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Abstract 

Fragile, athecate, gymnodinioid dinoflagellates from the family Kareniaceae have long 

been associated with mortalities of finfish, with the principal site of damage 

consistently observed at the gills. The agents i~vestigated as potentially responsible 

for ichthyotoxicity included lipids, particularly the polyunsaturated fatty acid (PUF A) 

octadecapentaenoic acid (OP A), the recently characterized polyketide phycotoxin 

karlotoxin (KmTx), and reactive oxygen species (ROS), measured as superoxide (0£). 

Lipid composition of 8 species (Karenia brevis, K m(kimotoi, K papilionacea, K 

umbella; Karlodinium decipiens, Ka. veneficum; Takayama helix, T. tasmanica) 

revealed fatty acids dominated by the putative lipid phycotoxin OPA and 

docosahexaenoic acid (DHA). Sterol composition consisted mainly of novel 4-methyl 

Ii 8<14
) sterols, brevesterol and gymnodinosterol, in all species except Karenia 

papilionacea, which contained 4-des~ethyl Ii 8<14
) sterols. 

Survey of 15 species revealed only 2 closely related species, Karlodinium veneficum 

and Karlodinium conicum, produce karlotoxin, but with variable hemolytic activity in 

different strains. The hemolytic potency (HD50%) ofkarlotoxins was: KmswanTx 2-1 

(65.9 ± 4.8 ng) and KmSwanTx 2-2 (63.4 ± 3.7 ng); KmHuonTx 2 (343.± 4.9 ng) and 

Klllcomcum Tx (>4000ng). Karlotoxin was shown to be algicidal towards Karenia , 

papilionacea, reinforcing that 4-desmethyl sterol containing cells, such as cholesterol 

in fish gill membranes, are vulnerable. 

Larval finfish bioassays confirmed karlotoxin was cell bound as ichthyotoxicity 

increased upon cell lysis. Lysed low density Karlodinium veneficum cultures grown 

under phosphorus limited conditions cause,cl quicker fish mortality than those cultured 

in replete nutrient conditions. Pure karlotoxins were toxic to sheepshead minnow 

larvae, the lethal dose (LDso) was: KmHuonTx 2 508.2 ng/mL; KmswanTx 2-1 563.2 

ng/mL, and Klllcomcum Tx 762.4 ng/mL. 

Purified monogalactosyl diglyceride (MGDG) lipids containing OPA exclusively, or 

an octatetraenoic (OT A) and docosahexaenoic (DHA) acid mixture, caused no larval 

finfish mortality at 120 mg/L. Superoxide production from 15 species ofKareniaceae 
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was 10 times less than those produced by the well-known ichthyotoxic raphidophyte 

Chattonella marina. The singular or synergistic application of lipids, superoxide and 

sub-lethal karlotoxin revealed no ichthyotoxicity with any paired combination, except 

when lipids were combined with karlotoxin. 

Except for the demonstrated role of karlotoxin in Karlodinium veneficum and Ka. 

conicum and brevetoxin in Karenia brevis, the fish-killing mechanism by other 

gymnodinioid dinoflagellates remains largely unresolved. The purported toxin in 

Karenia mikimotoi, gymnocin, was not detected. Reactive oxygen species in 

Kareniaceae were quantitatively less important than in fish-killing raphidophytes and 

bioassays using naturally occurring forms of OPA and OTA indicated that PUFA were 

non-toxic to sheepshead minnow larvae. 
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Chapter 1 



Introduction 

Toxic marine algal blooms worldwide threaten marine ecosystems, human health, wild 

and aquaculture fisheries, and appear to be increasing in frequency (Hallegraeff 1993, 

1995; Van Dolah 2000). An estimated 5000 species of marine microalgae have been 

described, with less than 2 % of these known to be toxic. Within this number, 

dinoflagellates can produce toxins that impact on marine fauna and in some cases 

cause mass mortalities. Average annual economic losses, in the US alone, from the 

impact of harmful algal blooms (HAB) is approaching $US 100 million. These 

impacts have increased public awareness and the need for research to better describe 

these events. The precise mechanism of ichthyotoxicity in many HAB species 

remains unresolved. 

Marine phytoplankton representatives of the Division Dinophyta, Family Kareniaceae, 

currently comprise three genera, Karenia, Karlodinium and Takayama which form a 

well-defined grouping characterized by the possession of fucoxanthin chloroplast 

pigments and their common involvement in wild or aquaculture fish kills. Daugbjerg 

et al. (2000), based on a combination of molecular sequencing and ultrastructural 

studies, redefined the genus Karenia for species with straight apical grooves and 

Karlodinium for species with a short straight groove and small ventral pore. De Salas 

et al. (2003) later added the genus Takayama for species with a sigmoid apical groove. 

The most significant morphological feature of Kareniaceae is the absence of a 

cellulose theca, resulting in a greater susceptibility of these species to rupture from 

water column turbulence and contact with marine life. The fragility ofKareniaceae 

species and the release of ichthyotoxic agents upon cell rupture is a fundamental 

observation underpinning this doctoral research. Observations of mass mortalities of 

marine finfish related to Kareniaceae blooms show that the primary site of impact is 

the fish gills (Figure 1 ). In the majority of cases the toxic mechanism is unknown. 

This research seeks to investigate the universal mechanism for ichthyotoxicity in 

gymnodinioid dinoflagellates. 

Fish kills caused by Karenia brevis in Florida, USA, have been documented since the 

1700s (Steidinger et al. 1998b) and-are widely attributed to the production of the 
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neurotoxin, brevetoxin, which is the cause of neurotoxic shellfish poisoning (NSP) in 

human shellfish consumers. The toxin has a high affinity for binding to sodium 

channels, resulting in inappropriate opening of the channel and thus causing 

neurological side-effects. Symptoms ofNSP include nausea, loss of motor control and 

severe muscular ache (Poli et al. 1986; Baden and Adams 2000; Baden et al. 2005). 

Fish 
Death 41 

Hyperventilation 

Gill Impact 

/!~rupture 

Lipid 
ROS peroxidation FFA 

Figure 1. Diagrammatic representation of the possible mechanism of ichthyotoxicity 

of Kareniaceae (adapted from Marshall et al.(2003)) 

Another species, Karenia mikimotoi (previously known as Gyrodinium aureolum), has 

been widely associated with fish kills in the North Atlantic, Japan and Europe 

(Braarud and Heimdal 1970; Tangen 1978; Silke et al. 2005) however the fish-killing 

mechanism remains largely unsolved. Proposed agents for the toxicity include the 

lipid phycotoxin, octadecapentaenoic acid, OP A (Sola et al. 1999; Gentien et al. 2007) 

and reactive oxygen species (ROS) (Yamasaki et al. 2004). More recently, Karenia 
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papilionacea in New Zealand (Haywood et al. 2004) and Karenia umbel/a in 

Tasmania, Australia, have also been associated with salmonid aquaculture mortality 

(de Salas et al. 2004), but with unknown ichthyotoxic mechanism. 

Karlodinium veneficum (previously known ~s Karlodinium micrum), Figure 2, is 

increasingly being associated with wild fish kills in the Swan River, Western 

Australia, and North American estuaries (Deeds et al. 2002), and contains karlotoxin, 

a membrane pore-forming toxin (Deeds and Place 2006). Symptoms offish exposed 

to karlotoxin include erratic swimming behaviour, severe gill epithelial damage and 

gill sloughing, complete destruction of pectoral and caudal fins and mortality. Whole 

body sectioning has ide1:1tified gills as the principal site of impact, with symptoms of 

swelling of lamellae and complete breakdown of gill structure, while no internal 

tissues show changes in functionality or damage (Deeds et al. 2006). In Australia, 

ichthyotoxic blooms of Karlodinium veneficum are increasingly observed in the Swan 

River, Western Australia, with fish displaying classic karlotoxin exposure symptoms 

(Mooney et al. 2009). 

Finally, Takayama species (previously referred to as Gymnodinium pulchellum or 

Gymnodinium type 84K) have caused fish kills in USA (Steidinger et al. 1998a), Japan 

(Onoue et al. 1985)and Australia (Larsen 1994; Hallegraeff 2002)and currently have 

an unknown fish-killing mechanism. Fish exposed to toxic fractions from 

Gymnodinium pulchellum exhibit loss of balance, excessive gill mucus production and 

respiratory distress (Onoue and Nozawa 1989). 

The aim of this thesis was to explore a universal ichthyotoxic mechanism in 

Kareniaceae species with a focus on the chemical composition of the algae. Species 

examined for ichthyotoxicity are shown in Table 1. Each chapter examines the 

composition of a singular biochemical agent, and culminates in the investigation of 

comparative or potentially synergistic action of biochemicals using bioactivity 

measures. Chapter 2 details the lipid composition of 8 species of Kareniaceae, with 

particular attention to lipid class, polyunsaturated fatty acids (PUF A), and sterol 

composition. Using modem lipid analysis techniques and instrumentation potential 

lipid phycotoxins including octadecatetraenoic acid (OTA), octadecapentaenoic acid 
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(OPA) and eicosapentaenoic acid (EPA) were targeted. PUFA is synthesized almost 

entirely in the plastid, with the majority of OPA and OTA present in plastid-related 

glycolipids, as mono- or digalactosyl diglycerides (MGDG and DGDG) (Bell et al. 

1997; Leblond and Lasiter 2009), and with EPA dominant in the cell-membrane 

phospholipid fraction (Leblond and Chapman 2000; Adolf et al. 2009). Analysis of 

lipid composition of dinoflagellates provides a valuable insight to chemotaxonomy, 

identifies potential biomarkers for use in field monitoring and identification of species, 

but has also revealed candidate lipid phycotoxins responsible for fish kills. 

Figure 2. Karlodinium veneficum, scanning electron micrograph (courtesy Miguel de 

Salas) 
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Table 1: Kareniaceae species examined for putative phycotoxins 

Species !Authority Culture Code Temperature Locality [solator and 
(oC) ID ate 

l,Karenia asterichroma !De Salas, Bolch et iKAPBOl 20 Pirates Bay, 
oc-Iallegraeff rrasmania 

Karenia brev~1 . (P11.visl Hansen et IKBFL718 20 Florida !Wilson 1953 
IMoestrup 

'IKarenia mikimotoi' (Miyake et KMNZ63 17 New Zealand ~.Haywood 
Kominami ex Oda) 1994 
Hansen et Moestrup 

'IKarenia papilionacea !Haywood et iKPPLOl 20 Port Lincoln, South IM. de Salas 
Steidinger Australia 15.05.03 

'IKarenia umbella De Salas, Bolch et KUPLOl 20 Port Lincoln, M. de Salas 
Hallegraeff South Australia 15.03.2002 

'iKarlodinium antarcticum De Salas KDANSOlO 14 Southern Ocean IM. de Salas 
50°33'S,145°33'E 01.02.2006 

'iKarlodinium australe De Salas, Bolch et 
Hallegraeff 

'iKarlodinium ballantinum De Salas KDBM 14 Mercury Passage, IM. de Salas 
Tasmania 01.02.2006 

'iKarlodinium conicum !De Salas K.DCEAC 14 East Aust Current IM. de Salas 
01.02.2006 

KDCS015 14 Southern Ocean 
44°41 'S,147°07'E 

!Karlodinium corrugatum De Salas KDGSS08 5 Southern Ocean IM. de Salas 
53°22'S,144°53'E 01.02.2006 

'IKarlodinium decipiens De Salas et Laza- KDSBOl 17 Spring Bay, M. de Salas 
Martinez Tasmania 18.05.2005 

'iKarlodinium veneficum (Ballantine) KVSROl 20 Swan River, IM. de Salas 
Larsen Western Australia 9.03.2001 

KVDEOl 20 Derwent Estuary, IM. de Salas 
Tasmania ~1.02.03 

KVHUOl 20 HuonRiver, IM. de Salas 
Tasmania 10.01.05 

Takayama helix De Salas, Botes, THNWBOl 17 North West Bay, IM. de Salas 
Bolch et Tasmania 14.05.01 
Hallegraeff 

Takayama tasmanica De Salas, Bolch et TTDEOl 17 Derwent Estuary, IM. de Salas 
Hallegraeff Tasmania r?.02.01 

Takayama tuberculata De Salas TTBSSOll 14 Southern Ocean IM. de Salas 
48°S,146°5'E 01.02.2006 

1Not Australian strains 
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A survey for hemolytic activity and the toxins responsible for the activity, known and 

unknown, in 15 species ofKareniaceae is presented in Chapter 3. Karlotoxin, a linear 

amphipathic polyketide with cytotoxic, algicidal and ichthyotoxic activity, from 

Karlodinium veneficum and Karlodinium conicum, is known to inhibit grazing by 

predators (Adolf et al. 2007), assist in immobilisation of prey (Adolf et al. 2006) and 

have a greater affinity to cholesterol and structurally similar sterols (Deeds and Place 

2006). This research utilised state-of-the-art chemical separation instrumentation, 

high performance liquid chromatography (HPLC), linked to a mass spectrometer (MS) 

detector, and combined fractionation of chemical components with rapid screening of 

bioactivity using rainbow trout erythrocytes in a high throughput 96-well format . Ka. 

veneficum, and most Kareniaceae species, are protected from karlotoxin attack by 

possessing largely unique 4-methyl sterols with an unusual double bond in position 

8(14), gymnodinosterol and brevesterol (Leblond and Chapman 2002; Giner et al. 

2003; Mooney et al. 2007), as shown in the preceding chapter. The presence of other 

gymnodinioid toxins, brevetoxin in Karenia brevis and suspected gymnocin in 

Karenia mikimotoi were also chemically and biologically screened. Additionally, a 

range ofKareniaceae species were offered potential prey items, mainly cryptophytes, 

to explore the link between toxin production and mixotrophy. 

Chapter 4 builds on our knowledge of the ichthyotoxicity ofkarlotoxin in using a 

sheepshead minilow larval finfish bioassay. This chapter combined the findings from 

the preceding two chapters in exploring the interaction ofkarlotoxin, Chapter 3, with 

cell-membrane sterol composition using a Kareniaceae species which is lacking the 

protective sterol composition in containing largely 4-desmethyl sterol composition, 

Karenia papilionapea, Chapter 2. 

Chapter 5 focuses solely on karlotoxin ichthyotoxicity and details the measurement of 

lethal dose for 50 % of the population (LD50), compares the activity oflive compared 

to lysed cells and the effect of nutrient limitation, using purified karlotoxin and 

karlotoxin-producing cultures. This investigation is important for the future 

management of Ka. veneficum blooms worldwide, as not all blooms are ichthyotoxic, 

and the reasons for this are unclear. Nutrients, cell viability and other factors play a 

role in determining the ichthyotoxic potential of some Kareniaceae blooms (Hall et al. 

2008; Adolf et al. 2009). 
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Finally, in Chapter 6, the potential synergistic ichthyotoxicity of biochemical agents 

described earlier is explored and combines these key finding, namely lipid 

composition and potential PUF A phycotoxins (Chapter 2), karlotoxin production 

(Chapter 3), karlotoxin-sterol relationship (Chapter 4) and LD5o- limits for karlotoxin 

(Chapter 5). Reactive oxygen species (ROS) are introduced as the third ichthyotoxic 

chemical and 15 species of Kareniaceae are screened for ROS production. ROS, 

measured as superoxide, have been implicated as contributing to mass mortalities of 

fish (Kim et al. 1999; Yamasaki et al. 2004). Algal species producing significant 

levels of ROS which have been investigated in conjunction with ichthyotoxic blooms 

include the dinoflagellates Cochlodinium polykrikoides (Kim et al. 1999; Kim et al. 

2002) and Karenia mikimotoi (Yamasaki et al. 2004), and raphidophytes, such as 

Chattonella marina (Oda et al. 1992a; 1992b; Marshall et al. 2005a; 2005b ). ROS 

alone, or combined with lipids and/or karlotoxin were tested for ichthyotoxicity 

towards sheepshead minnow finfish larvae. This information has provided evidence 

for the relative contribution towards ichthyotoxicity of these three biochemical 

components individually or in conjunction with each other. This data is essential for 

the successful management of blooms ofKareniaceae species and protection of wild 

and aquacultured marine fauna. 

This thesis has resulted in two published paper in the international Journal of 

Phycology (Chapters 2, 3), one paper submitted as a Harmful Algal Bloom (HAB) 

conference proceeding (Chapter 4), one paper submitted to the journal Harmful Algae 

(Chapter 5), and a paper in preparation for publication (Chapter 6). 
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Abstract 

The lipid class, fatty acid and sterol composition of eight species of ichthyotoxic 

marine gymnodinioid dinoflagellate (Karenia, Karlodinium and Takayama) species 

was examined. The major lipid class in all species was phospholipid (80-99%), with 

low levels of triacylglycerol (TAG) (0-16%) and free fatty acid (FF A) (1-11 % ). The 

common dinoflagellate polyunsaturated fatty acids (PUF A), octadecapentaenoic acid 

(OPA 18:5ro3) and docosahexaenoic acid (DHA 22:6ro3), were present in all species 

in varying amounts (14-35% and 8-23% respectively). The very long-chain PUFA 

(VLC-PUFA) 28:7ro6 and 28:8ro3 were present at low levels (<1 %) and the ratio of 

these fatty acids may be a useful chemotaxonomic marker at the species level. The 

typical dinoflagellate sterol dinosterol was absent from all species tested. A 

predominance of the 4-methyl and 4-desmethyl 8 8C14
) sterols in all dinoflagellate 

species included 23-methyl-27-norergosta-8(14),22-dien-3P-ol (Karenia papilionacea, 

59-66%), 27-nor-(24R)-4a-methyl-5a-ergosta-8(14),22-dien-3P-ol, brevesterol, 

(Takayama tasmanica 84%, T. helix 71 %, Karenia brevis 45%, Karlodinium KDSBOl 

40%, Karenia mikimotoi 38%) and (24R)-4a-methyl-5a-ergosta-8(14),22-dien-:3P-ol, 

gymnodinosterol, (Karenia mikimotoi 48%, Karenia umbella 59%, Karlodinium 

veneficum 71-83%). In Takayama species, 5 steroid ketones were identified including 

for the first time the 3-keto form of brevesterol and gymnodinosterol. These results 

indicate a biochemical link between sterol and steroid ketone biosynthesis, suggesting 

that selected dinoflagellates can make a significant contribution to ketones present in 

marine sediments. The presence of steroid ketones, specific sterols and fatty acids and 

the ratio of VLC-PUF A may prove to be a useful chemotaxonomic tool for 

distinguishing between morphologically similar species. The relative levels of the 

PUF A OP A and DHA, coupled with the potential inhibitory action of 8 8C14
) sterols, 

may provide insight into the ichthyotoxicity of these bloom-forming dinoflagellates. 
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Introduction 

Gymnodinioid dinoflagellates belonging to what is now known as the family 

Kareniaceae form a well-defined grouping characterized by the possession of 

fucoxunthin and derivative chloroplast pigments and their common involvement in 
- -

wild or aquaculture fish kills. Initially these species were accommodated within 

Gymnodinium or Gyrodinium but Daugbjerg et al. (2000), based on a combination of 

molecular sequencing and ultrastructural studies, redefined the genus Karenia for 

species with straight apical grooves and Karlodinium for species with a short straight 

groove and small ventral pore. De Salas et al. (2003) later added the genus Takayama 

for species with a sigmoid apical groove. 

