., Icardi, G., 

Gramaccioni, L., Funari, E. & Scardala, S. 2006, 'Ostreopsis ovata algal blooms affecting 



 

 
References  164 

human health in Genova, Italy, 2005 and 2006', Weekly releases (1997–2007), vol. 11, 

no. 36, p. 3040. 

Bryan, S.E., Cook, A.G., Evans, J.P., Hebden, K., Hurrey, L., Colls, P., Jell, J.S., Weatherley, D. 

& Firn, J. 2012, 'Rapid, long-distance dispersal by pumice rafting', PLoS One, vol. 7, no. 

7, p. e40583. 

Caillaud, A., de la Iglesia, P., Barber, E., Eixarch, H., Mohammad-Noor, N., Yasumoto, T. & 

Diogene, J. 2011, 'Monitoring of dissolved ciguatoxin and maitotoxin using solid-phase 

adsorption toxin tracking devices: Application to Gambierdiscus pacificus in culture', 

Harmful Algae, vol. 10, no. 5, pp. 433-46. 

Carlson R.D., Morey-Gaines G., Tindall D.R., Dickey R.W. 1984, Ecology of toxic 

dinoflagellates from the Caribbean Sea: effects of macroalgal extracts on growth in 

culture. In Seafood Toxins; Ragelis, E. P. (ed), American Chemical Society; ACS 

Symposium Series, vol. 262, pp. 271-287. 

Carlson, R. & Tindall, D. 1985, 'Distribution and periodicity of toxic dinoflagellates in the Virgin 

Islands', Toxic Dinoflagellates. Elsevier, New York, pp. 171-6. 

Carlton, J. 2003, Invasive species: vectors and management strategies, Island Press. 

Chateau-Degat, M.-L., Chinain, M., Cerf, N., Gingras, S., Hubert, B. & Dewailly, É. 2005, 

'Seawater temperature, Gambierdiscus spp. variability and incidence of ciguatera 

poisoning in French Polynesia', Harmful Algae, vol. 4, no. 6, pp. 1053-62. 

Chateau-Degat, M.L., Dewailly, E., Cerf, N., Nguyen, N.L., Huin-Blondey, M.O., Hubert, B., 

Laudon, F. & Chansin, R. 2007, 'Temporal trends and epidemiological aspects of 

ciguatera in French Polynesia: a 10-year analysis', Tropical Medicine & International 

Health, vol. 12, no. 4, pp. 485-92. 



 

 
References  165 

Chinain, M., Darius, H.T., Ung, A., Cruchet, P., Wang, Z., Ponton, D., Laurent, D. & Pauillac, 

S. 2010, 'Growth and toxin production in the ciguatera-causing dinoflagellate 

Gambierdiscus polynesiensis (Dinophyceae) in culture', Toxicon, vol. 56, no. 5, pp. 739-

50. 

Chinain, M., Faust, M.A. & Pauillac, S. 1999, 'Morphology and molecular analyses of three toxic 

species of Gambierdiscus (Dinophyceae): G. pacificus, sp. nov., G. australes, sp. nov., 

and G. polynesiensis, sp. nov', Journal of Phycology, vol. 35, no. 6, pp. 1282-96. 

Chinain, M., Germain, M., Deparis, X., Pauillac, S. & Legrand, A.-M. 1999, 'Seasonal abundance 

and toxicity of the dinoflagellate Gambierdiscus spp. (Dinophyceae), the causative agent 

of ciguatera in Tahiti, French Polynesia', Marine Biology, vol. 135, no. 2, pp. 259-67. 

Chinain, M., Germain, M., Sako, Y., Pauillac, S. & Legrand, A.M. 1997, 'Intraspecific variation 

in the dinoflagellate Gambierdiscus toxicus (Dinophyceae). I. Isozyme Analysis’, 

Journal of Phycology, vol. 33, no. 1, pp. 36-43. 

Christianson, I.G., Clayton, M.N., Allender, B.M. & Fuhrer, B.A. 1981, Seaweeds of Australia, 

Raupo. 

Ciminiello, P., Dell'Aversano, C., Fattorusso, E., Forino, M., Magno, G.S., Tartaglione, L., Grillo, 

C. & Melchiorre, N. 2006, 'The Genoa 2005 Outbreak. Determination of Putative 

Palytoxin in Mediterranean Ostreopsis ovata by a New Liquid Chromatography Tandem 

Mass Spectrometry Method', Analytical chemistry, vol. 78, no. 17, pp. 6153-9. 

Clarke, K. & Gorley, R. 2006, 'Primer', Primer-E, Plymouth. 

Clarke, K. & Warwick, R. 2001, 'Change in marine communities: an approach to statistical 

analysis and interpretation. PRIMER-E Plymouth. 



 

 
References  166 

Clark, L. & Whitwell, G. 1968, 'Ciguatera poisoning in cats in Brisbane', Australian veterinary 

journal, vol. 44, no. 2, pp. 81. 

Claparède, É., Lachmann, J. 1859, Études sur les infusoires et les rhizopodes. Mémoires de 

l'Institut National Genevois, vol. 6, pp. 261-482.  

Coleman, M.A., Roughan, M., Macdonald, H.S., Connell, S.D., Gillanders, B.M., Kelaher, B.P. 

& Steinberg, P.D. 2011, 'Variation in the strength of continental boundary currents 

determines continent-wide connectivity in kelp', Journal of Ecology, vol. 99, no. 4, pp. 

1026-32. 

Cruz-Rivera, E. & Villareal, T.A. 2006, 'Macroalgal palatability and the flux of ciguatera toxins 

through marine food webs', Harmful Algae, vol. 5, no. 5, pp. 497-525. 

Cuypers, E., Abdel-Mottaleb, Y., Kopljar, I., Rainier, J.D., Raes, A.L., Snyders, D.J. & Tytgat, 

J. 2008, 'Gambierol, a toxin produced by the dinoflagellate Gambierdiscus toxicus, is a 

potent blocker of voltage-gated potassium channels', Toxicon, vol. 51, no. 6, pp. 974-83. 

Czernichow, P., Droy, J., Ezelin, F. & Leroy, J. 1984, 'Epidemiology of ciguatera in the Iles 

Saintes (Guadeloupe)', Revue d'epidemiologie et de sante publique, vol. 32, no. 5, pp. 

315-21. 

Dai, X., Mak, Y.L., Lu, C.-K., Mei, H.-H., Wu, J.J., Lee, W.H., Chan, L.L., Lim, P.T., Mustapa, 

N.I. & Lim, H.C. 2017, 'Taxonomic assignment of the benthic toxigenic dinoflagellate 

Gambierdiscus sp. type 6 as Gambierdiscus balechii (Dinophyceae), including its 

distribution and ciguatoxicity', Harmful Algae, vol. 67, pp. 107-18. 

Darius, H., Ponton, D., Revel, T., Cruchet, P., Ung, A., Fouc, M.T. & Chinain, M. 2007, 

'Ciguatera risk assessment in two toxic sites of French Polynesia using the receptor-

binding assay', Toxicon, vol. 50, no. 5, pp. 612-26. 



 

 
References  167 

David, H., Laza‐Martínez, A., García‐Etxebarria, K., Riobó, P. & Orive, E. 2014, 

'Characterization of Prorocentrum elegans and Prorocentrum levis (Dinophyceae) from 

the southeastern Bay of Biscay by morphology and molecular phylogeny', Journal of 

phycology, vol. 50, no. 4, pp. 718-26. 

de Haro, L., Pommier, P. & Valli, M. 2003, 'Emergence of imported ciguatera in Europe: report 

of 18 cases at the Poison Control Centre of Marseille', Journal of Toxicology: Clinical 

Toxicology, vol. 41, no. 7, pp. 927-30. 

Delgado, G., Lechuga-Devéze, C.H., Popowski, G., Troccoli, L. & Salinas, C.A. 2006, 'Epiphytic 

dinoflagellates associated with ciguatera in the northwestern coast of Cuba', Revista de 

Biología Tropical, vol. 54, no. 2, pp. 299-310. 

Derraik, J.G. 2002, 'The pollution of the marine environment by plastic debris: a review', Marine 

Pollution Bulletin, vol. 44, no. 9, pp. 842-52. 

Dickey, R.W. & Plakas, S.M. 2010, 'Ciguatera: a public health perspective', Toxicon, vol. 56, no. 

2, pp. 123-36. 

Dolapsakis, N.P. & Economou-Amilli, A. 2015, 'A new marine species of Amphidinium 

(Dinophyceae) from Thermaikos Gulf, Greece', Acta Protozoologica, vol. 48, no. 2, pp. 

153-70. 

Dolapsakis, N.P., Kilpatrick, M.W., Economou-Amilli, A. & Tafas, T. 2006, 'Morphology and 

rDNA phylogeny of a Mediterranean Coolia monotis (Dinophyceae) strain from Greece', 

Scientia Marina, vol. 70, no. 1, pp. 67-76. 

Durando, P., Ansaldi, F., Oreste, P., Moscatelli, P., Marensi, L., Grillo, C., Gasparini, R., Icardi, 

G. 2007, 'Ostreopsis ovata and human health: epidemiological and clinical features of 



 

 
References  168 

respiratory syndrome outbreaks from a two-year syndromic surveillance, 2005–06, in 

north-west Italy', Eurosurveillance, vol. 12, no. 6, p. E070607. 

Edgar, R.C. 2004, 'MUSCLE: multiple sequence alignment with high accuracy and high 

throughput', Nucleic Acids Research, vol. 32, no. 5, pp. 1792-7. 

Ehrenberg, C.G. 1834, Dritter beitrag zur erkenntniss grosser organisation in der richtung des 

kleinsten raumes. Abhandlungen der Königlichen Akademie der Wissenschaften zu 

Berlin 1833:145-336, pls I-XIII 1-11. 

Endean, R., Griffith, J., Robins, J. and Monks, S. 1993. Multiple toxins in a specimen of the 

narrow-barred Spanish mackerel, Scomberomorus commersoni. Toxicon, 31: 195-204. 

Eppley, R.W. 1972, 'Temperature and phytoplankton growth in the sea', Fishery Bulletin, vol. 70, 

no. 4, pp. 1063-85. 

Eriksen, M., Lebreton, L.C., Carson, H.S., Thiel, M., Moore, C.J., Borerro, J.C., Galgani, F., 

Ryan, P.G. & Reisser, J. 2014, 'Plastic pollution in the world's oceans: more than 5 trillion 

plastic pieces weighing over 250,000 tons afloat at sea', PloS one, vol. 9, no. 12, p. 

e111913. 