The first taxon to be recognized as having fucoxanthin instead of peridinin pigments 

was what is now known as Karlodinium veneficum (also referred to as Karlodinium 

micrum, Gyrodinium galatheanum or Gyrodinium sp.A) (Bj0rnland and Tangen 1979). 

This feature was subsequently also confirmed for Karenia brevis (also referred to as 

Gymnodinium breve) (Bj0mland and Tangen 1979) and Takayama species (de Salas et 

al. 2003). Such chloroplast pigments have derived from a long established symbiotic 

association with a haptophyte endosymbiont (Yoon et al. 2005). 

The main interest in species ofKareniaceae relates to their potential ichthyotoxicity. 

Fish kills caused by Karenia brevis in Florida have been documented since the 1700s 

(Steidinger et al. 1998b) and are widely contributed to the production of the 

neurotoxin brevetoxin, which is the cause of neurotoxic shellfish poisoning (NSP) in 

human shellfish consumers. Karenia mikimotoi (also known as Gyrodinium 

aureolum) has been widely associated with salmonid aquaculture fish kills in Europe 

(Tangen 1978). More recently, Karenia papilionacea in New Zealand (Haywood et 

al. 2004) and Karenia umbella in Tasmania, Australia, have also been associated with 

a salmonid aquaculture mortality (de Salas et al. 2004). Karlodinium veneficum (as 

Karlodinium micrum) is increasingly being associated with wild fish kills in the Swan 

River, Western Australia, and North American estuaries (Deeds et al. 2002). Finally, 

Takayama species (previously referred to as Gymnodinium pulchellum or 

Gymnodinium type 84K) have caused fish kills in Florida, Japan and Australia. 
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Analysis of lipid composition of dinoflagellates can provide a valuable clue to 

chemotaxonomy, identify biomarkers for use in field monitoring, but has also revealed 

candidate lipid phycotoxins responsible for fish kills. Previous lipid studies on 

Kareniaceae have been limited to Karenia brevis, Karenia mikimotoi and Karlodinium 

veneficum. In the present survey, we reexamined further strains of these three taxa as 

well as newly analyse Karenia papilionacea, Karenia umbella, Takayama tasmanica, 

Takayama helix and an as yet undescribed Karlodinium species (referred to as 

KDSBOl and to b°e described in full elsewhere). 

Materials and Methods 

Algal strains and growth conditions 

Details of algal cultures are summarised in Table 2. Cultures were grown in duplicate 

or triplicate in 250 mL polycarbonate screw top containers, inoculated with 50 mL 

stock culture and made up to 200 mL with GSe medium (Blackburn et al. 2001 ). The 

cultures were grown at either 17 °C or 20 °C, Table 2, consistent with the temperature 

at which the stock culture was maintained. A 12:12 h LD (light:dark) cycle of 80 

µmol photons PAR m-2s-1 of cool-white fluorescent light was constant throughout the 

experiment. Cultures were grown to late-exponential growth phase, between 2-4 

weeks deP,ending on the species, subsampled for cell counts and harvested in their 

entirety onto pre-combusted glass-fiber filters (Whatman GF/F 47mm diameter)., 

Samples were stored at -20 °C in the dark until analysis. 

Lipid extraction and analysis 

Filters were extracted using a modified Bligh & Dyer (1959) method with an initial 

chloroform-methanol-water (1:2:0.8 v/v/v) single phase solution. Phase separation 

was performed by addition of chloroform and purified water (Milli-Q® system, 

Millipore, Sydney, NSW) to yield a final chloroform-methanol-water of 1:1:0.9 

(v/v/v). The lipid containing lower chloroform layer was concentrated in vacuo by 

rotary evaporator and transferred to tared vials. Lipid samples were stored at -20° C in 

the dark until analysis. 

Lipid class composition was determined by an Iatroscan MK V thin-layer 

chromatography-flame ionization detector (TLC-FID) analyser (Iatron Laboratories, 

Japan). Samples were spotted onto silica gel SIU Chromarods (5 µm particle size) and 
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developed in a glass tank lined with pre-extracted filter paper. The solvent system 

used forthe lipid separation was hexane: diethyl ether: acetic acid (60:17:0.l, v/v/v) 

(Volkman and Nichols 1991). After development for 25 minutes, the chromarods were 

oven-dried and analysed immediately to minimise adsorption of atmospheric 

contaminants. Lipid classes were quantified by DAP A software (Kalamunda, WA, 

Australia). The FID was calibrated for each compound class: phosphatidylcholine; 

cholesterol; cholesteryl ester; oleic acid; hydrocarbon (squalene); wax ester (derived 

from fish oil); triacylglycerol (derived from fish oil); and diacylglyceryl ether (DAGE) 

purified from shark liver oil. 

An aliquot of the total lipid was saponified using 5 % KOH in aqueous MeOH and 

heated for 3 hrs at 80° C. Free sterols and steroids were extracted three times with 

hexane: chloroform (4:1, v/v) and converted to theirtrimethylsilyl ethers (TMS) using 

N,0-bis(trimethylsilyl)trifluoroacetamide (BSTF A) (50° C, overnight) prior to gas 

chromatography-flame ionization detection (GC-FID) and gas chromatography-mass 

spectrometry (GC-MS) analysis. Another aliquot was transmethylated using 

MeOH/HCl/CHCh (10:1:1 v/v/v; 100° C, 60 min) and after addition of water the fatty 

acid methyl esters (FAME) extracted three times with hexane: chloroform (4:1, v/v). 

All samples were made up to a known volume with an internal injection standard 

(23:0 or 19:0 FAME) and analysed by GC using an Agilent Technologies 6890N GC 

(Palo Alto, California, USA) equipped with an HP-5 cross-linked methyl silicone 

fused silica capillary column (50mx0.32mm i.d.), and an FID. Helium was used as the 

carrier gas. Samples were injected, by a split/splitless injector and an Agilent 

Technologies 7683 Series autosampler in splitless mode, at an oven temperature of 

50°C. After 1 min the oven temperature was raised to 150°C at 30°C min-1
, then to 

250°C at 2°C per min and finally to 300°C at 5°C min-1
• Peaks were quantified by 

Agilent Technologies GC ChemStation software (Palo Alto, California, USA). GC

MS analyses were performed on all samples using a Finnigan Thermoquest GCQ GC

MS fitted with an on-column injector and using Thermoquest Xcalibur software 

(Austin, Texas, USA). The GC was fitted with a capillary column similar to that 

described above. 

FAME, derivatised sterols and steroidal ketones were identified by comparison with 

retention time of laboratory standards, mass spectral data and relative retention times 
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published in the literature (Harvey et al. 1988; Jones et al. 1994; Mansour et al. 

1999b ). Peak areas were used to attribute relative proportions of fatty acids, sterols 

and steroidal ketones. GC results are typically subject to an error of ±5% of individual 

component area. 

Statistics 

Mean values are reported as plus or minus the standard error of the mean. Bray-Curtis 

cluster analysis and Principal Components Analysis (PCA) were performed using 

Primer 5, Version 5.2.9. (PRIMER-E, Plymouth, UK). 

Results 

Lipid class Composition 

Cell counts and lipid class composition of 8 species of marine dinoflagellates are 

presented in Table 3. The major lipid class in all species was polar lipid (84-95%) 

with the exception of Takayama species containing lower levels (78%). Free fatty 

acid was the highest in Karenia umbella (13%), Takayama helix (10%) and the Swan 

River isolate of Karlodinium veneficum (9%). The relative level oftriacylglycerol 

(TAG) was highest in Takayama species (T. tasmanica 16%, T. helix 6%) while all 

other species had less than 5% TAG. Sterols and steryl esters were present at low 

levels (<5% per lipid class). 

Fatty Acid Composition 

Karenia 

The major saturated fatty acids (SFA) in the five Karenia species were 16:0 (21-34%), 

14:0 (4-21%) and 18:0 (2-4%) (Table 4). Monounsaturated fatty acids (MUFA) were 

found in lower levels ranging from 13 to 22% of the total fatty acids and were 

dominated by 18:lco9, 18:1co7 and 16:1co9. The main polyunsaturated fatty acids 

(PUFA) were 18:5co3 and 22:6co3, which ranged from 14-23% and 8-15%, 

respectively. Karenia umbella had the highest levels of 16:0 (32%) and 22:6co3 (15%) 

among the Karenia species studied. Moderate levels of 16:4co3 (6%) and 18:2co6 (7%) 

were present in Karenia mikimotoi and Karenia umbella respectively. The very long

chain PUFA (VLC-PUFA) 28:7co6 and 28:8co3 were present at low levels (::;1%) in all 

species. The ratio of28:7co6 to 28:8co3 inKarenia ranged from 0:2 to 1, except for 

Karenia mikimotoi where 28:7co6 was not detected. 
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Karlodinium 

The three isolates of Karlodinium veneficum and an undescribed Karlodinium, 

KDSBOl, contained as the major SFA present 16:0 (16-33%), 14:0 (4-16%) and 18:0 

(2-4%) (Table 4). In all Karlodinium species MUF A were dominated by 18: 1 ro9 (3-

8%) and 16:1ro7 (3-4%). The major PUFA was 18:5ro3, present at 19 to 35%, 

followed by 22:6ro3 (10-18%). The VLC-PUFA 28:7ro6 and 28:8ro3 were.present at 

low levels with a ratio of 1 to 2.5. 

Takayama 

The two species of Takayama contained the main SFA as 16:0 (23-24%), 14:0 (5-8%) 

and 18:0 (2-3%). MUFA 18:1ro9 and 16:1ro7 were present at low levels (<5%). The 

PUFA 22:6ro3 was the dominant component (23%), followed by 18:5ro3 (15-22%) 

(Figure 3). Low relative levels of 28:7ro6 and 28:8ro3 were present in T. helix (ratio of 

0.8) with 28:'.7ro6 absent in T. tasmanica. 
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Table 2 - Algal species screened in the present study 

Species Culture Temperature Synonyms Locality Isolator and Date 
Code (oC) 

Karenia brevis KBFL718 20 Gymnodimum Florida Wilson 1958 
breve 

Karenia mikimoto1 KMNZ63 17 Gymnodmium New Zealand A. Haywood 
mikimotoi cf. 
Gyrodimum 

aureolum (Europe) 
Karenia papilionacea PLO! 20 Port Lincoln (PL), South Australia M. de Salas 15.05.03 

ABO! 20 Ansons Bay (AB), Tasmania M. de Salas 25.05.03 
Karenia umbel/a LVOl 20 Port Lincoln M. de Salas 15.03.2002 

Karlodinium veneficum SRO! 20 Karlodinium Swan River, Western Australia M. de Salas 9.03.2001 
micrum cf. 

DEOl 20 Gyrodinium Derwent Estuary, Tasmania M. de Salas 21.02.03 
galatheanum 

HUOl 20 Huon River, Tasmania M. de Salas 10.01.05 
KDSBOl SBOl 17 M. de Salas 18.05.2005 

Takayama helix NWBOl 17 North West Bay, Tasmania M. de Salas 14.05.01 
Takayama tasmanica DEOl 17 Gymnodinium Derwent Estuary, Tasmania M. de Salas 7.02.01 

pulchellum 
Table 3. Cell count (cells/L) and lipid class compositions (as percent of total lipid) of the dinoflagellate s_trains 

Cell count at 

harvest ( cells/L) 

Steryl ester 

Triacylglycerol 

Free fatty acid 

Stern! 

Polarlip1d 

20 

46 

28 

05 

90 1 

brevts 

8.5 103 

± 23 

± 1.9 

± 14 

± 1.0 

± 50 

I mik1moto1 

2 1.103 

07 ± 

29 ± 

33 ± 

50 ± 

88 0 ± 

Karenia 

I 
pap1lionacea 

(AB) 

16 104 

0 I 09 ± 06 

0 I 23 ± 05 

03 20 ± 2.2 

03 20 ± 02 

06 92.8 ± 30 

Mean±sd where n= 3 samples (250mL cultures) 

I 
pap1honacea 

(PL) 

16 104 

11 ± 09 

30 ± 25 

16 ± 1.5 

16 ± 09 

92 7 ± 57 

Karlodinium 

I I 
veneficum 

I veneficum(HUO I) I Um be Ila KDSBOI (DEOI) 

3 6.103 I 6 104 2 3 104 2 0 104 

07 ± 0 I 07 ± 0.2 03 ± 00 08 ± 05 

34 ± 10 00 ± 00 28 ± 2.0 40 ± 2.2 

114 ± 29 20 ± 0.2 28 ± 04 14 ± 02 

08 ± 02 18 ± 0.1 13 ± 04 1.4 ± 06 

83 7 ± 19 95 3 ± 03 92 8 ± 15 924 ± 1.9 
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Takayama 

veneficum 

I tasmamca (DEOl) (SRO!) belix(NWB) 

5 3 104 3 5.103 3.9.103 

07 ± 0.3 23 ± 26 1.4 ± 1.7 

3.9 ± 15 58 ± 78 15 9 ± 86 

8.6 ± 6.0 97 ± 73 3.2 ± 5.0 

18 ± 0.9 40 ± 32 I.I ± 22 

84.9 ± 69 78 3 ± 14 9 784 ± II.I 



Sterols and Steroid Ketone Composition 

Karenia 

The sterol profiles of Karenia mikimotoi and Karenia brevis were broadly similar, 

with the major sterols (24R)-4a-methyl-5a-ergosta-8(14),22-dien-3p-ol 

(gymnodinosterol) (33-48%), 27-nor-(24R)-4a-methyl-5a-ergosta-8(14),22-dien-3P-ol 

(brevesterol) (38-43%) and cholesterol (7-14%) (Table 5). Lower levels (:S4%) of 

minor unidentified C28 and C29 unsaturated sterols were present. The two strains of 

Karenia papilionacea had very similar profiles, but differed markedly from the other 

Karenia species. High levels of 23-methyl-27-norergosta-8(14),22-dien-3p-ol (59-

66%) and an unknown C2s sterol with 3 double bonds (TMS ether M+ 468, 16-17%) 

were present in Karenia papilionacea, with lower levels of a suite of unknown C28 

unsaturated sterols present. 

The sterol profile of Karenia umbella comprised gymnodinosterol (59%) with lower 

levels of unidentified C28, C29, and C30 sterols. The stanol of gymnodinosterol, (24R)-

4a-methyl-5a-ergosta-22-en-3 P-ol, (Figure 4) is reported for t~e first time, present at 

low levels (1 %) in Karenia umbella. 
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Figure 3. Representative gas chromatogram of FAME from Takayama helix 

Karlodinium 

65 

The sterol profiles of the three isolates of Karlodinium veneficum were similar and 

dominated by gymnodinosterol (71-83%), an unknown C29 sterol with 3 double bonds 

(8-13%), cholesterol (7-9%) and brevesterol (4-6%, not present in the Swan River 

strain). The sterol profile ofKDSBOl contained brevesterol (40%), and 

gymnodinosterol (35%), with lower levels of a C29 sterol with 3 double bonds (9%), 

and cholesterol (4%) present. 

Takayama 

"" ~ 
.;a, 
"" " 
"" ..... .... 
uij 
UD 

mn 

Both Takayama species had similar sterol profiles, with a predominance ofbrevesterol 

(62-70%), gymnodinosterol (9-13%), an unknown C30 sterol with 2 double bonds (4-

11 %) and cholesterol (2-9%). These species also contained the steroid ketone of 

brevesterol (49-89% of total steroids) and gymnodinosterol (9-16%) and other 

unidentified C 30, C 31 and C 32 3 -keto steroids. The distribution of steroidal ketones in 

Takayama and mass spectral data (as TMSi derivatives) is shown in Table 6. 
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Figure 4. Representative mass spectrum of (24R)-4a-methyl-5a-ergosta-22-en-3P-ol 

(gymnodinostanol) from Karenia umbella. 

Discussion 

Lipid Class 

The main lipid class in all dinoflagellate species studied was polar lipid (48-95%), 

with low levels of FF A and TAG. The polar lipid fraction in dinoflagellates are 

known to contain similar proportions of glycolipid and phospholipid (Parrish et al. 

1993; Bodennec et al. 2000; Leblond and Chapman 2000; Leblond et al. 2003). In 

photosynthetic algae such as dinoflagellates, glycolipids are found in the chloroplast 

whereas phospholipids have a role in structure and fluidity in the cell membrane. We 

investigated the levels of FF A due to suspected interaction with reactive oxygen 

species (ROS) as the proposed mechanism of fish kills (Marshall et al. 2003). The 

latter authors demonstrated with the raphidophyte Chattonella marina that low 

concentrations of the PUFA eicosapentaenoic acid (EPA) in combination with ROS 

are more toxic to damsel fish than when tested individually or compared to whole 

algal cells. Hittner (2001) shows that low levels of FF A were released by diatom 

biofilms which provided protection against grazing by fairy shrimp. Our results 

indicate variable levels of FF A in the species studied (2-11 % ) and suggest that algal 
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growth conditions also may influence production of FF A. Further experiments 

examining more precisely the production of FF A under nutrient deficient and other 

conditions, as well as ROS production, are planned. 

Fatty Acid 

The fatty acid profiles of the gymnodinioid species studied showed similarities with 

those found in other investigations into lipids of marine dinoflagellates. The 

prominent PUF A in all species were 18:5ro3 and 22:6ro3, ranging from 14-35% and 8-

23%, respectively. The high levels of these two PUFA and the relatively low levels of 

other PUF A, such as octadecatetraenoic acid (OT A) and EPA, suggest that these two 

fatty acids may be useful biomarkers for these dinoflagellates. To separate 

dinoflagellate inputs from other algal groups, the ratio of the two PUF A can be used, 

as most other algal groups do not contain 18:5ro3 thereby distinguishing 

dinoflagellates from other genera. 

Isolates of Karlodinium veneficum had similar levels of all fatty acids compared to 

previous reports (Deeds et al. 2000). Studies of Karenia brevis and Karenia mikimotoi 

reported comparable levels ofOPA and DHA on North American isolates of this 

species (Parrish et al. 1993; Bodennec et al. 2000; Leblond and Chapman 2000; 

Leblond et al. 2003) to those found in the present study. Karenia mikimotoi was the 

only species to contain appreciable levels of 16:4ro3 (6.3%) which is in agreement 

with the levels reported by Parrish et al. (1993) and Bodennec et al. (1995). This fatty 

acid is likely to reside in the glycolipid fraction (Bodennec et al. 2000). 

21 



Table 4. Fatty acid compositions of 8 species of marine dinoflagellates 

14 0 

115 0 

16 4ro3 

16 lro9c 

16 lro7c 

16 lro7t 

16 0 

170 

18 5ro3 

18 4ro3 

18 2ro6 

18 lro9c 

18 Iro7c 

18 0 

20 5ro3 

20 lro7c 

200 

225ro6 

22 6ro3 

224ro6 

22 5ro3 

22 lro9c 

240 

28 7ro6 

28 8ro3 

28 7ro6/28 8ro3 

brev1s 

44 ± 22 

04 ± 0 I 

0 0 ± 00 

03 ± 0 I 

65 ± 08 

06 ± 01 

293 ± 07 

02 ± 01 

14 0 ± 04 

I 0 ± 00 

31 ± O I 

70 ± 14 

47 ± 21 

3 8 ± 08 

08 ± 03 

11 ± 03 

2 8 ± 03 

03 ± 02 

15 0 ± 0 3 

03 ± 0 I 

02 ± 0 I 

II ± 06 

03 ± 00 

03 ± 0 I 

03 ± 0 I 

10 

nuklmoto1 

141 ± 23 

02 ± 0 0 

63 ± 07 

04 ± 00 

3 6 ± 03 

11 ± 02 

238 ± 21 

01 ± 00 

213 ± 2 0 

05 ± 00 

3 3 ± 02 

5 2 ± 3 2 

12 ± 03 

25 ± I O 

11 ± 02 

09 ± 0 I 

09 ± o I 
0 I ± 00 

102 ± 04 

05 ± 00 

03 ± 00 

03 ± 0 0 

01 ± 00 

00 ± 0 0 

02 ± 00 

Karema 

pap1honacea(AB) 

211 ± 19 

14 ± I 0 

00 ± 0 0 

04 ± 03 

5 8 ± 02 

06 ± 02 

211 ± 15 

02 ± 0 0 

23 I ± 43 

I O ± 04 

02 ± 0 I 

42 ± 0 8 

29 ± 14 

24 ± 03 

08 ± 02 

07 ± 0 I 

0 8 ± 02 

04 ± 02 

78 ± 03 

06 ± 0 I 

02 ± 00 

06 ± 02 

02 ± 01 

02 ± 0 I 

0 5 ± 03 

04 

pap1honacea( 

PL) 

19 2 ± 4 4 

04 ± 0 I 

00 ± 00 

02 ± 01 

44 ± 05 

04 ± 0 I 

270 ± 18 

02 ± 02 

161 ± 2 5 

06 ± 02 

04 ± 03 

72 ± 39 

18 ± 06 

41 ± 13 

07 ± 02 

09 ± 0 2 

0 8 ± 0 I 

02 ± 01 

105 ± 19 

05 ± 0 0 

03 ± 00 

07 ± 02 

03 ± 02 

02 ± 0 I 

05 ± 02 

04 

um bell a 

II8 ± 42 

04 ± 03 

00 ± 00 

03 ± 0 I 

34 ± 02 

21 ± 03 

34 3 ± 3 2 

01 ± 01 

15 4 ± 4 5 

07 ± 00 

72 ± 0 5 

28 ± 02 

15 ± I 0 

15 ± 11 

0 8 ± 0 I 

09 ± 09 

I 8 ± 0 I 

0 I ± 00 

121 ± 40 

03 ± 02 

03 ± 0 I 

0 I ± 00 

0 I ± 0 I 

O I ± oo 
06 ± 0 I 

02 

KDSBOI 

3 5 ± 04 

0 8 ± 05 

00 ± 00 

07 ± 03 

36 ± 05 

0 0 ± 00 

32 7 ± 2 9 

04 ± 0 0 

19 5 ± 41 

04 ± 00 

21 ± 02 

29 ± 15 

19 ± 07 

20 ± 07 

10 ± 02 

0 I ± 0 I 

13 ± 0 I 

07 ± 04 

177 ± 4 7 

I 5 ± 0 I 

07 ± 0 I 

07 ± 00 

06 ± 02 

00 ± 00 

09 ± 0 0 

KarlodJmum 

veneficum(DEOI) 

13 0 ± 0 5 

05 ± 00 

00 ± 00 

0 I ± 00 

3 3 ± 03 

07 ± 0 I 

189 ± 17 

02 ± 0 I 

297 ± 11 

26 ± 03 

07 ± O I 

54 ± 15 

25 ± 0 I 

3 6 ± 03 

09 ± 02 

09 ± 11 

03 ± 0 I 

02 ± 03 

13 4 ± 15 

05 ± 03 

04 ± 00 

02 ± 0 I 

04 ± 02 

0 5 ± 00 

02 ± 00 

25 

veneficum(HUO I) 

16 4 ± 2 3 

04 ± 03 

00 ± 00 

02 ± 0 I 

34 ± 02 

07 ± 02 

212 ± 07 

02 ± 00 

232 ± 39 

27 ± 08 

07 ± 00 

81 ± 48 

20 ± 03 

37 ± 02 

07 ± O I 

11 ± 02 

03 ± O I 

02 ± 01 

109 ± I 0 

05 ± 0 I 

05 ± 0 I 

07 ± 05 

03 ± 0 I 

0 5 ± 00 

02 ± 00 

25 

veneficum(SROI) 

140 ± 4 8 

03 ± 01 

00 ± 00 

02 ± 0 I 

3 7 ± 04 

07 ± 01 

16 0 ± 0 6 

02 ± 00 

34 9 ± 3 7 

23 ± 03 

O 5 ± O I 

67 ± 11 

18 ± 03 

26 ± 02 

09 ± 00 

0 8 ± 02 

0 I ± 0 I 

o I ± 00 

10 3 ± 0 8 

07 ± 0 I 

03 ± 00 

06 ± 02 

03 ± O I 

04 ± 00 

04 ± 01 

I O 

Takayama 

hehx 

51 ± 21 

03 ± 03 

00 ± 00 

03 ± 0 I 

3 9 ± 12 

03 ± 04 

241 ± 50 

06 ± 07 

14 6 ± 3 8 

19 ± 01 

29 ± 02 

3 8 ± 0 5 

44 ± 21 

3 2 ± 02 

17 ± 02 

25 ± I O 

21 ± 01 

02 ± 02 

226 ± 53 

03 ± 04 

06 ± 0 5 

01 ± 0 I 

09 ± 01 

0 5 ± 0 0 

06 ± 01 

08 

tasmaruca 

$0 ± 32 

()9 ± 02 

()O ± 00 

Q3 ± 0 I 

25 ± 01 

Q7 ± 00 

2l0 ± 29 

02 ± 00 

223 ± 16 

l 8 ± 02 

l2 ± 02 

17 ± 04 

17 ± 02 

20 ± 02 

13 ± 00 

09 ± 07 

14 ± 03 

0 I ± 01 

234 ± 08 

03 ± 04 

os ± oo 
68 ± I 0 

(l I ± 0 I 

00 ± 01 

05 ± 0 I 

Tota!SFA 419 421 485 529 505 424 372 428 338 371 31!4 

Total MUFA 22 2 13 2 15 7 16 0 II 6 II 0 13 4 16 2 14 8 15 9 917 

TotalPUFA 359 446 358 311 379 466 494 410 514 470 538 

100 100 100 100 100 JOO 100 100 100 100 100 

Mean±sd where n= 3 samples (250mL cultures) 

Fatty acids less ~.5% included alS:O, 15:0, 16:1ro5c, i17:0, a17:0, 17:1ro8, 17:1ro6, 18:lro7t, 18:lro5c, 18:3ro6, 20:4ro6, 20:4ro3, 20:3ro6, 20:2ro6, 20:1ro9c, 

22:3ro6, 22:2ro6, 22:1ro7c, 22:0 

SF A - saturated fatty acid, MUF A - monounsaturated fatty acid, PUF A - polyunsaturated fatty acid 
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Table 5. Sterol and steroidal ketone compositions of 8 species of marine dinoflagellates 

Karema Karlodtruum Takayama 

CxY RRT brev1s nuk1mot01 pap1honacea(AB) pap1honacea(PL) um bell a KDSBOI veneficum(DEOI) veneficum(HUOI) veneficum(SROI) hehx tasmamca 

Sterol 

Cholest-S-en-3P-ol c,,2 I 00 13 9 ± 43 68 ± 06 II 2 ± 06 II S ± 22 IS ± 03 3S ± 26 78 ± I 7 94 ± 67 69 ± 3S IS ± 04 17 ± 00 

24-methylcholesta-S,8(14).22E- c,.2 

tnen-3P-ol I II IS S ± 07 169 ± 22 

(24R)-23-methyl-27-norergosta- c,.2 

8(14),22-dten-3 P-ol 112 664 ± 04 S9 3 ± 62 

27-nor-(24R)-4u-methyl-Su- c,,2 

ergosta-8(14),22-dten-3P-ol 112 4S 3 ± 46 38 I ± 02 02 ± 0 I 40 3 ± 03 S6 ± 07 43 ± 02 844 ± 40 71 3 ± 13 

Unknown c,.2 I 16 I 0 ± 03 

Unknown C,.3 116 37 ± 07 22 ± I 3 120 ± 42 44 ± 07 S4 ± 13 

Unknown c,,1 117 IS ± OS 89 ± IS 

Unknown C,,3 I 19 3S ± 03 I 7 ± 02 

Unknown C,,3 120 19 ± 00 17 ± 02 

Unknown C,.3 127 24 ± 03 

Unknown c,.1 I 30 12 ± 01 

Unknown C,,,2 I 33 03 ± 00 

Unknown C,.3 I 37 04 ± 02 

(24R)-4u-methyl-Su-ergosta- C,,,2 

8(14).22-dten-3 P-ol 142 33 0 ± 73 48 I ± 14 S9 3 ± 27 34 8 ± 49 72 7 ± 39 70 s ± II 83 I ± 22 8S ± 28 216 ± 27 

(24R)-4u-methyl-Su-ergosta-22- c,,1 

en-3P-ol I 4S 13 ± 03 

Unknown C,.3 146 2S ± 08 26 ± OS 1S ± 13 93 ± 36 10 s ± 3 I 13 0 ± 47 79 ± II 

Unknown C,.3 I SO 22 ± 03 

Unknown C,.3 I SI 19 ± 04 

Unknown C,.3 I S6 16 ± 01 11 ± 03 12 ± 00 3S ± 32 28 ± 06 21 ± 02 

Unknown C,,,2 I S7 11 ± 03 07 ± 00 

Unknown C,,2 I S7 02 ± 01 

Unknown C,.3 I 6S 47 ± 03 

Unknown C,,2 167 98 ± 17 

Unknown C,.3 I 70 S3 ± I 3 

3-keto steroids 

27-nor-(24R)-4u-methyl-Su- c,.2 

ergosta-8(14),22-dten-3-one 0 9S 60 s ± 29 444 ± 17 

C29 I db c,,1 I 07 44 ± 26 70 ± 02 

(24R)-4u-methyl-Su-ergosta- C,,,2 

8(14),22-dten-3-one 127 00 ± 00 18 0 ± 40 

Unknown C31I I S7 3S I ± SS 241 ± 36 

Unknown c,,1 I 86 00 ± 00 64 ± 11 
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Mean±sd where n= 3 samples (250mL culture), Cx Y - where Cx is th~ number of carbon atoms, and Y is the number of double bonds 

RRT- relative retention time, with cholesterol at 1.00 and 24-ethylcholesterol at 1.63 (Jones et al. 1994) 

The VLC-PUF A 28:7co6 and 28:8co3 were observed in all strains apart from Karenia mikimotoi and T. tasmanica (28:7co6 absent) (Table 4) consistent with 

previous reports for marine dinoflagellates (Mansour et al. 1999a; Mansour et al. 1999b; Leblond and Chapman 2000; Leblond et al. 2003). The ratio of 28:7co6 

and 28:8co3 was between 0.2 and 1.0 in Karenia species but higher in Karlodinium ranging from 1.0-2.5, and in T. helix (0.8). VLC-PUF A have been reported in 

the phospholipid fraction of Karenia brevis, but their cellular function remains unclear (Leblond et al. 2003). The ratio of 28:7co6 and 28:8co3 for Karenia brevis 

agrees with that reported by Leblond et al. (2003) and suggest that these fatty acids are useful lipid biomarkers. 

Table 6. Distribution of3-keto steroids in the Takayama sp. 

Steroid RRT Abundance 

~ Base peak 

27-nor-(24R)-4a-methyl-5a- 0.95 396 (46) 283 

ergosta-8(14 ),22-dien-3-one 

C29l 1.07 408 (36) 295 

(24R)-4a-methyl-5a-ergosta- 1.27 410 (46) 283 

8(14),22-dien-3-one 

C31l 1.57 440 (49) 327 

Cnl 1.86 454 (43) 327 

Mass Spectral Data 

381(55), 367(10), 339(18), 311(28), 285(84), 271(39}, 

258(48), 241(37), 91(60) 

393 (28), 379(7), 351(18), 339(22), 323(15), 310(12), 

297(71), 283(34), 270(39), 253(30), 91(63) 

395(45), 381(8), 367(14), 339(17), 311(32), 285(86), 

267(44), 258(47), 91(61) 

425(30), 411(7), 393(44), 355(17), 329(84), 315(55), 91(60) 

439(25), 355(22), 329(92), 315(62), 91(62) 

RR T - relative retention time, with cholesterol at 1.00 and 24-ethylcholesterol at 1.63 (Jones et al. 1983) 

Cx Y - where Cx is the number of carbon atoms, and Y is the number of double bonds 
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Sterol and Steroid ketones 

The predominance of the sterols brevesterol and gymnodinosterol in all species of 

Karenia, Karlodinium and Takayama (with the exception of Karenia papilionacea) 

confirms previously reported levels of these sterols (Leblond and Chapman 2002b; 

Giner et al. 2003; Leblond et al. 2003). Whilst brevesterol and gymnodinosterol have 

been observed as minor components in other dinoflagellates (Leblond and Chapman 

2002b) the combined composition of these components in the total sterols in Karenia, 

Karlodinium and Takayama species is greater than 60%. The notable absence of 

dinosterol in all species of the family Kareniaceae is atypical for dinoflagellates. 

The sterol profile for Karenia papilionacea strains were dominated by 23-methyl-27-

norergosta-8(14), 22-dien -3~-ol. This C28 4-desmethyl sterol with ~sci4)unsaturation 

was previously identified as a minor component in Karenia brevis (Giner et al. 2003) 

but was not detected in the current study of this taxon, nor confirmed by Leblond and 

Chapman (2002b; 2002a) for Karenia brevis. The absence ofbrevesterol and 

gymnodinosterol in Karenia papilionacea is inconsistent with the phylogenetic 

relationship of this species with other Karenia and Karlodinium species. However, de 

Salas et al. (2004) place Karenia papilionacea as a taxonomically distinct group from 

other Karenia species. Karenia and Karlodinium are closely related with similar 

chemotaxonomic properties but Karenia papilionacea is an exception. 

The five steroid ketones present in Takayama are of chemotaxonomic significance as 

these compounds are rarely found in other algae. This is, to our knowledge, the first 

report of the 3-keto steroids ofbrevesterol and gymnodinosterol, with combined 

percentages of 61and62% of the total ketones in T. tasmanica and T. helix, 

respectively. The presence of these compounds in Takayama supports the claim that 

algae contribute ketones directly into marine sediments (Jones et al. 1983; Harvey et 

al. 1988; Volkman et al. 1998). Steroid ketones have been previously reported in 

Scrippsiella (Harvey et al. 1988; Volkman et al. 1998; Mansour et al. 1999b), 

Crypthecodinium and Peridinium (Withers 1987) and the calcified dinoflagellate 

Thoracosphaera heimii (Jones et al. 1983). The sterol composition is usually mirrored 

by that of the steroid ketones (Harvey et al. 1988; Mansour et al. 1999b) as was 

observed in Takayama sp. 
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Chemotaxonomy 

A principal component analysis (PCA) of the most abundant fatty acids (17) revealed 

a close association between strains of Karlodinium veneficum, from the Huon and 

Derwent estuaries in Tasmania and the Swan River in Western Australia, and those of 

Karenia papilionacea, from Port Lincoln, South Australia and Ansons Bay, Tasmania, 

as well as a grouping of Takayama tasmanica with KDSBOl (Figure 5). This is most 

likely due to the levels of l 8:5ro3 and 22:6ro3. Little association was observed with 

the remaining Karenia and Takayama species. 