Farrell, H., Zammit, A., Manning, J., Shadbolt, C., Szabo, L., Harwood, D.T., McNabb, P., 

Turahui, J.A., van den Berg, D.J. & 2016, 'Clinical diagnosis and chemical confirmation 

of ciguatera fish poisoning in New South Wales, Australia.'. Communicable Diseases 

Intelligence Quarterly Report. 2016, 40, (1), E1-6 

Faust, M.A. 1995, 'Observation of sand-dwelling toxic dinoflagellates (Dinophyceae) from 

widely differing sites, including two new species', Journal of Phycology, vol. 31, no. 6, 

pp. 996-1003. 



 

 
References  169 

Faust, M. A. and Tester, P. 2004, ‘Harmful dinoflagellates in the Gulf Stream and Atlantic barrier 

reef, Belize. In: Steidinger, K. A., Landsberg, J. H., Tomas, C. R., Vargo, G. A. (eds). 

Harmful Algae, 2002. Florida Fish and Wildlife Conservation Commission, Florida 

Institute of Oceanography, and Intergovernmental Oceanographic Commission of 

UNESCO. 

Fraga, S. & Rodríguez, F. 2014, 'Genus Gambierdiscus in the Canary Islands (NE Atlantic 

Ocean) with description of Gambierdiscus silvae sp. nov., a new potentially toxic 

epiphytic benthic dinoflagellate', Protist, vol. 165, no. 6, pp. 839-53. 

Fraga, S., Rodríguez, F., Caillaud, A., Diogène, J., Raho, N. & Zapata, M. 2011, 'Gambierdiscus 

excentricus sp. nov. (Dinophyceae), a benthic toxic dinoflagellate from the Canary 

Islands (NE Atlantic Ocean)', Harmful Algae, vol. 11, pp. 10-22. 

Fraga, S., Rodríguez, F., Riobó, P. & Bravo, I. 2016, 'Gambierdiscus balechii sp. nov 

(Dinophyceae), a new benthic toxic dinoflagellate from the Celebes Sea (SW Pacific 

Ocean)', Harmful Algae, vol. 58, pp. 93-105. 

Figueira, W.F. & Booth, D.J. 2010, 'Increasing ocean temperatures allow tropical fishes to 

survive overwinter in temperate waters', Global Change Biology, vol. 16, no. 2, pp. 506-

16. 

Friedman, M.A., Fernandez, M., Backer, L.C., Dickey, R.W., Bernstein, J., Schrank, K., Kibler, 

S., Stephan, W., Gribble, M.O. & Bienfang, P. 2017, 'An updated review of ciguatera fish 

poisoning: clinical, epidemiological, environmental, and public health management', 

Marine Drugs, vol. 15, no. 3, p. 72. 



 

 
References  170 

Geller, R.J., Olson, K.R. & Senécal, P.E. 1991, 'Ciguatera fish poisoning in San Francisco, 

California, caused by imported barracuda', Western Journal of Medicine, vol. 155, no. 6, 

p. 639. 

Gillespie, N., Holmes, M., Burke, J. & Doley, J. 1985, 'Distribution and periodicity of 

Gambierdiscus toxicus in Queensland, Australia', Toxic Dinoflagellates. Elsevier, New 

York, pp. 183-8. 

Gillespie, N., Lewis, R., Pearn, J., Bourke, A., Holmes, M., Bourke, J. & Shields, W. 1985, 

'Ciguatera in Australia. Occurrence, clinical features, pathophysiology and management', 

The Medical Journal of Australia, vol. 145, no. 11-12, pp. 584-90. 

Gómez, F. 2005, 'A list of free-living dinoflagellate species in the world’s oceans', Acta Botanica 

Croatica, vol. 64, no. 1, pp. 129-212. 

Gómez, F., Qiu, D., Lopes, R.M. & Lin, S. 2015, 'Fukuyoa paulensis gen. et sp. nov., a new 

genus for the globular species of the dinoflagellate Gambierdiscus (Dinophyceae)', PLoS 

One, vol. 10, no. 4, p. e0119676. 

Gómez, F., Qiu, D., Otero-Morales, E., Lopes, R.M. & Lin, S. 2016, 'Circumtropical distribution 

of the epiphytic dinoflagellate Coolia malayensis (Dinophyceae): Morphology and 

molecular phylogeny from Puerto Rico and Brazil', Phycological Research, vol. 64, no. 

3, pp. 194-9. 

Grant, B. & Kerr, J. 1970, 'Phytoplankton numbers and species at Port Hacking station and their 

relationship to the physical environment', Marine and Freshwater Research, vol. 21, no. 

1, pp. 35-46. 

Guindon, S. & Gascuel, O. 2003, 'A simple, fast, and accurate algorithm to estimate large 

phylogenies by maximum likelihood', Systematic Biology, vol. 52, no. 5, pp. 696-704. 



 

 
References  171 

Guillard, R.R. 1975, 'Culture of phytoplankton for feeding marine invertebrates', Culture of 

Marine Invertebrate Animals, Springer, pp. 29-60. 

Gusovsky, F. & Daly, J.W. 1990, 'Maitotoxin: a unique pharmacological tool for research on 

calcium-dependent mechanisms', Biochemical Pharmacology, vol. 39, no. 11, pp. 1633-

9. 

Grzebyk, D., Berland, B., Thomassin, B.A., Bosi, C. & Arnoux, A. 1994, 'Ecology of ciguateric 

dinoflagellates in the coral reef complex of Mayotte Island (SW Indian Ocean)', Journal 

of Experimental Marine Biology and Ecology, vol. 178, no. 1, pp. 51-66. 

Hales, S., Weinstein, P. & Woodward, A. 1999, 'Ciguatera (fish poisoning), El Niño, and Pacific 

sea surface temperatures', Ecosystem Health, vol. 5, no. 1, pp. 20-5. 

Hallegraeff, G. 1981, 'Seasonal study of phytoplankton pigments and species at a coastal station 

off Sydney: importance of diatoms and the nanoplankton', Marine Biology, vol. 61, no. 

2, pp. 107-18. 

Hallegraeff, G.M. 1993, 'A review of harmful algal blooms and their apparent global increase', 

Phycologia, vol. 32, no. 2, pp. 79-99. 

Hallegraeff, G.M. 2002. Aquaculturists' guide to harmful Australian microalgae. 

Hallegraeff, G.M. 2010, 'Ocean climate change, phytoplankton community responses, and 

harmful algal blooms: a formidable predictive challenge', Journal of Phycology, vol. 46, 

no. 2, pp. 220-35. 

Hallegraeff, G. & Reid, D. 1986, 'Phytoplankton species successions and their hydrological 

environment at a coastal station off Sydney', Marine and Freshwater Research, vol. 37, 

no. 3, pp. 361-77. 



References 172 

Hallegraeff, G.M., Bolch, C.J., Hill, D.R., Jameson, I., LeRoi, J.-M., McMinn, A., Murray, S., 

de Salas, M.F. & Saunders, K. 2010, Algae of Australia: Phytoplankton of Temperate 

Coastal Waters, CSIRO, Australia. 

Hamilton, B., Whittle, N., Shaw, G., Eaglesham, G., Moore, M.R. & Lewis, R.J. 2010, 'Human 

fatality associated with Pacific ciguatoxin contaminated fish', Toxicon, vol. 56, no. 5, pp. 

668-73. 

Haward, M. 2018, 'Plastic pollution of the world’s seas and oceans as a contemporary challenge 

in ocean governance', Nature communications, vol. 9, no. 1, p. 667. 

Heil, C., Chaston, K., Jones, A., Bird, P., Longstaff, B., Costanzo, S. & Dennison, W. 2004, 

'Benthic microalgae in coral reef sediments of the southern Great Barrier Reef, Australia', 

Coral Reefs, vol. 23, no. 3, pp. 336-43. 

Heil, C., Maranda, L. & Shimizu, Y. 1993, 'Mucus-associated dinoflagellates: Large scale 

culturing and estimation of growth rate', Developments in. Marine Biology. 1993. 

Heimann, K., Capper, A. & Sparrow, L. 2011, 'Ocean Surface Warming: Impact on Toxic 

Benthic Dinoflagellates Causing Ciguatera', eLS, John Wiley & Sons, Ltd. 

Henrichs, D.W., Scott, P.S., Steidinger, K.A., Errera, R.M., Abraham, A. & Campbell, L. 2013, 

'Morphology and phylogeny of Prorocentrum texanum sp. nov. (Dinophyceae): a new 

toxic dinoflagellate from the Gulf of Mexico coastal waters exhibiting two distinct 

morphologies', Journal of phycology, vol. 49, no. 1, pp. 143-55. 

Heredia-Tapia, A., Arredondo-Vega, B., Nuñez-Vázquez, E., Yasumoto, T., Yasuda, M. & 

Ochoa, J. 2002, 'Isolation of Prorocentrum lima (Syn. Exuviaella lima) and diarrhetic 

shellfish poisoning (DSP) risk assessment in the Gulf of California, Mexico', Toxicon, 

vol. 40, no. 8, pp. 1121-7. 



 

 
References  173 

Hernández-Becerril, D. & Almazán, B.A. 2004, 'Species of dinoflagellates of the genus 

Gambierdiscus (Dinophyceae) in the Mexican Caribbean Sea', Revista de biologia 

tropical, vol. 52, pp. 77-87. 

Hoffman, P.A., Granade, H.R. & McMillan, J.P. 1983, 'The mouse ciguatoxin bioassay: a dose-

response curve and symptomatology analysis', Toxicon, vol. 21, no. 3, pp. 363-9. 

Hokama, Y., Ebesu, J.S., Asuncion, D.A. & Nagai, H. 1996, 'Growth and cyclic studies of 

Gambierdiscus toxicus in the natural environment and in culture', Harmful and Toxic 

Algal Blooms., pp. 313-5. 

Holland, W.C., Litaker, R.W., Tomas, C.R., Kibler, S.R., Place, A.R., Davenport, E.D. & Tester, 

P.A. 2013, 'Differences in the toxicity of six Gambierdiscus (Dinophyceae) species 

measured using an in vitro human erythrocyte lysis assay', Toxicon, vol. 65, pp. 15-33. 

Holmes, M. 1992, 'The origin of ciguatera- an update', Ciguatera information bulletin. Noumea, 

no. 2, pp. 8-9. 

Holmes, M., Gillespie, N. & Lewis, R. 1988, ‘Toxicity and morphology of Ostreopsis cf. 

siamensis cultured from a ciguatera endemic region of Queensland, Australia.’ In Choat, 

J. H., Barnes, D., Borowitzka, M. A., Coll, J. C., Davies, P. J., Flood, P., Hatcher, B. G., 

Hopley, D., Hutchings, P. A., Kinsey, D., Orme, G. R., Pichon, M., Sale, P. F., Sammarco, 

P., Wallace, C. C., Wilkinson, C, Wolanski, E. and Bellwood, O. (eds.). Proceedings of 

the 6th International Coral Reef Symposium: Vol. 3: Contributed Papers. Townsville, 

Australia, pp. 49-54. 

Holmes, M.J. & Lewis, R.J. 1994, 'Purification and characterisation of large and small 

maitotoxins from cultured Gambierdiscus toxicus', Natural Toxins, vol. 2, no. 2, pp. 64-

72. 



 

 
References  174 

Holmes, M.J., Lewis, R.J. & Gillespie, N.C. 1990, 'Toxicity of Australian and French Polynesian 

strains of Gambierdiscus toxicus (Dinophyceae) grown in culture: characterization of a 

new type of maitotoxin', Toxicon, vol. 28, no. 10, pp. 1159-72. 

Holmes, M.J., Lewis, R.J., Jones, A. & Hoy, A.W.W. 1995, 'Cooliatoxin, the first toxin from 

Coolia monotis (Dinophyceae)', Natural toxins, vol. 3, no. 5, pp. 355-62. 

Holmes, M.J., Lewis, R.J., Poli, M.A. & Gillespie, N.C. 1991, 'Strain dependent production of 

ciguatoxin precursors (gambiertoxins) by Gambierdiscus toxicus (Dinophyceae) in 

culture', Toxicon, vol. 29, no. 6, pp. 761-75. 

Holmes, M.J. 1998, 'Gambierdiscus yasumotoi sp. nov. (Dinophyceae), a toxic benthic 

dinoflagellate from southeastern Asia', Journal of Phycology, vol. 34, no. 4, pp. 661-8. 

Hoppenrath, M., Chomérat, N., Horiguchi, T., Schweikert, M., Nagahama, Y. & Murray, S. 2013, 

'Taxonomy and phylogeny of the benthic Prorocentrum species (Dinophyceae)—A 

proposal and review', Harmful Algae, vol. 27, pp. 1-28. 

Hoppenrath, M., Murray, S.A., Chomérat, N. & Horiguchi, T. 2014, 'Marine benthic 

dinoflagellates-unveiling their worldwide biodiversity'. Kleine Senckenberg-Reihe, Band 

54, Schweizerbart, Stuttgart, Germany.   

Hoppenrath, M., Murray, S., Sparmann, S.F. & Leander, B.S. 2012, ‘Morphology and molecular 

phylogeny of Ankistrodinium (Dinophyceae), a new genus of marine sand-dwelling 

dinoflagellates formerly classified within Amphidinium’, Journal of Phycology, vol. 48, 

no. 5, pp. 1143-52. 

Horiguchi, T., Tamura, M., Katsumata, K. & Yamaguchi, A. 2012, 'Testudodinium gen. nov. 

(Dinophyceae), a new genus of sand‐dwelling dinoflagellates formerly classified in the 

genus Amphidinium', Phycological research, vol. 60, no. 2, pp. 137-49. 



 

 
References  175 

 

Hötzel, G. & Croome, R. 1999, 'A phytoplankton methods manual for Australian freshwaters'. 

Land and Water Resources Research and Development Corporation, Canberra, 

Australia. 

Huelsenbeck, J.P. & Ronquist, F. 2001, 'MRBAYES: Bayesian inference of phylogenetic trees', 

Bioinformatics, vol. 17, no. 8, pp. 754-5. 

Jeffery, B., Barlow, T., Moizer, K., Paul, S. & Boyle, C. 2004, 'Amnesic shellfish poison', Food 

and Chemical Toxicology, vol. 42, no. 4, pp. 545-57. 

Jeong, H.J., Yih, W., Kang, N.S., Lee, S.Y., Yoon, E.Y., Yoo, Y.D., Kim, H.S. & Kim, J.H. 2012, 

'First report of the epiphytic benthic dinoflagellates Coolia canariensis and Coolia 

malayensis in the waters off Jeju Island, Korea: morphology and rDNA sequences', 

Journal of Eukaryotic Microbiology, vol. 59, no. 2, pp. 114-33. 

Johnson, C.R., Banks, S.C., Barrett, N.S., Cazassus, F., Dunstan, P.K., Edgar, G.J., Frusher, S.D., 

Gardner, C., Haddon, M. & Helidoniotis, F. 2011, 'Climate change cascades: Shifts in 

oceanography, species' ranges and subtidal marine community dynamics in eastern 

Tasmania', Journal of Experimental Marine Biology and Ecology, vol. 400, no. 1, pp. 17-

32. 

Jørgensen, M.F., Murray, S. & Daugbjerg, N. 2004, 'Amphidinium revisited. I. Redefinition of 

Amphidinium (Dinophyceae) based on cladistic and molecular phylogenetic analyses', 

Journal of Phycology, vol. 40, no. 2, pp. 351-65. 

Karafas, S., York, R. & Tomas, C. 2015, 'Morphological and genetic analysis of the Coolia 

monotis species complex with the introduction of two new species, Coolia santacroce sp. 

nov. and Coolia palmyrensis sp. nov. (Dinophyceae)', Harmful Algae, vol. 46, pp. 18-33. 



 

 
References  176 

Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S., Buxton, S., Cooper, 

A., Markowitz, S. & Duran, C. 2012, 'Geneious Basic: an integrated and extendable 

desktop software platform for the organization and analysis of sequence data', 

Bioinformatics, vol. 28, no. 12, pp. 1647-9. 

Kibler, S.R., Litaker, R.W., Holland, W.C., Vandersea, M.W. & Tester, P.A. 2012, 'Growth of 

eight Gambierdiscus (Dinophyceae) species: Effects of temperature, salinity and 

irradiance', Harmful Algae, vol. 19, pp. 1-14. 

Kibler, S.R., Tester, P.A., Kunkel, K.E., Moore, S.K. & Litaker, R.W. 2015, 'Effects of ocean 

warming on growth and distribution of dinoflagellates associated with ciguatera fish 

poisoning in the Caribbean', Ecological Modelling, vol. 316, pp. 194-210. 

Kibler, S.R., Davenport, E.D., Tester, P.A., Hardison, D.R., Holland, W.C. & Litaker, R.W. 2017, 

'Gambierdiscus and Fukuyoa species in the greater Caribbean: Regional growth 

projections for ciguatera-associated dinoflagellates', Ecological Modelling, vol. 360, pp. 

204-18. 

Kirkman, H. 1997, Seagrasses of Australia, Environment Australia. 

Kohli, G.S. 2013, 'Diversity and genetics of Australasian dinoflagellates, including 

Gambierdiscus spp. the causative agent of Ciguatera Fish Poisoning', The University of 

New South Wales Sydney, Australia. 

Kohli, G. S., Haslauer, K., Sarowar, C. et al. 2017. Qualitative and Quantitative Assessment of 

the Presence of Ciguatoxin, P-CTX-1B, in Spanish Mackerel (Scomberomorus 

commerson) from waters in New South Wales (Australia). Toxicology Reports. 

Kohli, G.S., Murray, S.A., Neilan, B.A., Rhodes, L.L., Harwood, D.T., Smith, K.F., Meyer, L., 

Capper, A., Brett, S. & Hallegraeff, G.M. 2014, 'High abundance of the potentially 



 

 
References  177 

maitotoxic dinoflagellate Gambierdiscus carpenteri in temperate waters of New South 

Wales, Australia', Harmful Algae, vol. 39, pp. 134-45.  

Kohli, G.S., Neilan, B.A., Brown, M.V., Hoppenrath, M. & Murray, S.A. 2014, 'Cob gene 

pyrosequencing enables characterization of benthic dinoflagellate diversity and 

biogeography', Environmental microbiology, vol. 16, no. 2, pp. 467-85. 

Kohli, G.S., Papiol, G.G., Rhodes, L.L., Harwood, D.T., Selwood, A., Jerrett, A., Murray, S.A. 

& Neilan, B.A. 2014, 'A feeding study to probe the uptake of Maitotoxin by snapper 

(Pagrus auratus)', Harmful Algae, vol. 37, pp. 125-32. 

Kretzschmar, A.L., Verma, A., Harwood, T., Hoppenrath, M. & Murray, S. 2017, 

'Characterization of Gambierdiscus lapillus sp. nov. (Gonyaulacales, Dinophyceae): A 

new toxic dinoflagellate from the Great Barrier Reef (Australia)', Journal of Phycology, 

vol. 53, no. 2, pp. 283-97. 

Lartigue, J., Jester, E.L., Dickey, R. & Villareal, T. 2009, 'Nitrogen source effects on the growth 

and toxicity of two strains of the ciguatera-causing dinoflagellate Gambierdiscus toxicus', 

Harmful Algae, vol. 8, no. 5, pp. 781-91. 

Last, P.R., White, W.T., Gledhill, D.C., Hobday, A.J., Brown, R., Edgar, G.J. & Pecl, G. 2011, 

'Long-term shifts in abundance and distribution of a temperate fish fauna: a response to 

climate change and fishing practices', Global Ecology and Biogeography, vol. 20, no. 1, 

pp. 58-72. 

Lawrence, D.N., Enriquez, M.B., Lumish, R.M. & Maceo, A. 1980, 'Ciguatera fish poisoning in 

Miami', Jama, vol. 244, no. 3, pp. 254-8. 



 

 
References  178 

Laza-Martínez, A., David, H., Riobó, P., Miguel, I. & Orive, E. 2016, 'Characterization of a 

Strain of Fukuyoa paulensis (Dinophyceae) from the Western Mediterranean Sea', 

Journal of Eukaryotic Microbiology, vol. 63, no. 4, pp. 481-97. 

Leaw, C.P., Lim, P.T., Cheng, K.W., Ng, B.K. & Usup, G. 2010, 'Morphoogy and molecular 

characterization of a new species of thecate benthic dinoflagellate, Coolia malayensis sp. 

nov. (Dinophyceae)’, Journal of Phycology, vol. 46, no. 1, pp. 162-71. 

Leaw, C.P., Lim, P.T., Tan, T.H., Tuan-Halim, T.N., Cheng, K.W., Ng, B.K. & Usup, G. 2011, 

'First report of the benthic dinoflagellate, Gambierdiscus belizeanus (Gonyaulacales: 

Dinophyceae) for the east coast of Sabah, Malaysian Borneo', Phycological Research, 

vol. 59, no. 3, pp. 143-6. 

Leaw, C.P., Tan, T.H., Lim, H.C., Teng, S.T., Yong, H.L., Smith, K.F., Rhodes, L., Wolf, M., 

Holland, W.C. & Vandersea, M.W. 2016, 'New scenario for speciation in the benthic 

dinoflagellate genus Coolia (Dinophyceae)', Harmful Algae, vol. 55, pp. 137-49. 