PC2 
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3 

2 

1 

0 

-1 

•K veneficum (DE) 

• K veneficum (HU) 

_. K vene.ficum (SR) 

' . 
Karenia papiJl.onacea (P L) 

Karenia papilionacea (AB) 

Takayama helix (NWB) 

• 

• Karenia brevis (FL) 

Takayama tasmanica (DE) 

• • KDSBOl 

-2 Karenia umbel/a 

Karenia mikimotoi (NZ) • 

-3 
-4 -3 -2 -1 0 1 2 3 4 

PCl 

Figure 5. Principal components analysis of fatty acids from Karenia, Karlodinium and 

Takayama species 
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Sterol composition expressed as a dendrogram using Bray-Curtis cluster analysis 

showed a similar grouping of dinoflagellate species and strains (Figure 6). Karenia 

papilionacea clearly separated from other species studied here, due to the high levels 

of 23-methyl-27-norergosta-8(14), 22-dien-3~-ol and the absence of brevesterol and 

gymnodinosterol. This is in agreement with the results documented by de Salas et al 

(2004), which clearly separate Karenia papilionacea from other flattened Karenia 

species, as it has a high level of ribosomal gene sequence divergence. This species is 

likely to be evolving at a faster rate than the rest of the genus Karenia, and could be in 

the process of forming a divergent lineage. Strains of Karlodinium veneficum, like 

those of Karenia papilionacea, formed clearly distinct groups, confirming that sterol 

composition is well preserved in culture. Both the ·Takayama species grouped 

together, and were present in the same section of the dendrogram as Karenia 

mikimotoi, Karenia brevis and KDSBOl. The Bayesian phylogenetic tree of the 

species in the family Kareniaceae that are examined in this study (Figure 7) groups 

Takayama and Karlodinium species together, in a group distinctly separated from all 

Karenia species. Other studies are in agreement (de Salas et al. 2003; de Salas et al. 

2004; de Salas et al. 2005). In general terms, the statistical analysis of fatty acid and 

sterol profiles using Bray-Curtis cluster dendrograms and PCA indicates separation of 

some morphologically similar dinoflagellates species and close grouping of isolates 

from different sources. Whilst not in perfect agreement with the Bayesian phylogeny 

presented in Figure 7, chemotaxonomic (Figures 5, 6) distribution of the family 

Kareniacea has some potential as ll: complementary tool for species identification. 

The distinctive lipids profiles of the genus Karenia, Karlodinium and Takayama 

exhibit a number of within species chemotaxonomic classifiers. Of particular note are 

the ~s(I 4) sterols brevesterol, gymnodinosterol and 23-methyl-27-norergosta-8(14), 22-

dien-3~-ol, and the fatty acids OPA, DHA and VLC-PUFA and the steroid ketones in 

Takayama species. Future studies on these species aim to investigate·the effect of 

culture conditions on specific lipids, including FF A, with a view to understanding and 

identifying possible triggers for their production and further examining potential 

ichthyotoxicity. 
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Figure 6. Dendrogram (Bray-Curtis cluster analysis - single linkage) of sterols from 

Karenia, Karlodinium and Takayama species 

Ichthyotoxicity 

The importance of understanding the chemical ecology of marine dinoflagellates is 

increasing due to research on HABs affecting aquaculture. The ichthyotoxicity of 

Karenia brevis (brevetoxin) is well established, however the mechanism for 

ichthyotoxicity for the remaining species of the Kareniaceae family is yet to be 

conclusively determined. Except for Karenia brevis, brevetoxin analysis of all species 

in this study were below detection level (PbTx-2 <0.006 pglcell) (McNabb et al. 2006) 

suggesting another means of ichthyotoxicity. Hemolytic glycolipids and toxic PUF A 

have been previously identified in Karenia mikimotoi (Y asumoto et al. 1990; Parrish 

et al. 1998; Fossat et al. 1999; Sola et al. 1999; Arzul et al. 2000). Similarly, 

hemolytic glycolipids and toxic PUF A were detected in the haptophyte 

Chrysochromulina polylepis (Yasumoto et al. 1990), however analysis of toxic and 

non-toxic strain of this species suggest that lipids do not play an exclusive role in 

toxicity (John et al. 2002). 
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Figure 7. Bayesian phylogeny GTR+I+G model for the family Kareniaceae 

lchthyotoxicity is also not confined to fucoxanthin-containing Kareniacea, as 

peridinin-containing dinoflagellates include the marine, Cochlodinium polykrikoides 

(Hallegraeff 2002) and freshwater, Peridiniopsis polonicum (Roset et al. 2002) 

species, that are known to be toxic to fish. The toxicity of Karlodinium veneficum (as 

Karlodinium micrum) is currently not attributed to OP A or glycolipids, but a newly 

defined karlotoxin yet to be fully chemically characterized (Deeds et al. 2002). While 

there exists a large body of work confirming the toxic potential of PUFA from 

microalgae (Kozakai et al. 1982; Yasumoto et al. 1990; Smolowitz and Shumway 

1997; Sola et al. 1999; Arzul et al. 2000; Sellem et al. 2000; Jilttner 2001; Hiraga et al. 

2002; Leblond and Chapman 2002a; Marshall et al. 2002b; Cembella 2003; Marshall 

et al. 2003; Ikawa 2004) the exact nature of PUFA toxicity remains to be fully 

explained since these compounds are equally present in non-toxic dinoflagellates and 

other microalgae (Volkman et al. 1998; Mansour et al. 1999b). 
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The toxicity of some algae may be linked to lipid peroxidation of PUF A by reactive 

oxygen species. Hemolytic activity of OP A and DHA from Karenia mikimotoi 

decreased under low oxygen conditions (He or N2 bubbling) (Arzul et al. 1998) and in 

the raphidophytc, Chattonella marina, PUF A combined with elevated levels of 

reactive oxygen species enhanced the toxicity of this species to damselfish (Marshall 

et al. 2003). In these experiments PUF A and ROS alone exhibited lower levels of 

toxicity and suggests a synergistic mechanism of these chemicals was suggested. The 

level of superoxide produced by Chattonella, Gymnodinium, Takayama and Karenia 

sp. is an order of magnitude greater than that of non-toxic algae, with Karlodinium 

veneficum also producing low levels (Marshall et al. 2005a; Marshall et al. 2005b ). 

The relationship between PUF A, ROS and toxicity remains unclear, however the lipid 

results for the species studied here reflect the possibility that fatty acids and reactive 

oxygen species may play a role in the observed ichthyotoxicity. 

The observed ichthyotoxity of unarmoured dinoflagellates may also be associated with 

the abundant ~S(l4)unsaturated sterols present in the lipid. The role of these 

unsaturated sterols is unclear, however they could be a significant contributor to 

reduced predation by invertebrates, and promote bloom formation, as the unusual 

structural side-chain modifications may render these sterols non-nutritious for 

planktivorous invertebrates (Giner et al. 2003),. In Karenia brevis and Karlodinium 

veneficum the role of /j,_ B(l
4

) unsaturated sterols in protecting the alga from their own 

toxin has also been proposed, with weak binding ofkarlotoxin to gymnodinosterol 

compared to that of cholesterol or ergosterol (Place and Deeds 2003) . The 

relationship between lipids and ROS as the mechanism for ichthyotoxicity will 

continue to be the subject of further investigation. 
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Abstract 

Toxin analysis of 15 species ofKareniaceae revealed the presence ofkarlotoxin, KmTx 2, in 

only a single species (Karlodinium veneficum) but with variable activity in strains from the 

Swan (KmswanTx 2-1; 2.1 pg/cell) & KmswanTx 2-2; 0.53 pg/cell), Huon (KmHuonTx 2; 0.86 

pg/cell) and Derwent Rivers(< 0.001 pg/cell) in Australia. A newly isolated Southern Ocean 

species, Karlodinium conicum, contained a novel poorly hemolytic karlotoxin analogue 

(Kll1comcumTx; 2.8 pg/cell). The hemolytic potency (HD50%) of the Australian karlotoxins 

were: KmSwanTx 2-1 (65.9 ± 4.8 ng) & KmSwanTx 2-2 (63.4 ± 3.7 ng); KmHuonTx 2 (343.± 4.9 

ng) and KIDconicumTx (>4000ng). Species from the closely related genera Takayama (T. helix, 

T. tasmanica, T. tuberculata) and Karenia (K. asterichroma, K. brevis, K. mikimotoi, K. 

papilionacea, K. umbella) and Karlodinium (K. australe, K. antarcticum, K. ballantinum, K. 

corrugatum, K. decipiens) were all consistently negative for karlotoxin production. 

Brevetoxin (PbTx) was only detected in Karenia brevis and hemolytic activity was only 

observed in K. veneficum strains. 

Introduction 

Gymnodinioid dinoflagellates of the family Kareniaceae have long been associated with fish 

kills, e.g. Karenia brevis since the 1700's in Florida, Karenia mikimotoi induced mortalities 

in Europe, Southeast Asia, and Karlodinium veneficum in Chesapeake Bay (Deeds et al. 2002; 

Goshorn et al. 2004). However, the fish killing mechanism in the remaining species is largely 

unresolved. Candidate theories include the production of toxin [brevetoxin in K. brevis only, 

McNabb et al. 2006; karlotoxin in K. veneficum only, Deeds et al. 2002; gymnocin in K. 

mikimotoi only, Satake et al. 2002] and gymnodimine in Karenia selliformis only (Seki et al. 

1995; Miles et al. 2003)], reactive oxygen species (Kim et al. 2002; Yamasaki et al. 2004; 

Marshall et al. 2005) and lipid phycotoxins (Arzul et al. 2000; Mooney et al. 2007). 

Karlotoxin is known to inhibit grazing by predators (Adolf et al. 2007), assist in 

immobilisation of prey (Adolf et al. 2006a) and increase the growth rate of mixotrophic 

strains of Ka. veneficum (Li et al. 2000; Adolf et al. 2008). The mode of action is via 

disruptive pore formation of cell membranes which contain cholesterol and structurally 

similar sterols (Deeds and Place 2006), similar to the activity exhibited by amphidinol 

33 



produced inAmphidinium sp.(Houdai et al. 2004). Ka. veneficum is protected from karlotoxin 

attack by possessing largely unique 4-a-methyl sterols with an unusual double bond in 

position [8(14)}, gymnoainosterol andbrevesterol {Leblond and Chapman 2002; Giner et al. 

2003; Mooney et al. 2007). A similar protective strategy is seen with the parasite 

Amoebophyra sp. ex Karlodinium veneficum which also contains high levels of these sterols 

(Place et al. 2006; Bai et al. 2007). 

Until recently only three Karlodinium species (Ka. veneficum, Ka. australe and Ka. armiger) 

were known from eutrophic estuaries and coastal waters of North America, Europe and 

Australia, but five further species from the Australian region have recently been described (de 

Salas et al. 2008) including from the open Southern Ocean as far south as 53°S. In an attempt 

to unravel the ichthyotoxic agent surrounding the family Kareniaceae and the phylogenetic 

ability to make karlotoxin we surveyed these and other Kareniaceae species for hemolytic 

agents. 

Material and Methods 

Algal strains and growth conditions 

Cultures were grown autotrophically in 1 L glass conical flasks, inoculated with 50 mL stock 

culture and made up to 0.5 L with GSe medium (Blackbum et al. 2001). Details of the algal 

cultures examined are summarized in Table 7. A 12:12 h LD (light:dark) cycle of 80 µmol 

photons PAR m-2s-1 of cool-white fluorescent light was used throughout the experiments. 

Cultures were grown to late-exponential growth phase and harvested after 2-4 weeks 

depending on the species. 

Phylogenetic Analysis 

Bayesian analysis of the LSU sequences from Genbank (Table 8), using a general, time

reversible evolutionary model with gamma-shaped among-site rate variation and a proportion 

of invariable sites (GTR+l+G) was used. Using 250,000 generations and four simultaneous 

runs of four chains each, trees were sampled every 1,000 generations. Convergence occurred 

after approximately 15,000 generations. The first 150 samples were discarded as the bum in 

(lOx convergence), and the remaining trees were summarized to produce a 50% majority-rule 
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consensus tree presented in Figure 8A. The species examined in this paper are marked on the 

figure. 

Toxin isolation 

To obtain large quantities of toxin from Karenia brevis, K mikimotoi, K papilionacea, K. 

umbella, Karlodinium decipiens, Ka. veneficum (Derwent), Ka. veneficum (Huon), Ka. 

veneficum (Swan), Takayama helix and T. tasmanica, 5.7 x 106 
- 2.6 x 107 cells (0.5 L) were 

filtered onto 47 mm GFIF filters (Whatman Inc, Florham Park, NJ, USA), and the filtrate was 

concentrated with a 3 mL packed volume Sep-Pak® Environmental tC18 cartridge column 

(silica bonded phase with trifunctional Cl8, PN WAT036810, Waters Corporation, Milford, 

MA, USA). The column was washed with 12 mL of increasing concentrations of methanol I 

water from 0% methanol to 100% methanol in 20% increments. The hemolytic activity was 

assayed for each fraction as detailed below. The 60% and 80% methanol fractions were 

collected, dried under a vacuum, resuspended in 1 mL of methanol, and filtered with a GF IB 

filter prior to HPLC. To examine intracellular toxin, the filters were extracted with methanol, 

diluted 10 fold with water, and applied to a tC-18 solid phase extraction cartridge column as 

described above. The methanol elution order was used as described above and hemolytic 

activity was assayed on aliquots from each fraction. 

All 15 species were further tested for toxin using a recently developed rapid screening 

technique using a small volume of culture (1-5 mL) pushed through a teflon filter (0.2 µm 

PTFE, Whatman Inc, Florham Park, NJ, USA) and toxin eluted with 1 mL of methanol into 2 

mL of water (Bachvaroff et al. 2008b ). 

Toxin analysis 

Intra- and extracellular toxin samples (60% & 80% methanol fraction) were injected onto a 

C8 (LiChrosphere 125 mm x 4mm 5 µm bead size RP-8, Agilent Technologies, Santa Clara, 

CA, USA) column and subjected to a 1 mL I min. 10 % to 95 % methanol : water gradient 

over 25 min. using an Agilent 1100 HPLC. Toxin peaks were detected using an Agilent Diode 

Array Detector (Model#G 1315B) with a micro high-pressure flow cell (G 1315B#020; 6 mm 

pathlength, 1. 7 µl volume) over the wavelength range 190 to 950 nm. Based on the UV 

spectra the absorption at 225 nm was used to detect KmTx 1 while absorption at 235 nm was 

used to detect KmTx 2. The entire UV spectra were saved for each UV detectable peak. The 

eluate from the DAD detector was split (1/3 to 1/6) using a graduated micro-splitter valve 
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(Upchurch Scientific, Oak Harbor, WA, USA). The major portion of the eluate was fed to an 

Agilent 1100 fraction collector (Model G 1364C) while the remaining portion was passed to 

the electro-spray nozzle of a single quad MS (Agilent Gl956A VL) for ionization with the 

following spray chamber conditions using nitrogen as the drying gas: flow rate 10 LI min., 

pressure 60 psi, temperature 350 °C, fragmentor voltage 350 V, capillary voltage 4000 V. A 1 

% formic acid in water solution (0.1 mL I min.) was added to provide appropriate pH 

conditions for positive mode ionization. A 5 mM ammonium acetate solution in water was 

used for negative mode ionization. Fractions of20 seconds duration (1/3 mL) during the first 

32 min of the HPLC run were collected in 96 well plates to identify hemolytic peaks. For 

toxin mass determination the hemolytic peaks were identified and mass spectra (Scan range 

500 to 2000 m/z) were obtained for these peaks. Samples eluted by the rapid screening 

techriique were analyzed as above without fraction collection. 

Multistage MS analysis 

MSn was performed using an 1100 Series LC/MSD Trap ion trap mass spectrometer 

controlled by ChemStation software (Agilent Technologies, Wilmington, DE, USA). 

Methanol solutions of the isolated compounds were infused directly into the ESI source at a 

flow rate of20 µL min-1 and with the following conditions: nebulizer pressure 20 psi; dry gas 

flow 7 L min -1; dry gas temperature 300 °C. The MS scan range was 50- 1500 Th. 

Sequential MS/MS and MSn resonance induced fragmentation with helium was performed 

manually until diminished signal strength prevented further analysis. 

Hemolytic assays 

A 10 µL aliquot of each intra- and extracellular HPLC fraction was used in the hemolytic 

assay essentially as described by Edvardsen et al. ( 1990). Rainbow trout ( Oncorhynchus 

mykiss) erythrocytes were extracted fro~ the caudal vein and the blood washed three times 

with three volumes of buffer per mL of packed erythrocytes using the incubation buffer 

described below minus CaCh. Following the third wash the cells were resuspended in 3 mL 

of buffer per mL of packed cells. The resuspended cells were diluted 1 :20 in buffer and 200 

µL of diluted, washed erythrocytes were incubated in the presence of 10 µL of each HPLC 

fraction for 30 minutes in a buffer of 150 mM NaCl, 3.2 mM KCl, 1.25 mM MgS04, 12.2 

mM Tris Base and 3.75 mM CaCh. Remaining intact erythrocytes were pelleted by 

centrifugation and the OD at 540 run was ·read using a Molecular Devices Vmax (Sunnyvale, 
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CA, USA) microtiter plate spectrophotometer. Saponin (10 µg) (from Quillaja bark; Sigma 

Chemical Co., St Louis, MO) was used as a positive control. 

Known aliquots of the purified toxins were placed onto a tared aluminum weigh boat in 

triplicate, dried at 60 °C overnight and weighed the following day on a Mettler UMT2 

microgram balance (Mettler, 900 Polaris Parkway, Columbus, OH, USA). Purified toxins 

were also serially diluted in methanol for testing. Known dilutions of toxin were then mixed 

with water (25 µL toxin+ 50 µL water) and 5, 10 and 50 µL injections of each sample were 

run in triplicate to determine the UV and MS response factors. 

For the hemolytic potency assays purified toxin dilutions were compared to standard curves of 

Saponin (Sigma-Aldrich, S-4521, St. Louis, MO, USA). For a 200 µL assay it was found that 

a linear response for Saponin was seen between 0.5 µg to I.~ µg Saponin/well. Saponin 

standards and toxin samples were run in triplicate. Maximum hemolytic activity was 

calculated for each plate after 1 hour incubation. Following the hemolytic assay toxin 

concentration was estimated using at least two HPLC runs with appropriate extinction 

coefficients. For purified karlotoxins extinction coefficients are unknown so estimates of 

toxin amount were used based.on the similarity of the toxin to KmTx 2 (Figure 8B). The dose 

response curves (Fractional Hemolysis vs log (µg mr1 ofKarlotoxin) were fitted to the Hill 

Equation: 

Fractional Hemolysis =Base Hemolysis +(Maximal Hemolysis - Base Hemolysis) 

/[1 +(Toxin giving 50% hemolysis)RateofHemolysis] (1) 

using a nonlinear regression (Igor 6.02, Wavemetrics, Lake Oswego, OR, USA). In all cases 

convergence to defined parameters was observed. 

Mixotrophy in Kareniaceae 

Mixotrophic feeding assays were conducted with 9 Kareniaceae species (Table 9) using as a 

potential prey, Storeatula major Butcher ex Hill (Cryptophyceae). Predator and prey were 

mixed 1: 1 (0.5 ml each, assay conducted in a 24-well polystyrene well plate) and wells were 

examined after 1, 5 and 24 hours with an inverted microscope (200x or 400x magnification; 

Olympus IX70, Olympus America Inc. Center Valley, PA, USA) using bright field and 
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epifluorescence techniques. Samples examined at the epifluorescent microscope (Zeiss 

Axioplan 2 microscope at 500X with a Zeiss filter set No. 9 [ex. 450 _:__ 490 nm; em. LP 550 

nm]) for feeding involved looking for orange fluorescent inclusions inside the dinoflagellates. 

Cryptophyte and Kareniaceae were distinguished based on cell color and shape (brightfield) 

or autofluorescence under blue excitation wherein phycoerythrin-containing cryptophytes 

emit orange light and Kareniaceae emit red light. Feeding was quantified by enumerating the 

number of orange fluorescent inclusions in the first 100 cells encountered in each 

experimental replicate, resulting in calculation of feeding based on the observation of at least 

300 random cells per treatment. 
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Table 7: Kareniaceae species screened in the present study 

Species ~uthority Culture Code Temperature locality [solator and 
(°C) ID ate 

IKarenia asterichroma IDe Salas, Bolch et IKAPBOl 20 !Pirates Bay, 
IHallegraeff rrasmania 

IKarenia brevis' (Davis) Hansen et IKBFL718 20 !Florida [Wilson 1953 
Moestrup 

IK.arenia mikimotoi' (Miyake et IKMNZ63 17 New. Zealand l..\. Haywood 
Kominami ex Oda) 1994 
Hansen et Moestrup 

IKarenia papilionacea Haywood et IKPPLOl 20 !Port Lincoln, South IM. de Salas 
Steidinger l..\ustralia 15.05.03 

Karenia umbel/a De Salas, Bolch et KUPLOl 20 Port Lincoln, M. de Salas 
Hallegraeff South Australia 15.03.2002 

IK.arlodinium antarcticum De Salas ~ANSOlO 14 Southern Ocean M. de Salas 
50°33'S,145°33'E 01.02.2006 

IKarlodinium australe De Salas, Bolch et 
Hallegraeff 

Karlodinium ballantinum De Salas KDBM 14 Mercury Passage, M. de Salas 
Tasmania 01.02.2006 

Karlodinium conicum De Salas KDCEAC 14 East Aust Current M. de Salas 
01.02.2006 

KDCS015 14 Southern Ocean -
l44°41 'S,147°07'E 

Karlodinium corrugatum De Salas KDGSSOS 5 Southern Ocean M. de Salas 
53°22'S,144°53'E 01.02.2006 

Karlodinium decipiens De Salas et Laza- KDSBOl 17 Spring Bay, M. de Salas 
Martinez Tasmania 18.05.2005 

Karlodinium veneficum (Ballantine) KVSROl 20 Swan River, M. de Salas 
!Larsen IW estern Australia 9.03.2001 

KVDEOl 20 !Derwent Estuary, M. de Salas 
Tasmania 21.02.03 

KVHUOl 20 HuonRiver, M. de Salas 
rrasmania 10.01.05 

Takayama helix !De Salas, Botes, THNWBOl 17 North West Bay, IM. de Salas 
!Bolch et rrasmania 14.05.01 
IHallegraeff 

Takayama tasmanica !De Salas, Bolch et TTDEOl 17 !Derwent Estuary, M. de Salas 
IHallegraeff rrasmania 7.02.01 

Takayama tuberculata !De Salas ITTBSSOll 14 Southern Ocean IM. de Salas 
l48°S,146°5'E 01.02.2006 

1Not Australian strains 
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Table 8: Genbank accession numbers for LSU sequences used in. phylogenetic.analysis 

Species Strain Origin Gen bank 
Accession# 

Gymnodinium catenatum Vigo, Spain AF200672 

Gymnodinium microreticulatum GMNCOl Newcastle, N.S.W., Australia AY036078 
Gymnodinium nolleri DK4 0resund, Denmark AF200673 

Karenia asterichroma KAPBOl Pirates Bay, Tas. Australia AY590123 

Karenia bidigitata CAWDSO Foveaux Strait, N.Z. AY947662 

Karenia brevis JL32 Florida, U.S.A. AF200677 

Karenia brevisulcata CAWD82 Wellington, N.Z. AY243032 

Karenia cristata False Bay, South Africa AY243963 

Karenia mikimotoi KMWLOl West Lakes, South Australia EF469238 

Karenia papilionacea KPMBll Moulting Bay, Tas, Australia AY590124 

Karenia selliformis CAWD79 Fovealix Strait, N.Z. U92250 

Karenia umbel/a KUSROl Swan River, W.A. EF469239 

Karlodinium antarcticum KDANSOIO Southern Ocean 50° 33' S, 145° 35' EEF469234 
Karlodinium armiger K-0668 Alfacs Bay, Spain DQ114467 

Karlodinium australe GT5 Singapore DQ156228 

Karlodinium ballantinum KDBMPOl Mercury Passage, Tas, Australia EF469232 
Karlodinium conicum KDCS015 Southern Ocean 44° 41' S, 147° 07' EEF46923 l 
Karlodinium corrugatum KDGSOOS Southern Ocean 53° 22' S, 144° 53' EEF469233 
Karlodinium decipiens KDDSOIO Southern Ocean 50° 33' S, 145° 35' EEF469235 
Karlodinium veneficum KV Devonport, U.K. DQ114466 

Takayama helix CAWD128 Tasman Bay, New Zealand AY947667 

Takayama tasmanica . CAWD114 East Bay, New Zealand AY947668 

Takayama tuberculata TTBSOII.1 Southern Ocean 48° 35' S, 146° 5' E EF469230 
Takayama sp. CAWD02 Kawau Is., New Zealand U92254 

Takayama sp. TPXM East China Sea AY764178 
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Results 

Hemolytic activity 

Hemolytic activity results for extracellular fractions from selected species ofKareniaceae are 

shown in Figure 9. Strong hemolytic activity was observed in the 60 and 80 % fractions of 

Karlodinium veneficum (Swan River), with low activity present in the Huon River strain of 

the same species but strikingly no activity was detected in the Derwent River strain isolated 

only 50 km apart. Little or no hemolytic activity was present in extracellular fractions from 

Karenia brevis, Karenia mikimotoi, Karenia papilionacea, Karenia umbella, Karlodinium 

antarcticum, Karlodinium ballantinum, Karlodinium conicum, Karlodinium corrugatum, 

Karlodinium decipiens, Takayama helix, Takayama tasmanica and Takayama tuberculata 

(Figure 9). These assays were all done with at least 104 cell equivalents per assay. The same 

findings were seen with methanol extracts from the filtered cells (intracellular toxin, data not 

shown) although at much lower levels for the hemolytic species (<5% of the filtrate). 

To determine the nature of the hemolytic activity, the 80 % methanol fraction from all the 

species were analyzed by HPLC with fractions collected every 20 seconds for the entire 

chromatogram. All fractions were tested for hemolytic activity and the activity of each peak 

in the HPLC trace was correlated with hemolytic activity. Representative chromatograms(> 

105 cell equivalents) for two of the Karenia species are presented in Figure 10. No hemolytic 

fractions were detected for any of the Karenia species screened. We did however, detect 

brevetoxin (Figure lOA) but could not observe any peak corresponding to gymnocin (Figure 

lOB). The known toxin, brevetoxin (PbTx-2), was confirmed in the CCMP 718 strain of 

Karenia brevis used in this study with a peak at 17 .8 min in the HPLC gradient, a molecular 

weight of 917 (Na adduct) (Table 10) and mass spectra typical of PbTx 2. The brevetoxin 

fraction derived from the HPLC did not exhibit hemolytic activity at this concentration. 

Similarly, representative chromatograms(> 105 cell equivalents) for Takayama species are 

presented in Figure 11. Again no hemolytic fractions were detected for any Takayama 

species screened. We did observe a dominant UV peak with Takayama tasmanica but were 

unable to assign a mass to this material since it did not ionize under our electrospray 

conditions. 
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Figure 8: (A) Fifty percent majority-rule consensus tree illustrating a proposed phylogeny of 

Kareniaceae 28S ribosomal RNA gene sequences using Gymnodinium (sensu stricto) as an 

outgroup. Node values are consensus Bayesian posterior probabilities for that clade. The 

analysis used a GTR+I+G evolutionary model, and was run for 250,000 generations, with 

trees sampled every 1,000 generations and a 150,000 generation burn-in (10 times the time to 

convergence, which was 15,000 generations). Species screened for karlotoxin production are 

marked with a solid circle with the 3X representing three strains of Australian Ka. veneficum 

examined: (B) Planar structure for KmTx 2 
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For the Karlodinium genus, hemolytic activity was only observed for fractions from 

Karlodinium veneficum strains (Table 9) and here in only two of the strains. All other extracts 

from the other Karlodinium species were negative even at > 105 cell equivalents. The 

chromatograms for Karlodinium veneficum (Huon, Derwent, and Swan River strains) and 

Karlodinium conicum (Southern Ocean) are shown in Figures 12 & 13. Hemolytic activity of 

Ka. veneficum (Huon River) was attributable to a single peak at 18.5 min in the HPLC 

gradient (Figure 12A). Even stronger hemolytic activity was observed at 19.6 min and lesser 

activity at 20.9 min in Ka. veneficum (Swan River) (Figure 12B). These peaks were shown to 

have UV spectra (data not shown) consistent with a KmTx 2 type karlotoxin (Bachvaroff et 

al. 2008b). No major UV or hemolytic peaks were detectable for Ka. veneficum (Derwent) 

(Figure 13A). However, a major UV peak at 20.7 min was observed with Karlodinium 

conicum (Figure 13B) but no detectable hemolytic activity was observed. The UV spectra 

(Figure 14A) for this material from Ka. conicum was consistent with a KmTx 2 molecule but 

the mass spectra indicated a mixture of congeners (Figure 14B) with masses different than 

that reported for Km Tx 2 (Bachvaroff et al. 2008b ). 

Toxin identification 

Based on the UV spectra and hemolytic activity, strains of Karlodinium veneficum from the 

Huon and Swan Rivers produce karlotoxins which are consistent with a KmTx 2 type toxin 

structure (Bachvaroff et al. 2008b ). However, the major mass ion is larger (58 amu) than the 

1367.8 (Na adduct) previously reported for KmTx 2. This was true for bo1h KmswanTx 2-1 & 

KmswanTx 2-2. KmHuonTx 2 similarly had a mass ion 58 amu larger than the major ion 

observed. The three toxins were further characterized using MS0 collision induced 

fragmentation. In this mode of mass spectrometry components with a single mass to charge 

ratio can be trapped and fragmented; individual fragments can then in turn be trapped and 

fragmented further. What was observed for all three karlotoxins was an immediate loss of 58 

mass fragment to the mass ions seen in Figure 15, followed by a neutral loss of 430.2 amu to a 

937.7 product for KmswanTx 2-1anda919.8 product for KmswanTx 2- 2. The neutral loss 

fragment for KmHuonTx 2 appeared to be 407.6 leaving a 896.2 product ion. The sodiation 

appears to reside with the 937.7, 919.8 and 896.2 product ions. Further fragmentation of the 
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product ion results from multiple losses of water (18 amu). The 937.8 product ion is 

consistent with fragmentation ofKmTx 2 (Bachvaroffet al. 

2008b ). The small differences in molecular mass and fragmentation suggest minor structural 

differences between these karlotoxins and those previously described but are consistent with 

an overall similar structure. We do not observe the hydroxy congeners described for the 

North American karlotoxins (Bachvaroff et al. 2008a). A non-hemolytic KmTx 2-like 

compound was present in Karlodinium conicum with a UV spectrum (1..max = 235 nm, Figure 

14A) and a molecular ion of 1321 (M+ H20 = 1339, Figure 14B) consistent with karlotoxin. 

However, MSn collision induced fragmentation of this material provided ions not previously 

seen in another karlotoxin analyzed. The structural basis for these differences is currently 

being investigated. 
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Figure 9: Percent hemolysis for extracellular extracts of selected Kareniaceae species. The 

cell equivalent of 104 was assayed in triplicate for each of the species listed. Only two of the 

three Ka. vene.ficum strains (Huon and Swan) exhibited hemolytic activity. 
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Figure 10: Reversed-phase HPLC elution profile at 235 nm for extracellular extracts from A) 

Karenia brevis (8 .5 x 105 cell equivalents) and (B) Karenia mikimotoi (9.0 x 105 cell 

equivalents). The bar graph represents hemolysis for each 96 fractions collected during the 

chromatography. The arrow in (A) represents the UV peak consistent with the mass for 

brevetoxin. The solid markers represent the plasticiser contaminant common in natural 

seawater which can exhibit hemolytic activity. 
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Table 9: Kareniaceae hemolytic activity, karlotoxin production, and mixotrophic capability 

Species 

Karenia asterichroma 

Karenia brevis1 

IKarenia mikimotoi1 

IKarenia papilionacea 

Karenia umbel/a 

IKarlodinium antarcticum 

IKarlodinium australe 

Karlodinium ballantinum 

IKarlodinium conicum (EAC) 
IKarlodinium conicum (SO) 

IKarlodinium corrugatum 

Karlodinium decipiens 

Karlodinium veneficum (DE) 
Karlodinium veneficum (HU) 
Karlod,inium veneficum (SR) 

Takayama helix 

Takayama tasmanica 

, Takayama tuberculata 

1Not Australian strains 
NT - not tested 

Extracellular hemolytic activity 

NT 

-

-
-
-
-

NT 

-
NT 
-
-
-
-
+ 
+ 

-
-
-
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- NT 

- NT 
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+ + 

- -
- NT 
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Mixotrophy and the presence of Karlotoxin 

One of the ecological roles for karlotoxin that has been proposed involves prey capture, 

especially for cryptophytes (Adolf et al. 2008). Nontoxic strains feed very poorly on 

cryptophytes. For the study at hand, the only species we observed to feed on the cryptophyte, 

Storeatula major, were the strains that produce karlotoxin, that is, Huon and Swan River 

strains of Ka. veneficum (Table 9). Ka. conicum was not observed to feed on Storeatula 

major. 

Comparative hemolytic potency 

Dose response curves for the purified karlotoxins identified in this study are presented in 

Figure 16. The activity of the two karlotoxins from the 60 and 80 % methanol fractions from 

Ka. veneficum (Swan River) were identical in potency but were 5 times more potent than the 

karlotoxin from Ka. veneficum (Huon River), and nearly 70 times more active than the 

standard hemolysin, saponin. Toxin isolated from Ka. conicum was classed as non-hemolytic, 

requiring >4,000 ng for <20 % fractional hemolysis. 