Lebreton, L., Slat, B., Ferrari, F., Sainte-Rose, B., Aitken, J., Marthouse, R., Hajbane, S., Cunsolo, 

S., Schwarz, A. & Levivier, A. 2018, 'Evidence that the Great Pacific Garbage Patch is 

rapidly accumulating plastic', Scientific reports, vol. 8, no. 1, p. 4666. 

Lee, K.-W., Kang, J.-H., Baek, S.H., Choi, Y.-U., Lee, D.-W. & Park, H.-S. 2014, 'Toxicity of 

the dinoflagellate Gambierdiscus sp. toward the marine copepod Tigriopus japonicus', 

Harmful Algae, vol. 37, pp. 62-7. 

Lee, J.J., Olea, R., Cevasco, M., Pochon, X., Correia, M., Shpigel, M & Pawlowski, J. 2003, 'A 

marine dinoflagellate, Amphidinium eilatiensis n. sp., from the benthos of a mariculture 

sedimentation pond in Eilat, Israel', Journal of Eukaryotic Microbiology, vol. 50, no. 6, 

pp. 439-48. 



 

 
References  179 

Legrand, A., Litaudon, M., Genthon, J., Bagnis, R. & Yasumoto, T. 1989, 'Isolation and some 

properties of ciguatoxin', Journal of Applied Phycology, vol. 1, no. 2, pp. 183-8. 

Lehane, L. & Lewis, R.J. 2000, 'Ciguatera: recent advances but the risk remains', International 

Journal of Food Microbiology, vol. 61, no. 2, pp. 91-125. 

Levine, D. 1995, 'Ciguatera: current concepts', The Journal of the American Osteopathic 

Association, vol. 95, no. 3, pp. 193-8. 

Lewis, N.D. 1986, 'Epidemiology and impact of ciguatera in the Pacific: a review', Marine 

Fisheries Review, vol. 48, no. 4, pp. 6-13. 

Lewis, R., Chaloupka, M., Gillespie, N. & Holmes, M. 1988, 'An analysis of the human response 

to ciguatera in Australia'. In Choat, J. H., Barnes, D., Borowitzka, M. A., Coll, J. C., 

Davies, P. J., Flood, P., Hatcher, B. G., Hopley, D., Hutchings, P. A., Kinsey, D., Orme, 

G. R., Pichon, M., Sale, P. F., Sammarco, P., Wallace, C. C., Wilkinson, C, Wolanski, E. 

and Bellwood, O. (eds.). Proceedings of the 6th International Coral Reef Symposium: 

Vol. 3: Contributed Papers. Townsville, Australia, pp. 67-72. 

Lewis, R.J. 2001, 'The changing face of ciguatera', Toxicon, vol. 39, no. 1, pp. 97-106. 

Lewis, R.J. 2006, 'Ciguatera: Australian perspectives on a global problem', Toxicon, vol. 48, no. 

7, pp. 799-809. 

Lewis, R. J. and Endean, R. 1984. Ciguatoxin from the flesh and viscera of the barracuda, 

Sphyraena jello. Toxicon, 22: 805-810. 

Lewis, R.J. & Holmes, M.J. 1993, 'Origin and transfer of toxins involved in ciguatera', 

Comparative Biochemistry and Physiology Part C: Pharmacology, Toxicology and 

Endocrinology, vol. 106, no. 3, pp. 615-28. 



 

 
References  180 

Lewis, R.J., Inserra, M., Vetter, I., Holland, W.C., Hardison, D.R., Tester, P.A. & Litaker, R.W. 

2016, 'Rapid extraction and identification of maitotoxin and ciguatoxin-like toxins from 

caribbean and pacific Gambierdiscus using a new functional bioassay', PloS one, vol. 11, 

no. 7, p. e0160006. 

Lewis, R. J. and Sellin, M. 1992. Multiple ciguatoxins in the flesh of fish. Toxicon, 30: 915-919. 

Lim, A.S., Jeong, H.J., Jang, T.Y., Kang, N.S., Lee, S.Y., Du Yoo, Y. & Kim, H.S. 2013, 

'Morphology and molecular characterization of the epiphytic dinoflagellate 

Prorocentrum cf. rhathymum in temperate waters off Jeju Island, Korea', Ocean Science 

Journal, vol. 48, no. 1, pp. 1-17. 

Lindemann, E., 1928. Abteiling Peridineae (Dinoflagellate). In: Engler, A. P. and Prantl, K. 

(Eds.) Die Natürlichen Pflanzenfamilien nebst ihern Gattungen und wichtigeren Arten 

insbesondere den Nutzpflanzen, Wilhelm Engelmann, Leipzig, Germany, pp. 3-104. 

Ling, S., Johnson, C., Ridgway, K., Hobday, A. & Haddon, M. 2009, 'Climate-driven range 

extension of a sea urchin: inferring future trends by analysis of recent population 

dynamics', Global Change Biology, vol. 15, no. 3, pp. 719-31. 

Litaker, R.W., Vandersea, M.W., Faust, M.A., Kibler, S.R., Chinain, M., Holmes, M.J., Holland, 

W.C. & Tester, P.A. 2009, 'Taxonomy of Gambierdiscus including four new species, 

Gambierdiscus caribaeus, Gambierdiscus carolinianus, Gambierdiscus carpenteri and 

Gambierdiscus ruetzleri (Gonyaulacales, Dinophyceae)', Phycologia, vol. 48, no. 5, pp. 

344-90. 

Litaker, R.W., Vandersea, M.W., Faust, M.A., Kibler, S.R., Nau, A.W., Holland, W.C., Chinain, 

M., Holmes, M.J. & Tester, P.A. 2010, 'Global distribution of ciguatera causing 

dinoflagellates in the genus Gambierdiscus', Toxicon, vol. 56, no. 5, pp. 711-30. 



 

 
References  181 

Litchman, E. 2000, 'Growth rates of phytoplankton under fluctuating light', Freshwater Biology, 

vol. 44, no. 2, pp. 223-35. 

Lombet, A., Bidard, J.-N. & Lazdunski, M. 1987, 'Ciguatoxin and brevetoxins share a common 

receptor site on the neuronal voltage-dependent Na+ channel', FEBS letters, vol. 219, no. 

2, pp. 355-9. 

Lucas, R.E., Lewis, R.J. & Taylor, J.M. 1997, 'Pacific Ciguatoxin-1 associated with a large 

common-source outbreak of Ciguatera in East Arnhem Land, Australia', Natural Toxins, 

vol. 5, no. 4, pp. 136-40. 

Lugomela, C. 2006, 'Autecology of the Toxic Dinoflagellate Gambierdiscus toxicus Adachi et 

Fukyo (Dinophyceae) in Central Coastal Areas of Tanzania', Western Indian Ocean 

Journal of Marine Science, vol. 5, no. 2, pp. 213-21. 

Lyu, Y., Richlen, M.L., Sehein, T.R., Chinain, M., Adachi, M., Nishimura, T., Xu, Y., Parsons, 

M.L., Smith, T.B. & Zheng, T. 2017, 'LSU rDNA based RFLP assays for the routine 

identification of Gambierdiscus species', Harmful Algae, vol. 66, pp. 20-8. 

Mabrouk, L., Brahim, M.B., Hamza, A., Mahfoudhi, M. & Bradai, M.N. 2014, 'Variability in the 

structure of epiphytic microalgae assemblages on the leaves of Posidonia oceanica in 

relation to human disturbance in a meadow off Tunisia', Scientia Marina, vol. 78, no. 1, 

pp. 27-39. 

Macreadie, P.I., Bishop, M.J. & Booth, D.J. 2011, 'Implications of climate change for 

macrophytic rafts and their hitchhikers', Marine Ecology Progress Series, vol. 443, pp. 

285-92. 



 

 
References  182 

Masó, M., Fortuño, J.M., de Juan, S. & Demestre, M. 2016, 'Microfouling communities from 

pelagic and benthic marine plastic debris sampled across Mediterranean coastal waters', 

Scientia Marina, vol. 80, no. S1, pp. 117-27. 

Masó, M., Garcés, E., Pagès, F. & Camp, J. 2003, 'Drifting plastic debris as a potential vector for 

dispersing Harmful Algal Bloom (HAB) species', Scientia Marina, vol. 67, no. 1, pp. 107-

11. 

Mata, M.M., Wijffels, S.E., Church, J.A. & Tomczak, M. 2006, 'Eddy shedding and energy 

conversions in the East Australian Current', Journal of Geophysical Research: Oceans, 

vol. 111, no. C9. 

McManus, M.A. & Woodson, C.B. 2012, 'Plankton distribution and ocean dispersal', Journal of 

Experimental Biology, vol. 215, no. 6, pp. 1008-16. 

Megard, R., Tonkyn, D. & Senft, W. 1984, 'Kinetics of oxygenic photosynthesis in planktonic 

algae', Journal of Plankton Research, vol. 6, no. 2, pp. 325-37. 

Meunier, A. 1919, Microplankton de la mer Flamande, Bruxelles. 

Mohammad-Noor, N., Daugbjerg, N., Moestrup, Ø. & Anton, A. 2004, 'Marine epibenthic 

dinoflagellates from Malaysia-a study of live cultures and preserved samples based on 

light and scanning electron microscopy', Nordic Journal of Botany, vol. 24, no. 6, pp. 

629-90. 

Mohammad‐Noor, N., Moestrup, Ø., Lundholm, N., Fraga, S., Adam, A., Holmes, M.J. & Saleh, 

E. 2013, 'Autecology and phylogeny of Coolia tropicalis and Coolia malayensis 

(Dinophyceae), with emphasis on taxonomy of C. tropicalis based on light microscopy, 

scanning electron microscopy and LSU rDNA', Journal of phycology, vol. 49, no. 3, pp. 

536-45. 



 

 
References  183 

Momigliano, P., Sparrow, L., Blair, D. & Heimann, K. 2013, 'The diversity of Coolia spp. 

(Dinophyceae Ostreopsidaceae) in the central Great Barrier Reef region', PloS one, vol. 

8, no. 10, p. e79278. 

Monti, M., Minocci, M., Beran, A. & Iveša, L. 2007, 'First record of Ostreopsis cfr. ovata on 

macroalgae in the Northern Adriatic Sea', Marine pollution bulletin, vol. 54, no. 5, pp. 

598-601. 

Morton, S. 1998, 'Morphology and toxicology of Prorocentrum faustiae sp. nov., a toxic species 

of non-planktonic dinoflagellate from Heron Island, Australia', Botanica Marina, vol. 41, 

no. 1-6, pp. 565-70. 

Morton, S.L., Bomber, J.W. & Tindall, P.M. 1994, 'Environmental effects on the production of 

okadaic acid from Prorocentrum hoffmannianum Faust. Temperature, light, and salinity', 

Journal of experimental marine biology and ecology, vol. 178, no. 1, pp. 67-77. 

Morton, S.L., Norris, D.R. & Bomber, J.W. 1992, 'Effect of temperature, salinity and light 

intensity on the growth and seasonality of toxic dinoflagellates associated with ciguatera', 

Journal of Experimental Marine Biology and Ecology, vol. 157, no. 1, pp. 79-90. 

Murata, M., Gusovsky, F., Yasumoto, T. & Daly, J.W. 1992, 'Selective stimulation of Ca2+ flux 

in cells by maitotoxin', European Journal of Pharmacology: Molecular Pharmacology, 

vol. 227, no. 1, pp. 43-9. 

Murata, M., Legrand, A.M., Ishibashi, Y., Fukui, M. & Yasumoto, T. 1990, 'Structures and 

configurations of ciguatoxin from the moray eel Gymnothorax javanicus and its likely 

precursor from the dinoflagellate Gambierdiscus toxicus', Journal of the American 

Chemical Society, vol. 112, no. 11, pp. 4380-6. 



 

 
References  184 

Murata, M., Legrand, A.M., Ishibashi, Y. & Yasumoto, T. 1989, 'Structures of ciguatoxin and its 

congener', Journal of the American chemical Society, vol. 111, no. 24, pp. 8929-31. 

Murata, M., Matsuoka, S., Matsumori, N., Paul, G.K. & Tachibana, K. 1999, 'Absolute 

Configuration of Amphidinol 3, the First Complete Structure Determination from 

Amphidinol Homologues: Application of a New Configuration Analysis Based on 

Carbon− Hydrogen Spin-Coupling Constants', Journal of the American Chemical Society, 

vol. 121, no. 4, pp. 870-1. 

Murata, M., Naoki, H., Iwashita, T., Matsunaga, S., Sasaki, M., Yokoyama, A. & Yasumoto, T. 

1993, 'Structure of maitotoxin', Journal of the American Chemical Society, vol. 115, no. 

5, pp. 2060-2. 

Murata, M., Shimatani, M., Sugitani, H., Oshima, Y. & Yasumoto, T. 1982, 'Isolation and 

structural elucidation of the causative toxin of the diarrhetic shellfish poisoning', Nippon 

Suisan Gakkaishi, vol. 48, no. 4, pp. 549-52. 

Murray, S. 2010. Benthic dinoflagellates. In: Hallegraeff, G. (Ed.) Algae of Australia: 

Phytoplankton of Temperate Coastal Waters. CSIRO Publishing, Melbourne, pp. 213-

259.  

Murray, S., Flø Jørgensen, M., Daugbjerg, N. & Rhodes, L. 2004, 'Amphidinium revisited: II. 

Resolving species boundaries in the Amphidinium operculatum species complex 

(Dinophyceae), including the description of Amphidinium trulla sp. nov. and 

Amphidinium giggosum. com. nov., Journal of Phycology, vol. 40, no. 2, pp. 366-82. 

Murray, S., Momigliano, P., Heimann, K. & Blair, D. 2014, 'Molecular phylogenetics and 

morphology of Gambierdiscus yasumotoi from tropical eastern Australia', Harmful Algae, 

vol. 39, pp. 242-52. 



 

 
References  185 

Murray, S., Nagahama, Y. & Fukuyo, Y. 2007, 'Phylogenetic study of benthic, spine-bearing 

prorocentroids, including Prorocentrum fukuyoi sp. nov', Phycological Research, vol. 55, 

no. 2, pp. 91-102. 

Murray, S. & Patterson, D. 2002, 'The benthic dinoflagellate genus Amphidinium in south-eastern 

Australian waters, including three new species', European Journal of Phycology, vol. 37, 

no. 2, pp. 279-98. 

Muscatine, L. & Porter, J.W. 1977, 'Reef corals: mutualistic symbioses adapted to nutrient-poor 

environments', Bioscience, vol. 27, no. 7, pp. 454-60. 

Nagai, H., Torigoe, K., Satake, M., Murata, M., Yasumoto, T. & Hirota, H. 1992, 'Gambieric 

acids: unprecedented potent antifungal substances isolated from cultures of a marine 

dinoflagellate Gambierdiscus toxicus', Journal of the American Chemical Society, vol. 

114, no. 3, pp. 1102-3. 

Nakajima, I., Oshima, Y. & Yasumoto, T. 1981, ‘Toxicity of benthic dinoflagellates in Okinawa', 

Bull. Jprt. Soc. scient. Fish, vol. 47, p. 1029. 

Nascimento, S.M., Melo, G., Salgueiro, F., Diniz, B.d.S. & Fraga, S. 2015, 'Morphology of 

Gambierdiscus excentricus (Dinophyceae) with emphasis on sulcal plates', Phycologia, 

vol. 54, no. 6, pp. 628-39. 

Nicolas, P.D., Economou-Amilli, A., 2009. A new marine species of Amphidinium 

(Dinophyceae) from Thermaikos Gulf, Greece. Acta Protozoologica 48, 153-170. 

Nishimura, T., Sato, S., Tawong, W., Sakanari, H., Uehara, K., Shah, M.M.R., Suda, S., 

Yasumoto, T., Taira, Y. & Yamaguchi, H. 2013, 'Genetic diversity and distribution of the 

ciguatera-causing dinoflagellate Gambierdiscus spp. (Dinophyceae) in coastal areas of 

Japan', PLoS One, vol. 8, no. 4, p. e60882. 



 

 
References  186 

Nishimura, T., Sato, S., Tawong, W., Sakanari, H., Yamaguchi, H. & Adachi, M. 2014, 

'Morphology of Gambierdiscus scabrosus sp. nov. (Gonyaulacales): a new epiphytic 

toxic dinoflagellate from coastal areas of Japan', Journal of Phycology, vol. 50, no. 3, pp. 

506-14. 

Nunn, G., Theisen, B., Christensen, B. & Arctander, P. 1996, 'Simplicity-correlated size growth 

of the nuclear 28S ribosomal RNA D3 expansion segment in the crustacean order Isopoda', 

Journal of Molecular Evolution, vol. 42, no. 2, pp. 211-23. 

Onuma, Y., Satake, M., Ukena, T., Roux, J., Chanteau, S., Rasolofonirina, N., Ratsimaloto, M., 

Naoki, H. & Yasumoto, T. 1999, 'Identification of putative palytoxin as the cause of 

clupeotoxism', Toxicon, vol. 37, no. 1, pp. 55-65. 

Oshiro, N., Yogi, K., Asato, S., Sasaki, T., Tamanaha, K., Hirama, M., Yasumoto, T. & Inafuku, 

Y. 2010, 'Ciguatera incidence and fish toxicity in Okinawa, Japan', Toxicon, vol. 56, no. 

5, pp. 656-61. 

Parsons, M.L., Aligizaki, K., Bottein, M.-Y.D., Fraga, S., Morton, S.L., Penna, A., Rhodes, L. 

2012, ‘Gambierdiscus and Ostreopsis: reassessment of the state of knowledge of their 

taxonomy, geography, ecophysiology, and toxicology’, Harmful Algae vol. 14, pp. 107-

129. 

Parsons, M.L., Settlemier, C.J. & Ballauer, J.M. 2011, 'An examination of the epiphytic nature 

of Gambierdiscus toxicus, a dinoflagellate involved in ciguatera fish poisoning', Harmful 

Algae, vol. 10, no. 6, pp. 598-605. 

Paul, G.K., Matsumori, N., Murata, M. & Tachibana, K. 1995, 'Isolation and chemical structure 

of amphidinol 2, a potent hemolytic compound from marine dinoflagellate Amphidinium 

klebsii', Tetrahedron Letters, vol. 36, no. 35, pp. 6279-82. 



 

 
References  187 

Pawlowiez, R., Darius, H.T., Cruchet, P., Rossi, F., Caillaud, A., Laurent, D. & Chinain, M. 2013, 

'Evaluation of seafood toxicity in the Australes archipelago (French Polynesia) using the 

neuroblastoma cell-based assay', Food Additives & Contaminants: Part A, vol. 30, no. 3, 

pp. 567-86. 

Pearce, I., Marshall, J. & Hallegraeff, G. 2001, 'Toxic epiphytic dinoflagellates from east coast 

Tasmania', vol. 1, pp. 54-7. 

Penna, A., Fraga, S., Battocchi, C., Casabianca, S., Giacobbe, M.G., Riobó, P. & Vernesi, C. 

2010, 'A phylogeographical study of the toxic benthic dinoflagellate genus Ostreopsis 

Schmidt', Journal of biogeography, vol. 37, no. 5, pp. 830-41. 

Penna, A., Vila, M., Fraga, S., Giacobbe, M.G., Andreoni, F., Riobó, P. & Vernesi, C. 2005, 

'Characterization of Ostreopsis and Coolia (Dinophyceae) isolates in the Western 

Mediterranean sea based on morphology, toxicity and Internal Transcribed Spacer 5.8 S 

rDNA sequences', Journal of phycology, vol. 41, no. 1, pp. 212-25. 

Pérez-Arellano, J.-L., Luzardo, O.P., Brito, A.P., Cabrera, M.H., Zumbado, M., Carranza, C., 

Angel-Moreno, A., Dickey, R.W. & Boada, L.D. 2005, 'Ciguatera fish poisoning, Canary 

Islands', Emerging Infectious Diseases, vol. 11, no. 12, p. 1981. 

Pilon, P., Dion, R., Jochem, K., Rodrigue, H., Vezina, C., Desroches, F., Ramsay, D. & Marquis, 

V. 2000, 'Ciguatera food poisoning linked to the consumption of imported barracuda--

Montreal, Quebec, 1998', Canada Communicable Disease Report Relevé des maladies 

Transmissibles au Canada, vol. 26, no. 9, p. 73. 

Pin, L.C., Teen, L.P., Ahmad, A. & Usup, G. 2001, 'Genetic diversity of Ostreopsis ovata 

(Dinophyceae) from Malaysia', Marine biotechnology, vol. 3, no. 3, pp. 246-55. 



 

 
References  188 

Pisapia, F., Holland, W.C., Hardison, D.R., Litaker, R.W., Fraga, S., Nishimura, T., Adachi, M., 

Nguyen-Ngoc, L., Séchet, V. & Amzil, Z. 2017, 'Toxicity screening of 13 Gambierdiscus 

strains using neuro-2a and erythrocyte lysis bioassays', Harmful Algae, vol. 63, pp. 173-

83. 