Table 10: Summary of toxins in Kareniaceae 

Species 

arenia brevis 
arlodinium 

conicum 
arlodinium 

eneficum 

Culture 
Code 

Toxin 

Tx-2 Like 
mTx-2 Like 

Mass ions 

917 (Na adduct) 
1339.7 (H20 adduct) 
1321 (H20 adduct) 

(1361.6);1304.7 (Na adducts) 
1425.6; 1367.6 (Na adducts) 
1407.7; 1349.7 (Na adducts) 

On column 
mAus-1/µg 

ND 
641.1 
ND 

1671.1 
592 

508.6 

Toxin 
Cell 

Quota 
(pg/cell) 

2.8 

0.86 
2.1 
0.5 

Species with no identified toxin: Karenia asterichroma, Karenia mikimotoi1
, Karenia 

papilionacea, Karenia umbella, Karlodinium antarcticum, Karlodinium australe, 
Karlodinium ballantinum, Karlodinium corrugatum, Karlodinium decipiens, Karlodinium 
veneficum (Derwent), Takayama helix, Takayama tasmanica, Takayama tuberculata 
1Not Australian strains 
ND - not determined 
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Figure 11: Reversed-phase HPLC elution profile at 235 nm for extracellular extracts from A) 

Takayama helix (5.7 x 105 cell equivalents) and (B) Takayama tasmanica (5.8 x 105 cell 

equivalents). The bar graph represents hemolysis for each 96 fractions collected during the 

chromatography. The arrow in (A) represents the UV peak that did not provide a mass 

estimated under electrospray conditions. The solid markers represent the plasticiser 

contaminant common in natural seawater which can exhibit hemolytic activity. 
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Figure 12: Reversed-phase HPLC elution profile at 235 nm for extracellular extracts from A) 

Ka. veneficum (Huon River) (5.2 x 106 cell equivalents) and (B) Ka. veneficum (Swan River) 

(4.2 x 106 cell equivalents). The bar graph represents hemolysis for each 96 fractions 

collected during the chromatography. Note that 1/20 of the volume was assay in (B).One 

dominant hemolytic peak was observed with Ka. veneficum (Huon River) strain while two 

hemolytic peaks were observed with Ka. veneficum (Swan River) strain. 
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Figure 13: Reversed-phase HPLC elution profile at 235 nm for extracellular extracts from A) 

Ka. veneficum (Derwent River) (2.6 x 106 cell equivalents) and (B) Ka. conicum (9.0 x 105 

cell equivalents). The bar graph represents hemolysis for each 96 fractions collected during 

the chromatography. No hemolytic activity was observed in any fraction from either of the 

chromatograms. A major UV peak was observed around 13 minutes for the Ka_ conicum 

extract. 
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Figure 14: (A) The UV spectra of the peak at 13.18 minutes in Ka. conicum is consistent with 

a KmTx 2 like molecule. (B) The mass spectrum for this peak indicates several congeners in 

the range of 1339.7-1413.7. 
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Figure 15: The mass spectra for KmHuonTx 2 (A); KmswanTx 2-1 (B) & KmswanTx 2-2. (C) 
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Figure 16: Comparative hemolytic potency for the different karlotoxins observed using 

rainbow trout erythrocytes compared to saponin. Note the logarithmic scale for toxin amount. 

The fitted line is based on the Hill Equation (1) and the HD50% estimates for these curves are 

presented in legend to the figure. 
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Discussion 

In an attempt to determine the cause of repeated fish kills in an estuarine aquaculture facility 

in Maryland, our laboratories have shown that Ka. veneficum produces a unique suite of 

compounds with hemolytic, cytotoxic, and ichthyotoxic properties which are called 

karlotoxins (KmTx). Thus far, these compounds have been detected in clonal isolates 

collected from estuarine waters from the U.S. states of Maryland, North and South Carolina, 

Georgia, Florida, as well as isolates from New Zealand, Norway, and the English Channel. In 

addition, the same toxins can be directly isolated from water samples collected during fish 

kills (Kempton et al. 2002; Hall et al. 2008). The principal toxin isolated from both cultured 

cells and directly from water samples collected during the fish kill in South Carolina (KmTx 

2), was similar but not identical to the main toxin isolated from cultures and the fish kill in 

Maryland (KmTx 1 ). Hence, two different toxin types occur in Karlodinium spp. from the 

United States Atlantic coast. Toxins observed in Chesapeake Bay cultures and field samples 

differ from those found in strains south of the Chesapeake based on chromatographic profiles 

and UV absorption spectra (Deeds 2003). All Karlodinium strains from Chesapeake Bay 

produce KmTx 1().max225 nm) while all Karlodinium strains south of the Chesapeake Bay 

produce KmTx 2 ().max 235 nm). It is this difference in UV spectra that we use to classify 

karlotoxins. 

Mass spectrometry has found a molecular mass of ~1308 Da & 1322 Da for the two KmTx ls 

found in the Chesapeake Bay and ~ 1344 Da for Km Tx 2. Each of these species also has a + 16 

dalton congener that co-purifies on a C8 reverse phase column (Bachvaroff et al. 2008b ). 

Separation on an amine column under normal phase conditions separates these two congeners. 

Based on assays for hemolytic activity and ichthyotoxicity, KmTx 1 appears to be more 

potent than KmTx 2. 

Our criteria for detecting karlotoxins is operational. The karlotoxins should be released by 

filtration on glass fiber filters, removed from the filtrate by adsorption to C 18 resins, and 

eluted by 60 to 80% methanol/water solutions. On a C8 reverse phase HPLC separation using 

a methanol to water gradient, karlotoxins in the methanol fractions are detected through their 

UV absorption at 225 nm (KmTx 1) and/or 235 nm (KmTx 2) with little UV absorption at 
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280 nm. Biologically active fractions are detected through hemolysis of red blood cells. In 

these HPLC runs an additional later-eluting peak is frequently observed when growing 

cultures in natural seawater. This peak produces multiple MS ions differing by 44 amu and is 

likely to be a plasticizer polymer contaminant which shows hemolytic activity. 

Bioassays for assessment of toxicity ofKarlodinium spp. 

A hemolytic assay based on the lysis of fish erythrocytes is routinely utilized to screen for 

karlotoxin in Karlodinium species. The toxic activity is easily released from Ka. veneficum 

cells either by filtration and/or centrifugation (Deeds et al 2002). However, under conditions 

that are shear-free >90% of the toxin is cell bound (Adolf et al. 2007). Karlotoxins are 

extremely "sticky", binding to plastic, glass, and teflon in aqueous solutions (Bachvaroff et al. 

2007). Elution with methanol can usually recover the bound toxin. Karlotoxins are also 

readily degraded by natural bacterial assemblages. An active glass fiber (GF/F) filtrate kept at 

room temperature for 24 hours will have only 10% of the original activity remaining. 

Leblond and Chapman (2002) recently found that the sterol profile of Ka. veneficum is 

dominated by (24S)-4a-methyl-5a-ergosta-8( 14 ),22-dien-3 ~-ol (gymnodinosterol). This 

profile is almost unique-being shared only by the closely-related members of the 

Kareniaceae. We have shown that co-incubation with cholesterol or ergosterol inhibits KmTx 

2 hemolytic activity. In contrast, co-incubation with gymnodinosterol has no effect on KmTx 

2-induced hemolysis (Deeds and Place, 2006). We infer from these results that cholesterol and 

ergosterol can complex with karlotoxins and sequester the toxin away from erythrocyte 

membranes, and thus afford protection against hemolysis. Furthermore, simple phospholipids 

and gymnodinosterol cannot complex KmTx 2 and, therefore, offer no protection. These 

observations suggest that by utilizing a sterol that is structurally different from sterols found 

in the membranes ofheterologous species, Ka. veneficum renders itself impervious to 

autolysis. Further studies have shown that any organism that has 4-desmethyl sterols will be 

sensitive to karlotoxin while those with predominantly 4-a-methyl sterols are insensitive 

(Adolf et al. 2004, 2007, Place et al. 2004). Pfiesteria spp. are insensitive to karlotoxin 

(Adolf et al. 2006). 

56 



Lipid composition for many members of the Kareniaceae family include a high proportion of 

4a-methyl-8(14) sterols (Mooney et al. 2007) but no other species of Karlodinium (Ka. 

antarcticum, Ka. ballantinum, Ka. conicum, Ka. corrugatum, Ka. decipiens), Karenia (K. 

mikimotoi, K. papilionacea, K. umbel/a) or Takayama (T. helix, T. tasmanica, T. tuberculata) 

exhibited hemolytic activity or contained karlotoxin. The potentially toxic K. papilionacea 

and K. umbel/a have been associated with fish kills in New Zealand and Australia (de Salas et 

al. 2004; Haywood et al. 2004) however their fish killing mechanism remains to be 

determined. Other species in the family Kareniaceae known to produce toxins and affect 

fish/shellfish include Karenia brevisulcata, responsible for the mass poisoning of marine life 

around the southern coast of the North Island of New Zealand from January to March 1998 

(Chang 1999; Wear and Gardner 2001) and Karenia selliformis, producing the shellfish toxin 

gymnodimine (Seki et al. 1995; Miles et al. 2003; Dragunow et al. 2005). 

Karlotoxins reproducibly kill fish in a dose-dependent manner in laboratory assays targeting 

the gills (Deeds et al 2003). The pathology observed in the laboratory treated fish gills is 

similar to that observed in gills from fish kills in nature. This activity is similar to prymnesin, 

isolated from Prymnesium parvum and to amphidinols, a family ofhemolytic toxins isolated 

from the dinoflagellate genus Amphidnium (Paul et al. 1995; Paul et al. 1997). The primary 

human societal impact of Karlodinium blooms is fish kill events, but it seems likely that 

KmTxs, like prymnesin, may function as anti-grazing or allelopathic compounds as well as 

prey immobilization agents for mixotrophy (Adolf et al 2007). 

Structural characterization o/Karlodinium veneficum toxins 

The structure ofKmTx 2 from Ka. veneficum (CCMP 2064) has recently been determined 

using high resolution NMR on 13C enriched material and shown to have an amazing structural 

similarity to amphidinol (Place et al. 2007). The molecular formula C67H 121Cl024 was 

deduced from detailed analysis of NMR data and the high resolution ESI-TOFMS molecular 

ion series 1367.7844 [M+Na]+ (calcd. 1367.7829, error-1.1ppm),695.3883 [M+2Na]++ 

(calcd. 695.3866, error -2.4 ppm), in addition to the comparison with simulated isotope 

pattern data for this formula. The structure for the KmTx 1 toxins are still being solved but 
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they do not appear to have a terminal chlorine. The absolute configuration of the 29 chiral 

carbons are currently being determined as are the structures for the KmTx 1 toxins. 

The three karlotoxin molecules described here for the two Australian Ka. veneficum strains 

appear to be modifications of the basic KmTx 2 molecule framework. The two larger 

KmswanTx 2-1 & KmswanTx 2-2 toxins appear to have 58 mass extension relative to the KmTx 

2 structure know that is easily removed during ionization. The HD50% for these two toxins is 

more than 25 fold more potent that measured for KmTx 2. The Km8
u

00Tx 2 toxin which is 

different than the two karlotoxins from the Swan River isolate is less potent but still nearly 6 

fold more potent than KmTx 2. The molecule obtained from Ka. conicum is largely non

hemolytic with HD50% estimates exceeding 4.0 µg/ml. While possessing the characteristic 

UV spectra (Figure 14A) ofKmTx 2, the mass spectra indicate considerable structural 

differences for Ka. conicum material (Table 10). The structures of these four compounds are 

currently the focus of future research. 

Karlotoxin production in Australian strains Karlodinium veneficum. 

Ka. veneficum has formed persistent blooms associated with fish kills in the Swan River 

Estuary upstream of Perth, Australia (S 31 ° 57', E 115° 52') during the austral autumn for the 

last six years. These blooms have occurred in the upper, highly eutrophic reaches of the 

estuary during a time of year characterized by exceedingly dry conditions, high temperature 

and salinity (>25 ppt), relatively low surface nutrient concentrations, and generally low 

bottom water oxygen levels. Previous analyses of toxin levels and fish pathological 

specimens from the Swan River Estuary (2003, 2004) suggest that karlotoxins contribute to 

fish kills in this system. We have shown production ofkarlotoxin in the Swan River, Western 

Australia, strain of Ka. veneficum that has been in culture for longer than 4 years, while a 

strain from the Huon River in Tasmania, Australia, contains a less active karlotoxin analogue. 

Morever the Ka. veneficum strain from the Derwent River, separated by <50 km from the 

Huon River, contained no karlotoxin. Nontoxic strains of Ka. veneficum have been described 

before (Adolf et al. 2006) including the original species description by Ballantine (1956) 

when the nontoxic isolate was given a new species name (i.e., G. vitiligo ). 
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The recent isolation and identification of several Southern Ocean Karlodinium spp. afforded 

us the ability to examine how widespread the toxin phenotype was observed in these new 

species. The only species containing a karlotoxin like molecule was Karlodinium conicum, 

confirmed by LC-MS and a characteristic UV-spectrum, however the compound was poorly 

hemolytic. Isolated from open water in temperatures as low 8;S 5 °C, the presence of Southern 

Ocean Kareniaceae (Karlodinium antarcticum, Ka. conicum, Ka. corrugatum and Takayama 

tuberculata) calls for a rethinking of the contribution dinoflagellates may make to the 

chemical and food chain ecology in the Antarctic environment. 

The extensive ichthyotoxic history of Karenia brevis and Karenia mikimotoi is well

documented with blooms in America, Europe and Australasia (Tangen 1978; Steidinger et al. 

1998). Karenia brevis is recognized flS producing brevetoxin, a neurotoxic shellfish poison 

(Baden and Adams 2000), and its' presence is confirmed in the current study. The brevetoxin · 

fraction from the HPLC did not exhibit hemolytic activity possibly due to the low 

concentration and potentially a neurotoxin type rather than a hemolytic type brevetoxin 

derivative (Baden and Adams 2000). Proposed toxic mechanisms of Karenia mikimotoi 

include toxic PUP A (Bodennec et al. 1995; Parrish et al. 1998; Fossat et al. 1999; Sola et al. 

1999; Arzul et al. 2000; Sellem et al. 2000) and gymnocin-A and B (Seki et al. 1995; Satake 

et al. 2002; Satake et al. 2005) however there is still no conclusive evidence on their 

qualitative (or quantitative) contribution to ichthyotoxicity. These compounds were not 

detected in the K. mikimotoi isolate investigated. However, we do not have standards for 

gymnocin to test our detection limits. 

Further work is required to determine the toxic mechanism for several gymnodinioid species, 

particularly because these dinoflagellates often occur in mixed Kareniaceae blooms in which 

their species identification is difficult by light microscopy. The possible synergistic effect of 

mixed blooms on fish also requires attention. Whilst the hemolytic test and LC-MS 

identification are applicable for karlotoxin and LC-MS, ELISA and RBA is applicable for 

brevetoxin, suitable assays to assess the toxic ability of individual species remain an area of 

concern as hemolytic activity is not observed in all toxic species (e.g. Karenia mikimotoi). 

Furthermore, no universal mechanism for ichthyotoxicity in gymnodinioid dinoflagellates has 
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yet emerged and synergistic interactions between ''toxins" (e.g. brevetoxin, karlotoxin, 

gymnodimine), free fatty acids, reactive oxygen species requires additional investigation. 

None the less the current study clearly establishes the restricted phylogenetic production of 

karlotoxin to only the Karlodinium genus, and of that, to only two described species, Ka. 

veneficum and Ka. conicum. 
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Abstract 
Two species of Kareniaceae, Karlodinium veneficum (Swan and Huon River isolates) and 

Karlodinium conicum, and their respective purified karlotoxins (KmTx), were investigated for 

ichthyotoxicity on larval sheepshead minnow. Two non-karlotoxin producing species, 

Karenia mikimotoi and Karlodinium ballantinum were also tested. Algal treatments included 

live and lysed cells (homogenized and CuS04 treated) with fish mortalities observed from 

lysed Karlodinium veneficum and Karlodinium conicum but none observed from Karenia 

mikimotoi and Karlodinium ballantinum. The variance in ichthyotoxicity between live and 

lysed cells of Karlodinium veneficum (Swan and Huon River) and Karlodinium conicum 

(Southern Ocean) confirm that toxin is cell bound and ichthyotoxicity increases upon lysis. 

Ichthyotoxic blooms of Karlodinium veneficum in situ in the Swan River, Western Australia 

and Chesapeake Bay, Maryland, USA are unrelated to algal cell density as mortality was 

observed with low densities. In laboratory treatments, no fish mortalities were observed upon 

exposure to live intact cells of all four species at algal concentrations up to 2.5 x 1 ff cells/mL 

in replete nutrient groWth conditions. Lysed low density (3 x 104 cells/mL) Karlod~nium 

veneficum (Swan and Huon River) grown under P-limited nutrients caused quicker fish 

mortality than those cultured in replete nutrient conditions. Pure toxin isolated from 

Karlodinium veneficum (Swan and Huon River) and Karlodinium conicum (Southern Ocean) 

were toxic to sheepshead minnow larvae, with the lethal dose, LD50 lowest for KmHuonTx 2 

(508.2 ng/mL), followed by KmSwanTx 2-1 (563.2 ng/mL), and KmcomcumTX (762.4 ng/mL). 

The differences in ichthyotoxicity under nutrient limitation and ruptured cell conditions 

present challenges forthe ecological management of blooms of these species. 
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Introduction 

Bloom-forming species of gymnodinioid dinoflagellates from the family Kareniaceae 

(Karenia, Karlodinium and Takayama) can pose a threat to wild and aquacultured marine 

fauna. Our understanding of the toxic mechanism of some Kareniaceae species is well

advanced, (e.g. Karenia brevis (Baden et al. 2005) and Karlodinium veneficum (Deeds et al. 

2006)), and has been attributed to the presence of a single family of toxins in each species 

(brevetoxin in the former and karlotoxin in the latter). 

Known for its' hemolytic, cytotoxic, algicidal and ichthyotoxic activity, karlotoxin KmTx 

(Figure 21), thus far found only in Karlodinium venejicum and Karlodinium conicum 

(Mooney et al. 2009), is a linear amphipathic polyketide similar in activity to a family of 

hemolytic toxins, amphidinols, isolated from the dinoflagellate Amphidinium (Paul et al. 

1995; Echigoya 2005) and prymnesin from the haptophyte Prymnesium parvum (Yariv and 

Hestrin 1961). Several structural analogues ofkarlotoxin have been identified, the most 

notable difference being a terminal chlorine absent in KmTx 1 compared to KmTx 2, hydroxy 

analogues of both KmTx 1 and 2 in North American strains (Bachvaroff et al. 2008a) and a 

KmTx 2-like analogue present in Karlodinium conicum (Mooney et al. 2009). The 

amphiphatic nature of karlotoxin results in a "sticky" molecule which in aqueous solutions 

will bind to glass, plastic and teflon, and is easily recovered with methanol (Place et al. 2007; 

B.achvaroff et al. 2008b ). 