Pisapia, F., Sibat, M., Herrenknecht, C., Lhaute, K., Gaiani, G., Ferron, P.-J., Fessard, V., Fraga, 

S., Nascimento, S.M. & Litaker, R.W. 2017, 'Maitotoxin-4, a Novel MTX Analog 

Produced by Gambierdiscus excentricus', Marine drugs, vol. 15, no. 7, p. 220. 

Pitt, N.R., Poloczanska, E.S. & Hobday, A.J. 2010, 'Climate-driven range changes in Tasmanian 

intertidal fauna', Marine and Freshwater Research, vol. 61, no. 9, pp. 963-70. 

Pottier, I., Vernoux, J.-P. & Lewis, R.J. 2001, 'Ciguatera fish poisoning in the Caribbean islands 

and Western Atlantic', Reviews of Environmental Contamination and Toxicology, 

Springer, pp. 99-141. 

Quod, J. & Turquet, J. 1996, 'Ciguatera in Reunion Island (SW Indian Ocean): epidemiology and 

clinical patterns', Toxicon, vol. 34, no. 7, pp. 779-85. 

Radke, E.G. 2013, 'Incidence and risk factors of ciguatera fish poisoning in the Caribbean and 

Florida', University of Florida. 

Radke, E.G., Reich, A. & Morris Jr, J.G. 2015, 'Epidemiology of ciguatera in Florida', The 

American Journal of Tropical Medicine and Hygiene, vol. 93, no. 2, pp. 425-32. 

Reisser, J., Shaw, J., Hallegraeff, G., Proietti, M., Barnes, D.K., Thums, M., Wilcox, C., Hardesty, 

B.D. & Pattiaratchi, C. 2014, 'Millimeter-sized marine plastics: a new pelagic habitat for 

microorganisms and invertebrates', PLoS One, vol. 9, no. 6, p. e100289. 



 

 
References  189 

Rhodes, L. 2011, 'World-wide occurrence of the toxic dinoflagellate genus Ostreopsis Schmidt', 

Toxicon, vol. 57, no. 3, pp. 400-7. 

Rhodes, L., Adamson, J., Suzuki, T., Briggs, L. & Garthwaite, I. 2000, 'Toxic marine epiphytic 

dinoflagellates, Ostreopsis siamensis and Coolia monotis (Dinophyceae), in New 

Zealand', New Zealand Journal of Marine and Freshwater Research, vol. 34, no. 2, pp. 

371-83. 

Rhodes, L., Giménez Papiol, G., Smith, K. & Harwood, T. 2014, 'Gambierdiscus cf. yasumotoi 

(Dinophyceae) isolated from New Zealand's sub-tropical northern coastal waters', New 

Zealand Journal of Marine and Freshwater Research, vol. 48, no. 2, pp. 303-10. 

Rhodes, L., Harwood, T., Smith, K., Argyle, P. & Munday, R. 2014, 'Production of ciguatoxin 

and maitotoxin by strains of Gambierdiscus australes, G. pacificus and G. polynesiensis 

(Dinophyceae) isolated from Rarotonga, Cook Islands', Harmful Algae, vol. 39, pp. 185-

90. 

Rhodes, L., Harwood, T., Smith, K., Argyle, P. & Munday, R. 2016, 'Corrigendum to ‘Production 

of ciguatoxin and maitotoxin by strains of Gambierdiscus australes, G. pacificus and G. 

polynesiensis (Dinophyceae) isolated from Rarotonga, Cook Islands’[Harmful Algae 39 

(2014) 185–190]', Harmful Algae, no. 55, p. 295. 

Rhodes, L., Harwood, T., Smith, K., Argyle, P. & Munday, R. 2014, 'Production of ciguatoxin 

and maitotoxin by strains of Gambierdiscus australes, G. pacificus and G. polynesiensis 

(Dinophyceae) isolated from Rarotonga, Cook Islands', Harmful Algae, vol. 39, pp. 185-

90. 



 

 
References  190 

Rhodes, L.L., Smith, K.F., Munday, R., Selwood, A.I., McNabb, P.S., Holland, P.T. & Bottein, 

M.-Y. 2010, 'Toxic dinoflagellates (Dinophyceae) from Rarotonga, Cook Islands', 

Toxicon, vol. 56, no. 5, pp. 751-8. 

Rhodes, L., Smith, K., Papiol, G.G., Adamson, J., Harwood, T. & Munday, R. 2014, 'Epiphytic 

dinoflagellates in sub-tropical New Zealand, in particular the genus Coolia Meunier', 

Harmful Algae, vol. 34, pp. 36-41. 

Rhodes, L., Smith, K.F., Verma, A., Curley, B.G., Harwood, D.T., Murray, S., Kohli, G.S., 

Solomona, D., Rongo, T. & Munday, R. 2017, 'A new species of Gambierdiscus 

(Dinophyceae) from the south-west Pacific: Gambierdiscus honu sp. nov', Harmful Algae, 

vol. 65, pp. 61-70. 

Rhodes, L.L., Smith, K.F., Murray, S., Harwood, D.T., Trnski, T. & Munday, R. 2017, 'The 

epiphytic genus Gambierdiscus (Dinophyceae) in the Kermadec Islands and Zealandia 

regions of the southwestern Pacific and the associated risk of ciguatera fish poisoning', 

Marine Drugs, vol. 15, no. 7, p. 219. 

Rhodes, L.L., Smith, K.F., Verma, A., Murray, S., Harwood, D.T. & Trnski, T. 2017, 'The 

dinoflagellate genera Gambierdiscus and Ostreopsis from subtropical Raoul Island and 

North Meyer Island, Kermadec Islands', New Zealand Journal of Marine and Freshwater 

Research, pp. 1-15. 

Richlen, M.L., Morton, S.L., Barber, P.H. & Lobel, P.S. 2008, 'Phylogeography, morphological 

variation and taxonomy of the toxic dinoflagellate Gambierdiscus toxicus (Dinophyceae)', 

Harmful Algae, vol. 7, no. 5, pp. 614-29. 

Rhodes, L.L. & Thomas, A.E. 1997, 'Coolia monotis (Dinophyceae): a toxic epiphytic microalgal 

species found in New Zealand', New Zeal J Mar Fresh, vol. 31, pp. 139-141. 



 

 
References  191 

Ridgway, K. 2007, 'Long-term trend and decadal variability of the southward penetration of the 

East Australian Current', Geophysical Research Letters, vol. 34, no. 13. 

Riobó, P., Paz, B., Franco, J.M., Vázquez, J.A., Murado, M. & Cacho, E. 2008, 'Mouse bioassay 

for palytoxin. Specific symptoms and dose-response against dose–death time 

relationships', Food and chemical toxicology, vol. 46, no. 8, pp. 2639-47. 

Rodríguez, I.s., Genta-Jouve, G.g., Alfonso, C., Calabro, K., Alonso, E., Sánchez, J.A., Alfonso, 

A., Thomas, O.P. & Botana, L.M. 2015, 'Gambierone, a ladder-shaped polyether from 

the dinoflagellate Gambierdiscus belizeanus', Organic letters, vol. 17, no. 10, pp. 2392-

5. 

Roeder, K., Erler, K., Kibler, S., Tester, P., Van The, H., Nguyen-Ngoc, L., Gerdts, G. & Luckas, 

B. 2010, 'Characteristic profiles of Ciguatera toxins in different strains of Gambierdiscus 

spp', Toxicon, vol. 56, no. 5, pp. 731-8. 

Rongo, T., Bush, M. & Van Woesik, R. 2009, 'Did ciguatera prompt the late Holocene Polynesian 

voyages of discovery?', Journal of Biogeography, vol. 36, no. 8, pp. 1423-32. 

Roué, M., Darius, H.T., Picot, S., Ung, A., Viallon, J., Gaertner-Mazouni, N., Sibat, M., Amzil, 

Z. & Chinain, M. 2016, 'Evidence of the bioaccumulation of ciguatoxins in giant clams 

(Tridacna maxima) exposed to Gambierdiscus spp. cells', Harmful Algae, vol. 57, pp. 78-

87. 

Ruiz-Montoya, L., Lowe, R.J. & Kendrick, G.A. 2015, 'Contemporary connectivity is sustained 

by wind-and current-driven seed dispersal among seagrass meadows', Movement Ecology, 

vol. 3, no. 1, p. 9. 

Saburova, M., Polikarpov, I. & Al-Yamani, F. 2013, 'New records of the genus Gambierdiscus 

in marginal seas of the Indian Ocean', Marine Biodiversity Records, vol. 6. 



 

 
References  192 

Sadovy, Y. 1998, 'Ciguatera hits Hong Kong live food-fish trade', Fisheries Review, vol. 48, no. 

4, pp. 6-13. 

Sadovy, Y. 1999, 'Ciguatera: a continuing problem for Hong Kong's consumers, live reef fish 

traders and high-value target species', Live Reef Fish Information Bulletin. 

Sara, M. & Liaci, L. 1964, 'Symbiotic association between zooxanthellae and two marine sponges 

of the genus Cliona', Nature, vol. 203, no. 4942, pp. 321. 

Sassenhagen, I. & Erdner, D.L. 2017, 'Microsatellite markers for the dinoflagellate 

Gambierdiscus caribaeus from high-throughput sequencing data', Journal of Applied 

Phycology, pp. 1-6. 

Satake, M., Morohashi, A., Oguri, H., Oishi, T., Hirama, M., Harada, N. & Yasumoto, T. 1997, 

'The absolute configuration of ciguatoxin', Journal of the American Chemical Society, 

vol. 119, no. 46, pp. 11325-6. 

Satake, M., Murata, M. & Yasumoto, T. 1993, 'The structure of CTX3C, a ciguatoxin congener 

isolated from cultured Gambierdiscus toxicus', Tetrahedron Letters, vol. 34, no. 12, pp. 

1975-8. 

Satake, M., Murata, M., Yasumoto, T., Fujita, T. & Naoki, H. 1991, 'Amphidinol, a polyhydroxy-

polyene antifungal agent with an unprecedented structure, from a marine dinoflagellate, 

Amphidinium klebsii', Journal of the American Chemical Society, vol. 113, no. 26, pp. 

9859-61. 

Satake, M., Ofuji, K., Naoki, H., James, K.J., Furey, A., McMahon, T., Silke, J. & Yasumoto, T. 

1998, 'Azaspiracid, a new marine toxin having unique spiro ring assemblies, isolated from 

Irish mussels, Mytilus edulis', Journal of the American Chemical Society, vol. 120, no. 

38, pp. 9967-8. 