Ichthyotoxicity ofkarlotoxin is via pore-forming disruption of membranes containing 

cholesterol, resulting in swelling and ultimately osmotic cell lysis. Observations of the impact 

of karlotoxin on marine fauna include bass (Glibert and Terlizzi 1999), cod (Nielsen 1993), 

shellfish (Brownlee et al. 2008; Galimany et al. 2008; Place et al. 2008), zebrafish larvae and 

sheepshead minnow juveniles (Deeds et al. 2006). Upon exposure to karlotoxin fish exhibit 

erratic swimming behaviour, severe gill epithelial damage and gill sloughing, complete 

destruction of pectoral and caudal fins and mortality. Whole body sectioning has identified 

gills as the principal site of impact, with symptoms of swelling of lamellae and complete 

breakdown of gill structure, while no internal tissues show changes in functionality or damage 

(Deeds et al. 2006). 
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Karlodinium veneficum bloom formation is regulated by environmental conditions (Hall et al. 

2008; Adolf et al. 2009), predation (Adolf et al. 2007a) and infection by parasites (Place et al. 

2006; Bai et al. 2007). Environmental conditions observed to influence karlotoxin production 

include temperature, salinity and nutrients (Hall et al. 2008; Adolf et al. 2009) as well as the 

presence of cryptomonad potential prey. Nutrient limitation has also been shown to increase 

karlotoxin production (Adolf et al. 2009) and in any given population toxic and non-toxic 

strains can be present (Bachvaroff et al. 2009). 

Hemolytic activity (LC50 or HE50) has been reported for purified KmTx 1 (0.284 µg/mL) 

(Deeds et al. 2002), North American KmTx 2 (0.368 µg/mL) (Deeds 2003) and Australian 

KmTx 2 (0.063-0.343 µg/mL) (Mooney et al. 2009), however the ichthyotoxic lethal dose 

(LD50) for purified karlotoxin remains unknown. Karlodinium conicum, which exhibits very 

low hemolytic activity (Mooney et al. 2009), has not been tested for ichthyotoxicity, and 

nothing is known about the fish-killing potential of Karlodinium ballantinum. 

Karenia mikimotoi has a long-documented history of ichthyotoxic blooms (Braarud and 

Heimdal 1970) but it's fish-killing mechanism remains largely unsolved. This common red

tide species continues to cause mass mortalities of marine fauna in the eastern North Atlantic 

and Japan with production of gymnocin (Satake et al. 2002), octadecapentaenoic acid (OP A) 

(Sola et al. 1999; Arzul et al. 2000; Gentien et al. 2007) and reactive oxygen species (ROS) 

(Yamasaki et al. 2004) all proposed as the toxic mechanism. An extensive K. mikimotoi 

bloom during the 2005 summer along the northwest Irish coast was attributed to massive 

marine fauna losses including sea urchins, lugworms, cockles and aquaculture finfish and 

bivalves (cod and oysters) (Silke et al. 2005). 

We here investigate the ichthyotoxicity of strains of Karlodinium veneficum and Karlodinium 

conicum and their respective purified karlotoxins, as well as Karenia mikimotoi and 

Karlodinium ballantinum, on larval sheepshead minnow. Inclusion of Karenia mikimotoi in 

this study provides essential further knowledge on the fish-killing ability of this species on 

sheepshead minnow, and Karlodinium ballantinum, a species with no known history of 

ichthyotoxicity or toxin production, provides a potential negative control species from the 

73 



family Kareniaceae. We compare the activity of live compared to lysed cells and the effect of 

phosphorus limitation in the culture media of Karlodinium vene.fi,cum. 

Figure 21: Planar structure of karlotoxin, KmTx 2 
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Materials and Methods 

Algal strains and growth conditions 

Karlodinium veneficum (Swan, KVSROl, and Huon, KVHUOl) cultures were maintained in 6 

L glass conical flasks in Enriched Seawater Artificial Water (ESAW) medium (Berges et al. 

2001) with 880 µM N03, 34 µM P04, 10 mM HEPES Buffer at pH 8.0 and 15 ppt (Table 11). 

Nutrient limited cultures of Karlodinium veneficum (Swan and Huon) contained 10-fold less 

phosphorus (3.4 µM P04). Karlodinium conicum (Southern Ocean, KDCS015), Karenia 

mikimotoi (KMNZ63) and Karlodinium ballantinum (KDBM) cultures were grown in 32 ppt 

filtered natural seawater combined with f/2 nutrients and vitamins without Si (Andersen et al. 

1997) (Table 11 ). 

Toxin identification and isolation 

For toxin isolation, cultures of Karlodinium veneficum (Swan River) and Karlodinium 

conicum were grown on semi-continuous batch culture in glass vessels (40 L) with aeration 

and C02 bubbling with pH regulation ensuring a range of 8.0-8.4 throughout. At late 

exponential growth, reached at 2-4 weeks, 30 L were harvested and the culture returned to 40 

L with media. A 12: 12 h LD (light:dark) cycle of 80 µmol photons PAR m-2s-1 of cool-white 

fluorescent light was used throughout the experiments. Harvested cultures (10-40 L) of Ka. 

veneficum (Swan), Ka. veneficum (Huon) and Ka. conicum were filtered through GF/F filters 

( 110 mm diameter) under suction, and the toxin-containing filtrate passed through a 5 5 g C 18 

cartridge (Analogix, Sorbtech Technologies). The column was flushed with HPLC water 

(200 mL), then 20% and 40% MeOH (200 mL each). The following 80% MeOH flush (200 

mL) containing toxin was collected and concentrated under rotary evaporation. Toxin was 

stored in a small volume of 1: 1 water:methanol until the next culture was harvested. The final 

volumes and total cell numbers harvested were: Ka. veneficum (Swan) 103 L and 2.6 x 1010 

cells, Ka. veneficum (Huon) 127 Land 2.1 x 1010 cells, and Ka. conicum 117 Land 2.3 x 109 

cells. Toxin fractions were separated on a C 18 semi-prep column (Phenomenex Hyperprep 

HS C18-80S, 250 mm x 10 mm, 5 µm) at 4 ml/min using a binary methanol/water gradient 

from 10% to 95% methanol over 40 minutes and an absorbance at 235 nm for fraction 

collection. To track the isolation ofkarlotoxin during each step and confirm final purity a 

small quantity of the toxin fraction was resuspended in 30% MeOH in water and injected into 
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a C8 (LiChrosphere 125 mm x 4mm 5 µm bead size RP-8, Agilent) column and subjected to a 

1 mL I min 10 % to 95 % methanol : water gradient over 25 min. using an Agilent 1100 

HPLC. Toxin peaks were detected using an Agilent Diode Array Detector (Model#G 1315B) 

with a micro high-pressure flow cell (G 1315B#020; 6 mm pathlength, 1.7 µl volume) over the 

wavelength range 190 to 950 nm. The UV absorption spectra at 235 nm was used to detect 

KmTx 2. The entire UV spectra were saved for each UV detectable peak. A small portion of 

toxin was passed to the electro-spray nozzle of the MS (Agilent G l 956A SL) for ionization 

with the following spray chamber conditions using nitrogen as the drying gas: flow rate 10 L I 

min., pressure 60 psi, temperature 350 °C, fragmentor voltage 350 V, capillary voltage 4000 

V. A 1 % fonnic acid in water solution (0.1 mL I min) was added to provide appropriate pH 

conditions for positive mode ionization. A 5 mM ammonium acetate solution in water was 

used for negative mode ionization. 

Fish exposures 

Cultures of Ka. veneficum (Swan), Ka. veneficum (Huon), Ka. conicum, Karenia mikimotoi 

and Karlodinium ballantinum were grown autotrophically to twice the intended exposure 

density in 6 L glass conical flasks in either ESAW (15ppt) or f/2 (32ppt), as described ~hove. 

Sheepshead minnow (Cyprinodon variegans) larvae (3-5 day old), temperature 18 °C, salinity 

25 ppt, pH 8.1 were obtained from Aquatic Biosystems Inc, Fort Collins, Colorado, USA. 

Larvae were acclimated to 20 °C and either 15 ppt or 32 ppt salinity for 24 hours prior to 

exposure to toxin or culture. Fish were transferred to 12-well plates (Falcon, Becton 

Dickinson) and made to lmL, with 3 fish/well, and in triplicate wells (9 fish per treatment), 

acclimated for 3 hours and 1 mL live dinoflagellate cells added. Larvae were not fed during 

the experiment. Lysing of algal cells by chemical means (CuS04) was tested in the range 1-

80 mg/L, with complete lysis achieved with 6 mg/L CuS04 in 10 minutes. In the absence of 

dinoflagellates, fish mortalities were observed with CuS04 concentrations greater than 10 

mg/L after 24 hours. Therefore, a final CuS04 concentration of 8 mg/L was deemed suitable 

for cell lysing and sub lethal for fish larvae. In an additional treatment, cells were lysed by 

physical means using a handheld Dounce homogenizer (Thermo Scientific). Prior to fish 

exposure, cells were counted, then homogenised for 5 seconds, 3 times, observed under an 

inverted microscope (200x or 400x, Olympus IX70, Olympus America Inc., Center Valley, 
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PA, USA) using bright field to confirm lysis, then 1 mL added to fish. Final cell densities 

ranged from 1x104 -2.5 x 105 cells/mL (Table 12). Control experimental fish were exposed 

to 1 mL medium (ESAW or f/2) and copper sulphate (CuS04 final concentration 8 mg/L). 

Fish were observed every 30 minutes for the first 6 hours, then at 24 hours prior to 

termination whereby all fish were preserved in 4F/1G preservative (4 % formalin, 1 % 

glutaraldehyde in phosphate buffered saline (0.1 M phosphate buffer, pH 7.2, salinity 32 ppt) 

and stored for further histopathological analysis (data not presented in this study). 

Stock solutions ofkarlotoxin (KmswanTx 2-1, KmHuonTx 2 and KmcomcumTx) were prepared in 

methanol and broadly tested for ichthyotoxicity to determine a suitable range for lethal dose 

determination. Using this data a range of concentrations were tested for each toxin to 

determine lethal dose for 50 % of the fish population, LD50, (Table 12). Triplicate control 

fish, 3 fish/well (9 fish in total) were exposed to 10 µL methanol or karlotoxin (in 10 µL 

methanol). Observations on fish behaviour and mortality were as described above. 

Results 

Algal ichthyotoxicity from live and lysed cultures. Exposure of larval fish to Karlodinium 

veneficum (Swan River) cells resulted in no mortalities at 1.0 x 104 and 2.5 x 105 cells/mL 

after 24 hours (Figure 22). Similarly, cell densities of 1.0 x 104 and 1.5 x 105 /mL of 

Karlodinium veneficum (Huon River) and 1.0 x 103 and 1.0 x 104/mL Karlodinium conicum 

resulted in no mortalities of fish after 24 hours. In larval fish exposures to live cells of 

Karenia mikimotoi (1x103 and 1x104/mL) and Karlodinium ballantinum (1x104/mL), 

again no mortalities were observed and fish behaviour was similar compared to controls. 

Mortalities of fish after 24 hours were only observed at cell densities of 1.0 x 104/mL of 

Karlodinium veneficum (Swan River) after addition of CuS04 to lyse algal cells (3of9 fish 

died). At 2.5 x 105 cells/mL, homogenized cells and CuS04 treated cells caused >50 % 

mortality of larval sheepshead minnow in 2 hours (Figure 22). Initially fish were swimming 

erratically, with short sharp bursts of activity. Effects on the pectoral and caudal fins were 

observed, with epithelial damage and sloughing, and ultimately complete destruction. The 

heartbeat and peripheral circulation were observed in listless fish on the surface prior to death. 

Treatment of Karlodinium veneficum (Swan River) cells with CuS04 (8 mg/L final 

concentration) resulted in the fastest mortality with all fish (n=9) dead in 30 minutes. When 
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homogenized the 1.0 x 104 cells/mL culture of Karlodinium conicum caused mortality after 2 

hours (9 out of 9 fish). 
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Figure 22: Ichthyotoxicity of Karlodinium veneficum (Swan River) - live, homogenized and 

CuS04 treated cells 

Note: Control and 10000 cells/mL treatments had no mortality, data not shown 

Algal ichthyotoxicity from phosphorus limited cultures 

Mortalities were observed (9/9) in larval fish exposed to 2.7 x 104 cells/mL of Karlodinium 

veneficum (Swan River) grown on P-limited medium, with faster death observed in 

homogenized and CuS04 treatments (3 hours) compared to live cells (5 hours) (Figure 23). 

Lesser ichthyotoxicity was observed in Karlodinium veneficum (Huon River) P-limited 

cultures with no mortalities in live cell experiments, low mortality with homogenized (1/9) 

and complete mortalities with CuS04 (9/9) treatments after 24 hours (Figure 24). 

Karlotoxin analysis of samples taken from P-limited and P-replete cultures of Karlodinium 

veneficum (Swan River) and Karlodinium veneficum (Huon River) revealed elevated levels 

(3-10 times) ofkarlotoxin in P-limited cultures (Table 13). No mortalities were observed in 
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control fish upon the addition of media (ESAW or f/2) or CuS04 (final concentration of 8 

mg/L). 
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Figure 23: Ichthyotoxicity of P-limited Karlodinium veneficum (Swan River) - live, 

homogenized and CuS04 treated cells 

Karlotoxin ichthyotoxicity 

Karlotoxin purified from Ka. veneficum (Swan River), Ka. veneficum (Huon River) and Ka. 

conicum resulted in larval sheepshead minnow mortalities in a dose dependant manner with 

concentration ranges summarized in Table 12. For each karlotoxin concentration, dose 

response curves were determined and LD50 calculated (Figure 25). The LD50 for KmHuonTx 2 

was 508.2 ng/mL, for KmswanTx 2-1was563.2 ng/mL, and for KmcomcumTx was 762.4 ng/mL, 

based on extrapolation of where 50 % mortality meets the respective karlotoxin concentration 

(Figure 25). 

Fish exposed to karlotoxin in high doses behaved similarly to dinoflagellate culture 

treatments, with immediate erratic swimming, bursts of activity, gill mucus production, skin 

sloughing and complete destruction of fins. No mortalities were observed in control fish upon 

the addition of 10 µL methanol. 
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Figure 24: Ichthyotoxicity of P-limited Karlodinium veneficum (Huon River) - live, 

homogenized and CuS04 treated cells 
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Figure 25: Ichthyotoxicity of purified KmSwanTx 2-1, KmHuonTx 2 and KmcomcumTX after 2 

hours. Bold line represents lethal dose for 50 % of the population (LD50) 
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Table 11: Dinoflagellate cultures used in the present study 

Species Authority Culture Temperature Media !Locality Isolator 

Code (oC) and Date 

Karenia (Miyake et KMNZ63 17 f/2 New Zealand A. Haywood 

mikimotoi Kominami ex Oda) 32ppt 1994 

Hansen et Moestrup 

Karlodinium De Salas KDBM 17 f/2 Mercury Passage, M. de Salas 

ballantinum 32ppt Tasmania 01.02.2006 

Karlodinium De Salas KDCS015 17 f/2 Southern Ocean IM. de Salas 

conicum 32ppt 44°41 'S,147°07'E 01.02.2006 

Karlodinium (Ballantine) KVSROl 20 ESAW Swan River, Western M. de Salas 

veneficum Larsen 15ppt Australia 9.03.2001 

KVHUOl 20 ESAW Huon River, Tasmania M. de Salas 

15ppt 10.01.05 

Table 12: Summary oflarval sheepshead minnow experiments and karlotoxin concentrations 

used for LD5o determination 

Species Treatment Cell density/mL Toxin Concentration Lethal dose 

(ng/µL) (LDso) 

Karlodinium conicum Live 1000, 10000 Kmcomcum Tx 2 0-2100 762.4 

Homogenised 1000, 10000 

Karlodinium veneficum Live 10000, 30000 (P/10), 150000 KmHuonTx2 0 - 813 508.2 

Huon isolate Homogenised 10000, 30000 (P/10) 

CuS04 10000, 30000 (P/10) 

Swan isolate Live 10000, 27000 (P/10), 250000 KmswanTx 2-1 0-640 563.2 

Homogenised 10000, 27000 (P/10), 250000 

CuS04 10000, 27000 (P/10), 250000 

Karenia mikimotoi Live 1000, 10000 ND ND ND 

Homogenised 10000 

CuS04 10000 

Karlodinium ballantmum Live 10000 ND ND ND 

ND - not detected 

P/10: Phosphorus limited nutrients 
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Table 13: Karlotoxin concentration in Karlodinium veneficum isolates under replete and 

phosphorus (P) -limited growth conditions 

Species Karlotoxin (pg/cell) 

P-limited nutrient culture Replete nutrient culture 

Karlodinium veneficum 12 1-2 

Swan River 

Karlodinium veneficum 5 1-2 

HuonRiver 

Discussion 

The complete absence of ichthyotoxicity from live Karlodinium veneficum, Huon and Swan 

River strains, upon exposure of 1.5 x 105 and 2.5 x 105 cells/mL, respectively, on sheepshead 

minnow larvae confirms that karlotoxin is cell bound. This experimental result agrees with in 

situ field observations on blooms of Karlodinium veneficum in the Swan River, Western 

Australia (Was Hosja, pers. comm) and Chesapeake Bay, Maryland, USA (Deeds et al. 2001; 

Deeds 2003). The significant increase in ichthyotoxity when using lysed Karlodinium 

veneficum (Huon and Swan River strains) and Karlodinium conicum cells indicates that 

karlotoxin is released upon cell lysis. Karlotoxin acts as a membrane disrupting molecule 

(Deeds and Place 2006), with a greater affinity for cholesterol, and other 4-desmethyl sterols, 

while organisms that possess 4-methyl sterols, such as other Kareniaceae dinoflagellates 

except Karenia papilionacea (Mooney et al. 2007), Amoebophyra spp (Place et al. 2006; 

Place et al. 2009), and Pfiesteria spp (Leblond and Chapman 2004) are afforded with some 

protection. 