References 193 

Sagarin, R.D., Barry, J.P., Gilman, S.E. & Baxter, C.H. 1999, 'Climate-related change in an 

intertidal community over short and long time scales', Ecological Monographs, vol. 69, 

no. 4, pp. 465-90. 

Schmidt, J., 1901. Flora of Koh Chang. Contributions to the knowledge of the vegetation in the 

Gulf of Siam. Peridiniales. Botanische Tidsskrift, vol. 24, pp. 212–221 

Schnetger, B. & Lehners, C. 2014, 'Determination of nitrate plus nitrite in small volume marine 

water samples using vanadium (III) chloride as a reduction agent', Marine Chemistry, vol. 

160, pp. 91-8. 

Scholin, C.A., Herzog, M., Sogin, M. & Anderson, D.M. 1994, 'Identification of group-and 

strain-specific genetic markers for globally distributed Alexandrium (Dinophyceae). II. 

Sequence analysis of a fragment of the LSU rRNA gene', Journal of Phycology, vol. 30, 

no. 6, pp. 999-1011. 

Schreiber, U., Bilger, W. & Neubauer, C. 1995, 'Chlorophyll fluorescence as a nonintrusive 

indicator for rapid assessment of in vivo photosynthesis', Ecophysiology of 

Photosynthesis, Springer, pp. 49-70. 

Seymour, R., Tegner, M., Dayton, P. & Parnell, P. 1989, 'Storm wave induced mortality of giant 

kelp, Macrocystis pyrifera, in southern California', Estuarine, Coastal and Shelf Science, 

vol. 28, no. 3, pp. 277-92. 

Shah, M.M.R., An, S. J. & Lee, J. B. 2013, 'Seasonal abundance of epiphytic dinoflagellates 

around coastal waters of Jeju Island, Korea', Journal of Marine Science and Technology, 

vol. 21, pp. 156-65. 



 

 
References  194 

Shah, M. M. R. An, S. J., Lee, J. B. 2014. Occurrence of sand-dwelling and and epiphytic 

dinoflagellates indlucing potentially toxic species along the Coast of Jeju osland, Korea. 

Journal of Fisheries and Aquatic Science, vol. 9, pp. 141-156. 

Shah, M. M. R., Nagamura, G., Faria, D., Taira, Y., Onodera, K. & Tsuha, K. 2010, 'The genus 

Gambierdiscus in Ryukyu Islands, Japan', Kalliopi A. Pagou, p. 179. 

Skinner, M.P., Brewer, T.D., Johnstone, R., Fleming, L.E. & Lewis, R.J. 2011, 'Ciguatera fish 

poisoning in the Pacific Islands (1998 to 2008)', PLoS Neglected Tropical Diseases, vol. 

5, no. 12, p. e1416. 

Skinner, M.P., Lewis, R.J. & Morton, S. 2013, 'Ecology of the ciguatera causing dinoflagellates 

from the Northern Great Barrier Reef: Changes in community distribution and coastal 

eutrophication', Marine Pollution Bulletin, vol. 77, no. 1, pp. 210-9. 

Smayda, T.J. 2002, 'Adaptive ecology, growth strategies and the global bloom expansion of 

dinoflagellates', Journal of Oceanography, vol. 58, no. 2, pp. 281-94. 

Smayda, T.J. & Reynolds, C.S. 2003, 'Strategies of marine dinoflagellate survival and some rules 

of assembly', Journal of Sea Research, vol. 49, no. 2, pp. 95-106. 

Smith, K.F., Rhodes, L., Verma, A., Curley, B.G., Harwood, D.T., Kohli, G.S., Solomona, D., 

Rongo, T., Munday, R. & Murray, S.A. 2016, 'A new Gambierdiscus species 

(Dinophyceae) from Rarotonga, Cook Islands: Gambierdiscus cheloniae sp. nov', 

Harmful Algae, vol. 60, pp. 45-56. 

Sparmann, S.F., Leander, B.S. & Hoppenrath, M. 2008, 'Comparative morphology and molecular 

phylogeny of Apicoporus n. gen.: a new genus of marine benthic dinoflagellates formerly 

classified within Amphidinium', Protist, vol. 159, no. 3, pp. 383-99. 



 

 
References  195 

Sparrow, L. & Heimann, K. 2016, 'Key Environmental Factors in the Management of Ciguatera', 

Journal of Coastal Research, vol. 75, no. sp1, pp. 1007-11. 

Sparrow, L., Momigliano, P., Russ, G.R. & Heimann, K. 2017, 'Effects of temperature, salinity 

and composition of the dinoflagellate assemblage on the growth of Gambierdiscus 

carpenteri isolated from the Great Barrier Reef', Harmful Algae, vol. 65, pp. 52-60. 

Suthers, I.M., Young, J.W., Baird, M.E., Roughan, M., Everett, J.D., Brassington, G.B., Byrne, 

M., Condie, S.A., Hartog, J.R. & Hassler, C.S. 2011, 'The strengthening East Australian 

Current, its eddies and biological effects—an introduction and overview', Deep Sea 

Research Part II: Topical Studies in Oceanography, vol. 58, no. 5, pp. 538-46. 

Tan, T. H., Lim, P. T., Mujahid, A. Usup, G., Leaw, C. P. 2014. Benthic harmful dinoflagellate 

assemblages in a fringing reef of Sampadi Island, Sarawak, Malaysia. Journal of Marine 

Research Indonesia, vol. 38, pp. 11-21. 

Taniyama, S., Arakawa, O., Terada, M., Nishio, S., Takatani, T., Mahmud, Y. & Noguchi, T. 

2003, 'Ostreopsis sp., a possible origin of palytoxin (PTX) in parrotfish Scarus ovifrons', 

Toxicon, vol. 42, no. 1, pp. 29-33. 

Tawong, W., Nishimura, T., Sakanari, H., Sato, S., Yamaguchi, H. & Adachi, M. 2015, 

'Characterization of Gambierdiscus and Coolia (Dinophyceae) isolates from Thailand 

based on morphology and phylogeny', Phycological Research, vol. 63, no. 2, pp. 125-33. 

Tawong, W., Yoshimatsu, T., Yamaguchi, H. & Adachi, M. 2016, 'Temperature and salinity 

effects and toxicity of Gambierdiscus caribaeus (Dinophyceae) from Thailand', 

Phycologia, vol. 55, no. 3, pp. 274-8. 

Taylor, D. 1971, 'Taxonomy of some common Amphidinium species', British Phycological 

Journal, vol. 6, no. 2, pp. 129-33. 



 

 
References  196 

Ten-Hage, L.c., Delaunay, N., Pichon, V., Couté, A., Puiseux-Dao, S. & Turquet, J. 2000, 

'Okadaic acid production from the marine benthic dinoflagellate Prorocentrum 

arenarium Faust (Dinophyceae) isolated from Europa Island coral reef ecosystem (SW 

Indian Ocean)', Toxicon, vol. 38, no. 8, pp. 1043-54. 

Tester, P.A., Feldman, R.L., Nau, A.W., Kibler, S.R. & Litaker, R.W. 2010, 'Ciguatera fish 

poisoning and sea surface temperatures in the Caribbean Sea and the West Indies', 

Toxicon, vol. 56, no. 5, pp. 698-710. 

Thiel, M. & Gutow, L. 2005a, 'The ecology of rafting in the marine environment. I. The floating 

substrata', Oceanography and Marine Biology: An Annual Review, vol. 42, pp. 181-264. 

Thiel, M. & Gutow, L. 2005b, 'The Ecology of Rafting in the Marine Environment. II. The 

Rafting Organisms and Community.', Oceanography and Marine Biology: An Annual 

Review, vol. 43, pp. 279-418. 

Thomas, M.K., Kremer, C.T., Klausmeier, C.A. & Litchman, E. 2012, 'A global pattern of 

thermal adaptation in marine phytoplankton', Science, vol. 338, no. 6110, pp. 1085-8. 

Thompson, P., Baird, M., Ingleton, T. & Doblin, M. 2009, 'Long-term changes in temperate 

Australian coastal waters: implications for phytoplankton', Marine Ecology Progress 

Series, vol. 394, pp. 1-19. 

Tindall, D.R. & Morton, S.L. 1998, 'Community dynamics and physiology of epiphytic/benthic 

dinoflagellates associated with ciguatera', Nato Asi Series G Ecological Sciences, vol. 41, 

pp. 293-314. 

Tonge, J., Battey, Y., Forbes, J. & Grnt, E. 1967, 'Ciguatera poisoning: a report of two out-breaks 

and a probable fatal case in Queensland', Medical Journal of Australia, vol. 2, no. 24, pp. 

1088-90. 



 

 
References  197 

Trench, R. 1993, 'Microalgal-invertebrate symbioses-a review', Endocytobiosis and Cell 

Research, vol. 9, no. 2-3, pp. 135-75. 

Trevino, C., Escobar, L., Vaca, L., Morales-Tlalpan, V., Ocampo, A. & Darszon, A. 2008, 

'Maitotoxin: A Unique Pharmacological Tool for Elucidating Ca2+ Dependent 

Mechanisms', Food Science and Technology – New York – Marcel Dekker, vol. 173, p. 

503. 

Tubaro, A., Durando, P., Del Favero, G., Ansaldi, F., Icardi, G., Deeds, J. & Sosa, S. 2011, 'Case 

definitions for human poisonings postulated to palytoxins exposure', Toxicon, vol. 57, no. 

3, pp. 478-95. 

Vale, C. 2008, 'Palytoxins: pharmacology and biological detection methods', Food Science and 

Technology – New York – Marcel Dekker, vol. 173, p. 675. 

Van Dolah, F.M. 2000, 'Marine algal toxins: origins, health effects, and their increased 

occurrence', Environmental Health Perspectives, vol. 108, no. Suppl 1, p. 133. 

Verma, A., Hoppenrath, M., Dorantes-Aranda, J.J., Harwood, D.T. & Murray, S.A. 2016, 

'Molecular and phylogenetic characterization of Ostreopsis (Dinophyceae) and the 

description of a new species, Ostreopsis rhodesae sp. nov., from a subtropical Australian 

lagoon', Harmful algae, vol. 60, pp. 116-30. 

Verma, A., Hoppenrath, M., Harwood, T., Brett, S., Rhodes, L. & Murray, S. 2016, 'Molecular 

phylogeny, morphology and toxigenicity of Ostreopsis cf. siamensis (Dinophyceae) from 

temperate south‐east Australia', Phycological Research, vol. 64, no. 3, pp. 146-59. 

Vila, M., Garcés, E. & Masó, M. 2001, 'Potentially toxic epiphytic dinoflagellate assemblages 

on macroalgae in the NW Mediterranean', Aquatic Microbial Ecology, vol. 26, no. 1, pp. 

51-60. 



References 198 

Villareal, T., Hanson, S., Qualia, S., Jester, E., Granade, H. & Dickey, R. 2007, 'Petroleum 

production platforms as sites for the expansion of ciguatera in the northwestern Gulf of 

Mexico', Harmful Algae, vol. 6, no. 2, pp. 253-9. 

Villareal, T.A. & Morton, S.L. 2002, 'Use of Cell-Specific PAM-Fluorometry to Characterize 

Host Shading in the Epiphytic Dinoflagellate Gambierdiscus toxicus', Marine Ecology, 

vol. 23, no. 2, pp. 127-40. 

Watanabe, R., Uchida, H., Suzuki, T., Matsushima, R., Nagae, M., Toyohara, Y., Satake, M., 

Oshima, Y., Inoue, A. & Yasumoto, T. 2013, 'Gambieroxide, a novel epoxy polyether 

compound from the dinoflagellate Gambierdiscus toxicus GTP2 strain', Tetrahedron, vol. 

69, no. 48, pp. 10299-303. 

Wiese, M., D’agostino, P.M., Mihali, T.K., Moffitt, M.C. & Neilan, B.A. 2010, 'Neurotoxic 

alkaloids: saxitoxin and its analogs', Marine Drugs, vol. 8, no. 7, pp. 2185-211. 

Witman, J.D. 1987, 'Subtidal coexistence: storms, grazing, mutualism, and the zonation of kelps 

and mussels', Ecological Monographs, vol. 57, no. 2, pp. 167-87. 

Wong, C.-K., Hung, P., Lee, K.L. & Kam, K.-M. 2005, 'Study of an outbreak of ciguatera fish 

poisoning in Hong Kong', Toxicon, vol. 46, no. 5, pp. 563-71. 

Wu, L., Cai, W., Zhang, L., Nakamura, H., Timmermann, A., Joyce, T., McPhaden, M.J., 

Alexander, M., Qiu, B. & Visbeck, M. 2012, 'Enhanced warming over the global 

subtropical western boundary currents', Nature Climate Change, vol. 2, no. 3, pp. 161-6. 

Xu, Y., Richlen, M.L., Morton, S.L., Mak, Y.L., Chan, L.L., Tekiau, A. & Anderson, D.M. 2014, 

'Distribution, abundance and diversity of Gambierdiscus spp. from a ciguatera-endemic 

area in Marakei, Republic of Kiribati', Harmful Algae, vol. 34, pp. 56-68. 



 

 
References  199 

Xu, Y., Richlen, M.L., Liefer, J.D., Robertson, A., Kulis, D., Smith, T.B., Parsons, M.L. & 

Anderson, D.M. 2016, 'Influence of environmental variables on Gambierdiscus 

spp.(Dinophyceae) growth and distribution', PloS One, vol. 11, no. 4, p. e0153197. 

Yang, H., Lohmann, G., Wei, W., Dima, M., Ionita, M. & Liu, J. 2016, 'Intensification and 

poleward shift of subtropical western boundary currents in a warming climate', Journal 

of Geophysical Research: Oceans, vol. 121, no. 7, pp. 4928-45. 

Yasumoto, T. 2005, 'Chemistry, etiology, and food chain dynamics of marine toxins', 

Proceedings of the Japan Academy, Series B, vol. 81, no. 2, pp. 43-51. 

Yasumoto, T., Igarashi, T., Legrand, A.-M., Cruchet, P., Chinain, M., Fujita, T. & Naoki, H. 

2000, 'Structural elucidation of ciguatoxin congeners by fast-atom bombardment tandem 

mass spectroscopy', Journal of the American Chemical Society, vol. 122, no. 20, pp. 

4988-9. 

Yasumoto, T., Nakajima, I., Bagnis, R. & Adachi, R. 1977, 'Finding of a dinoflagellate as a likely 

culprit of ciguatera', Bulletin of the Japanese Society of Scientific Fisheries, vol. 43, no. 

8, pp. 1021-6. 

Yasumoto, T., Inoue, A., Bagnis, R. & Carcon, M. 1979, 'Ecological survey on a dinoflagellate 

possibly responsible for the induction of ciguatera', Bulletin of the Japanese Society of 

Scientific Fisheries. 

Yoshimatsu, T., Tie, C., Yamaguchi, H., Funaki, H., Honma, C., Tanaka, K. & Adachi, M. 2016, 

'The effects of light intensity on the growth of Japanese Gambierdiscus spp. 

(Dinophyceae)', Harmful Algae, vol. 60, pp. 107-15. 



References 200 

Yoshimatsu, T., Yamaguchi, H., Iwamoto, H., Nishimura, T. & Adachi, M. 2014, 'Effects of 

temperature, salinity and their interaction on growth of Japanese Gambierdiscus spp. 

(Dinophyceae)', Harmful Algae, vol. 35, pp. 29-37. 

Yogi, K., Sakugawa, S., Oshiro, N., Ikehara, T., Sugiyama, K. & Yasumoto, T. 2014, 

'Determination of toxins involved in ciguatera fish poisoning in the Pacific by LC/MS', 

Journal of AOAC International, vol. 97, no. 2, pp. 398-402. 

Zhang, H., Wu, Z., Cen, J., Li, Y., Wang, H. & Lu, S. 2016, 'First report of three benthic 

dinoflagellates, Gambierdiscus pacificus, G. australes and G. caribaeus (Dinophyceae), 

from Hainan Island, South China Sea', Phycological Research, vol. 64, no. 4, pp. 259-73. 

Zingone, A. & Enevoldsen, H.O. 2000, 'The diversity of harmful algal blooms: a challenge for 

science and management', Ocean & Coastal Management, vol. 43, no. 8, pp. 725-48. 

Zlotnick, B.A., Hintz, S., Park, D.L. & Auerbach, P.S. 1995, 'Ciguatera poisoning after ingestion 

of imported jellyfish: diagnostic application of serum immunoassay', Wilderness & 

Environmental Medicine, vol. 6, no. 3, pp. 288-94. 


	Title Page
	Certificate of Authorship/Originality
	Acknowledgements
	Publications and Research Outputs
	Table of Contents
	List of Figures
	List of Tables
	Abbreviations
	Abstract
	Chapter 1 General Introduction
	1.1. Microalgae
	1.1.1 Harmful Algal Bloom (HAB) species
	1.1.2 Benthic Harmful Algal Bloom (BHAB) species

	1.2 Ciguatera Fish Poisoning (CFP)
	1.3 The causative organisms of Ciguatera Fish Poisoning (CFP)
	1.3.1 Taxonomy of Gambierdiscus and Fukuyoa
	1.3.2 Toxins produced by Gambierdiscus and Fukuyoa
	1.3.3 Detection of toxins produced by Gambierdiscus and Fukuyoa
	1.3.4 Geographic distribution of Gambierdiscus and Fukuyoa

	1.4 Co-occuring toxin producing epibenthic dinoflagellates
	1.4.1 Ostreopsis
	1.4.2 Coolia
	1.4.3 Prorocentrum
	1.4.4 Amphidinium

	1.5 An Australian Perspective
	1.5.1 Ciguatera Fish Poisoning (CFP) in Australia
	1.5.2 Gambierdiscus and Fukuyoa in Australia
	1.5.3 Toxicology of Gambierdiscus and Fukuyoa from Australia

	1.6 Thesis outline

	Chapter 2 Diversity and Toxicology of Gambierdiscus spp. (Dinophyceae) from tropical and temperate Australian waters
	2.1 Abstract
	2.2 Introduction
	2.3 Methods
	2.3.1 Sampling and isolation
	2.3.2 Strain identification
	2.3.3 Toxicology
	2.3.3.1 Detecting P-CTX-3B, 3C, 4A and 4B using Liquid Chromatography Tandem-Mass Spectrometry (LC-MS/MS)
	2.3.3.2 Ciguatoxin (CTX) and maitotoxin-like (MTX) activities


	2.4 Results
	2.4.1 Strain identification
	2.4.2 Detection of characterised ciguatoxins and maitotoxins
	2.4.3 Presence of ciguatoxin (CTX) and maitotoxin-like (MTX) activities in established strains

	2.5 Discussion
	2.6 Conclusion

	Chapter 3 Environmental niche of Gambierdiscus spp. (Dinophyceae) from tropical and temperate Australian waters
	3.1 Abstract
	3.2 Introduction
	3.3 Methods
	3.3.1 Cell culture
	3.3.2 Growth estimates
	3.3.3 Niche estimate experiments
	3.3.4 Estimating optimum growth conditions and niche width

	3.4 Results
	3.4.1 Thermal niche estimates
	3.4.2 Salinity niche estimates
	3.4.3 Irradiance niche estimates
	3.4.4 Gambierdiscus environmental niche

	3.5 Discussion
	3.5.1 Comparison of the fitness of Gambierdiscus strains
	3.5.2 Temperature
	3.5.3 Salinity
	3.5.4 Irradiance
	3.5.5 Future work


	Chapter 4 Hitchhiking in the East Australian Current – rafting as a dispersal mechanism for harmful epibenthic dinoflagellates
	4.1 Abstract
	4.2 Introduction
	4.3 Methods
	4.3.1 Presence of epibenthic dinoflagellates in the Port Hacking (PH100) time-series (1965-2013)
	4.3.2 Presence of epibenthic dinoflagellates on ocean rafts
	4.3.2.1 Raft collection and sample processing
	4.3.2.2 Identification and enumeration of the microalgal community associated with rafts
	4.3.2.3 Phylogenetic analysis of cryptic harmful epibenthic dinoflagellate species associated with rafts


	4.4 Results
	4.4.1 Presence of epibenthic dinoflagellates in the Port Hacking (PH100) time-series (1965-2013)
	4.4.2 Presence of epibenthic dinoflagellates on ocean rafts

	4.5 Discussion
	4.6 Conclusion
	4.7 Supplementary Materials

	Chapter 5 Capacity for Gambierdiscus (Dinophyceae) to successfully colonise novel temperate locations
	5.1 Abstract
	5.2 Introduction
	5.3 Methods
	5.3.1 Natural epiphytic community colonisation experiment
	5.3.2 Artificial community colonisation experiment
	5.3.3 Dissolved nutrient analysis

	5.4 Results
	5.4.1 Natural community colonisation experiment
	5.4.2 Artificial community colonisation experiment

	5.5 Discussion
	5.6 Conclusions
	5.7 Supplementary Materials

	Chapter 6 General Discussion
	6.1 Overview
	6.2 Diversity of Gambierdiscus and Fukuyoa in eastern Australia
	6.3 Determining the species contributing to CFP in eastern Australia
	6.4 Potential for range extension of Gambierdiscus in eastern Australia

	References