Karlodinium veneficum cultures generally contain 1-2 ng KmTx/cell, but when co-cultured 

with cryptophyte prey can have higher karlotoxin concentrations, presumably to immobilise 

and ingest prey, and have increased ingestion of cryptophytes, and enhanced mixotrophic 

growth rates (Li et al. 1999; Adolf et al. 2006b; Adolf et al. 2008). The presence of 

cryptomonad prey, a bloom in stationary or declining phase, or the addition ofbloom-lysing 

conditions (simulated by addition ofCuS04 or KMn04) can significantly increase the risk of a 

fish-killing event. The effect of phosphorus limitation in the culture media increased 
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karlotoxin production 3-6 times in this study, and nutrient stress by both phosphorus and 

nitrogen increased toxin production to~ comparable degree in US cultures (Adolf et al. 2009). 

Toxin levels were not attributable to lowN or P, but to growth rate, implying accumulated 

karlotoxin in cells as a result of unbalanced growth or general cell stress. Observations of 

naturally occurring Karlodinium veneficum blooms in Chesapeake Bay, Maryland, USA and 

Swan River, Western Australia, have repeatedly shown that high cell densities may not 

necessarily result in ichthyotoxic events, and conversely low cell densities can sometimes 

result in mass mortalities of wild and aquaculture fish. Effective management of such bloom 

events thus requires an understanding of the physiological status of cells, population dynamics 

and should include monitoring ofkarlotoxin levels, nutrients, temperature, salinity and 

potential prey (Hall et al. 2008; Adolf et al. 2009). 

Karlotoxin kills fish in a dose dependant manner, with the LD50 for larval sheepshead m~nnow 

estimated between 508 and 762 ng/mL for karlotoxin isolated fromKarlodinium veneficum 

(Swan and Huon River) and Karlodinium conicum. Minor structural differences in KmHuonTx 

2, KmswanTx 2-1 and KmconicumTX appear to affect toxicity. These karlotoxins, KmTx 2, 

share a conserved core region with KmTx 2 from US species (Bachvaroff et al. 2008b) with 

an 58 atomic mass unit (amu) mass extension in KmswanTx 2-1 along the lipophilic arm 

increasing hemolytic activity (Mooney et al. 2009). This resP.onse was not clearly reflected in 

ichthyotoxic trials, however, with KmHuonTx 2 slightly more active (LD50 508.2 ng/mL) than 

KmswanTx 2-1 (LD50 563.2 ng/mL). The reason for this is unclear although unlikely to be due 

to differences in the polyol side-chain which is well conserved in these karlotoxins. Changes 

in length and functionality of the lipophilic arm in KmTx 2 suggest this part of the molecule 

may be responsible for differences in hemolytic and ichthyotoxicity. The structure-activity 

relationships of these molecules are the focus of future research. 

The Karenia mikimotoi culture tested was not ichthyotoxic to sheepshead minnow larvae, up 

to 1 x 104 cells/mL, when used as live or lysed cells. No adverse effects on fish were 

observed during the trial. Based on Satake et al. (2002, 2005), the average quantity of 

gymnocin from cultures of K. mikimotoi is 104·ng/mL (from 1440 and 2800 Lt respectively, 

cell numbers not stated), and in this study fish may have been exposed to insufficient doses of 

gymnocin. In previous work, we were unable to confirm gymnocin in our K. mikimotoi strain 
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following described extraction methods (Satake et al. 2002; Satake et al. 2005), and without a 

chemical standard, chromatographic confirmation is hampered. Other studies exploring the 

ichthyotoxic mechanism of K. mikimotoi investigated the polyunsaturated fatty acid, OPA, 

whereby synthetic material used was 82 % pure (Sola et al. 1999; Arzul et al. 2000). The 

concern is that this highly reactive free fatty acid fraction may contain synthesis artifacts and 

oxidation products (Miyashita et al. 1993; Okuyama et al. 2008) that caused adverse effects in 

fish. Production of ROS in K. mikimotoi is low (Yamasaki et al. 2004; Marshall et al. 2005b) 

and unlikely to be the sole cause of ichthyotoxicity. 

Continued research is required to determine the precise toxic mechanism for other 

gymnodinioid species, as they often occur in mixed Kareniaceae blooms in which species 

identification by light microscopy is difficult. Almost all Kareniaceae species have high 

levels of OPA (Mooney et al. 2007), produce moderate levels of ROS (Marshall et al. 2005b) 

and several contain known toxins (such as brevetoxin, karlotoxin, gymnocin), but not all 

species are linked to fish-killing events. The possible synergistic effect of mixed blooms on 

fish also requires attention. In conclusion, no universal mechanism for ichthyotoxicity in 

gymnodinioid dinoflagellates has yet emerged and synergistic interactions between "toxins", 

free fatty acids, and reactive oxygen species requires additional investigation. 
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Abstract 

Ichthyotoxicity of purified lipid extracts, reactive oxygen species in the form of superoxide 

and purified karlotoxin were tested on larval sheepshead minnow either singularly or in 

combination. Purified monogalactosyl diglyceride (MGDG) lipids containing 

octadecapentaenoic acid (OPA) exclusively or as an octadecatetraenoic acid/eicosapentaenoic 

acid/OPA (OTA/EPA/OPA) mixture caused no mortalities, after 24 hour exposure, to 

sheepshead minnow fish larvae at concentrations of 0. 02 - 120 mg/L. Screening of 15 

Kareniaceae dinoflagellate species, Karenia (K. brevis, K. brevisulcata, K. mikimotoi, K. 

papilionacea, K. umbel/a), Karlodinium (Ka. antarcticum, Ka. australe, Ka. ballantinum, Ka. 

conicum, Ka. corrugatum, Ka. decipiens, Ka. veneficum) and Takayama (T. helix, T. 

tasmanica, T. tuberculata) revealed on average 10 times less production of the reactive 

. oxygen species superoxide compared to the ichthyotoxic raphi_dophyte Chattonel!a marina. 

No mortality of sheepshead minnow fish larvae occurred with superoxide alone or with 

superoxide combined with 1) OPA-rich MGDG, 2) OTA-rich MGDG and 3) sublethal 

concentrations ofkarlotoxin, KmswanTx 2-1 (384 ng/mL). Fish were directly exposed to 

superoxide by periodic addition of xanthine to xanthine oxidase. Mortalities of fish larvae 

were observed when OP A-rich and OTA-rich MGDG lipids (2 - 120 mg/L) were combined 

with karlotoxin, KmswanTx 2-1 (384 ng/mL), but no difference was observed between the 

OPA and OTA treatments. In conclusion, no universal mechanism for ichthyotoxicity in 

gymnodinioid dinoflagellates has yet emerged and synergistic interactions between free fatty 

acids and reactive oxygen species as claimed for raphidophytes could not be confirmed. 

Introduction 

Harmful marine algae can cause mass mortalities of marine fauna, resulting in financial loss 

to mariculture operations and on a larger scale ecosystem disruption. Fragile, athecate, 

Kareniaceae species have been associated with mortalities of finfish, with the principal site of 

attack consistently observed to be the gills, causing hypoxia and impacts on blood osmolality. 

Reports of Kareniaceae-dominated ichthyotoxic events continue to intrigue researchers, but 

conclusive evidence of the fish-killing mechanism is elusive. In the absence of a specific 

toxin, such as brevetoxin from Karenia brevis and karlotoxin Karlodinium veneficum, 

research to find a toxic mechanism in these dinoflagellates has focused on lipids such as 
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polyunsaturated fatty acids (PUFA) (Fossat et al. 1999; Sola et al. 1999; Arzul et al. 2000; 

Gentien et al. 2007). Additionally, reactive oxygen species (ROS), measured as superoxide, 

have been implicated as contributing to mass mortalities of fish (Kim et al. 1999; Yamasaki et 

al. 2004). 

Cold-adapted algae, ranging from sub-Antarctic to tropical waters, have elevated levels of 

PUF A to maintain cellular function as these molecules remain fluid at lower temperatures 

(Valentine and Valentine 2004). Using bioassay guided fractionation the most common 

PUF A investigated for toxic activity are octadecatetraenoic acid, OT A, octadecapentaenoic 

acid, OPA, eicosapentaenoic acid, EPA, and docosahexaenoic acid, DHA. These molecules 

are highly reactive, containing 4 - 6 double bonds, and are short lived in the water column 

(Hittner 2001 ). PUF A are synthesized almost entirely in the plastid, with the majority of OP A 

and OTA present in plastid-related glycolipids, as mono- or digalactosyl diglycerides (MGDG 

and DGDG) (Bell et al. 1997; Leblond and Lasiter 2009), and with EPA and DHA dominant 

in the cell-membrane phospholipid fraction (Leblond and Chapman 2000; Adolf et al. 2007b ). 

Upon lysis of senescent cells and/or contact with fish gills, algal cells rupture and release a 

cocktail of reactive and potentially toxic lipids. The ichthyotoxic haptophyte 

Chrysochromulina polylepis contains OP A but ichthyotoxicity was not attributable to lipids 

(John et al. 2002). 

Reactive oxygen species (ROS) are produced by both animal and plant cells in biochemical 

processes. Living cells have protective systems designed to prevent oxidative damage. ROS 

are short lived oxygen free radicals that include superoxide (Oi-), the hydroxyl radical (Off) 

and hydrogen peroxide (H20 2). ROS are toxic in their own right, causing cellular damage by 

degrading organic molecules such as lipids, proteins and nucleic acids. ROS have been 

implicated in fish kills via damage to gills through lifting of the epithelial layer and affecting 

gas exchange (Shimada et al. 1991 ). Production of ROS is closely linked to photosynthesis, 

with higher levels produced during exponential growth and during the day (Marshall et al. 

2002a). Algal species producing significant levels of ROS investigated in conjunction with 

ichthyotoxic blooms include the dinoflagellates Cochlodinium polykrikoides (Kim et al. 1999; 

Kim et al. 2002; Tang and Gobler 2009) and Karenia mikimotoi (Yamasaki et al. 2004), and 
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raphidophytes, such as Chattonella marina (Oda et al. 1992a; Oda et al. 1992b; Marshall et al. 

2005a; Marshall et al. 2005b) 

Karlotoxin, found exclusively in Karlodinium veneficum and Karlodinium conicum (Mooney 

et al. 2009) is a pore-forming toxin binding preferentially to cholesterol (Deeds and Place 

2006), and other 4-desmethyl sterols (Mooney et al. in review), causing cell membrane 

rupture. The chemical structure and activity (van Wagoner et al. 2008) is similar to 

amphidinol, from Amphidinium spp. (Paul et al. 1997; Echigoya 2005). Prey-induced changes 

of swimming behaviour (Sheng et al. 2007) and increased growth rates of Karlodinium 

veneficum (Adolf et al. 2008) are consistent with karlotoxin being released for prey 

immobilization and capture. Toxin production increased in nutrient-stressed cultures (Adolf 

et al. 2009; Mooney et al. submitted) and low density lysed cultures caused mortalities in 

larval sheepshead minnow (Mooney et al. submitted). 

Synergistic ichthyotoxicity to damselfish by EPA, as the free acid, increased 3 fold in the 

presence of superoxide and is claimed as the toxic principle in Chattonella marina (Marshall 

et al. 2003). We investigate superoxide production by Kareniaceae and explore synergistic 

ichthyotoxicity of purified MGDG, with OPA or OTA, combined with superoxide and pure 

karlotoxin. This work will expand our knowledge on the stressors on marine fauna by the 

additive or synergistic effect of three biochemical agents implicated in fish-killing events. 

Material and Methods 

Algal strains and growth conditions 

Reactive oxygen species: Non-axenic cultures of22 species of toxic and non-toxic marine 

algae were maintained in ESAW (Berges et al. 2001), f/2 (Andersen et al. 1997) or GSe media 

(Blackburn et al. 1989) at 15-32 psu salinity and at 14, 17 or 20 °C (Table 14). A 12:12 h LD 

(light: dark) cycle of 80 µmol photons PAR m-2s-1 of cool-white fluorescent light was constant 

throughout the experiment. Cell numbers were determined using a Zeiss Axiovert microscope 

at x 100 magnification from well-mixed cultures using a Sedgwick Rafter cell counter with a 

minimum of 200 cells counted per culture. 
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Lipid and toxin: Karlodinium veneficum (Swan) and Amphidinium carterae were grown as 

per Mooney et al. (submitted) on ESAW media at 20 °C as semi-continuous batch cultures in 

glass vessels ( 40 L) with aeration and C02 bubbling with pH regulation ensuring a range of 

8.0-8.4 throughout. At late exponential growth, 2-4 weeks, 30 L were harvested and the 

culture returned to 40 L with media. A 12: 12 h LD (light: dark) cycle of 80 µmol photons 

PAR m-2s-1 of cool-white fluorescent light was used throughout the experiments. 

ROS analysis 

Levels of superoxide free radical (02 -) in 22 species of marine algae was measured using the 

luciferin analogue 2-methyl-6-(p-methoxyphenyl)-3, 7-dihydroimidazol[ 1,2-a ]pyrazin-3-one 

(MCLA) method (Oda et al. 1995) using a Berthold Autolumat LB 953 luminometer. MCLA 

(5 x 10-6 M) was standardized against superoxide dismutase (5 x 10-6 M) (SOD, Sigma). 

Addition of 100 µL of 5 x 10-6 M MCLA to 2 mL culture was analysed for 

chemiluminescence at 530 nm, and standardized with the addition of 100 µL of superoxide 

dismutase (5 x 10-6 M). Superoxide was generated by periodic addition of 5 x 10-6 M xanthine 

to 10-30 units L-1 ofxanthine oxidase in filtered seawater (Oda et al. 1992a; Oda et al. 1992b; 

Oda et al. 1995; Halliwell and Gutteridge 1999; Marshall et al. 2003). Superoxide free radical 

(02) for fish exposures was generated as described above and measured using a Polarstar 

Optima plate reader (BMG Labtech) at 530nm. Superoxide produced by the 

xanthine/xanthine oxidase system are shortlived and require periodic additions of xanthine to 

keep the desired levels of superoxide (e.g. equivalent to Kareniaceae superoxide production). 

The MCLA detection method is specific to superoxide and does not measure other reactive 

oxygen species such as H202 

Lipid extraction and analysis 

Extraction and purification: Filters containing 2.6 x 1010 and 3 x 1010 cells of Karlodinium 

veneficum (Swan) and Amphidinium carterae, respectively, were extracted using a modified 

Bligh and Dyer (1959) method using an initial chloroform:methanol:water (1 :2:0.8, v/v/v) 

single phase solution. The addition of chloroform and milliQ water with a final 

chloroform:methanol:water ratio of 1 :1 :0.9 (v/v/v) yielded phase separation. The lower, lipid

containing, chloroform layer was concentrated in vacuo by rotary evaporation and the lipid 
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extract transferred to vials, made to volume with 1 mL chloroform and 10 drops of methanol, 

and stored at-20 °C in the dark. Lipid extracts (Karlodinium veneficum, 592 mg, and 

Amphidinium carterae, approx 1.6 g) were applied to 50 g of silicic acid in chloroform and 

fractions eluted as follows: neutral lipids (chloroform), combined MGDG and DGDG (7:13 

chloroform:ac~tone ), SQDG (7: 1 chloroform:methanol) and phospholipids (1: 1 

chloroform:methanol) (Yongimachi 1992). The MGDG and DGDG fraction was further 

separated on a silicic acid column described above with 500 mL each of 11 :9 

chloroform:acetone (MGDG) and 7:13 chloroform:acetone (DGDG). Purity of fractions was 

confirmed by TLC-FID on latroscan rods (Iatron Laboratories, Tokyo, Japan) using 

acetone: acetic acid:water 100:2: 1 (Christie 1982). 

Liquid chromatography-mass spectrometry (LC-MS) analysis of galactolipids: 

Galactolipid fractions were injected onto a C8 column (LiChrosphere 125 mm x 4 mm, 5 µm 

bead-size RP-8; Agilent, Palo Alto, CA, USA) and subjected to a 1 mL min-1 10% to 95% 

methanol:water gradient over 45 min using an Agilent 1100 HPLC. Galactolipid peaks were 

detected using an Agilent Diode Array Detector (DAD; Model#G 1315B) with a 

micro high-pressure flow cell (G 1315B#020, 6 mm path length, 1.7 µl volume) at a 

wavelength of210 nm (Figure 26). The eluate from the DAD was split (113 to V6) using a 

graduated microsplitter valve (model P-4 70; Upchurch Scientific, Oak Harbor, WA, USA). 

The major portion of the eluate was fed in to an Agilent 1100 fraction collector (Model 

G 1364C), while the remaining portion was passed in to the electro-spray nozzle of the MS 

(Agilent G 1956A SL) for ionization with the following spray chamber conditions using N2 as 

the drying gas: flow rate 10 L min-1
, pressure 60 psi, temperature 350 C, fragmentor voltage 

350 V, capillary voltage 4000 V. The FA composition of the collected fractions was 

determined after hydrolysis and methylation by GC as described below. A 1 % formic acid in 

water solution (0.1 mL min-1
) was added to provide appropriate pH conditions for positive 

mode ionization. MGDG [18:2/18:2] was used as a calibration standard, verified by LC-MS 

(Guella et al. 2003). 

Fatty acids: Confirmation of OPA and OTA components of MGDG was performed by 

sampling (10 uL) of extract fractions, transmethylated using MeOH:HCl:CHCh (10: 1: 1 v/v/v; 

100 °C, 60 min), and after the addition of water extracted three times with hexane:chloroform 

(4:1) to yield fatty acid methyl esters (FAME) (Mooney et al. 2007). Samples were made to 

91 



volume in hexane containing C19:0 and C23:0 internal injection standards and analysed by 

GC. Identification of FAME was accomplished by comparing gas chromatography retention 

data with authentic quantitative standards (3B, GLC-68D, GLC-17 AA~) from NU-CHECK 

Inc.(Elysian, MN, USA) and qualitative standards from Matreya (Pleasant Gap, PA, USA). 

Peaks in some samples, including 18:5n3, were also confirmed by gas chromatography-mass 

spectrometry (GC-MS). The Hewlett-Packard 6890 GC (Agilent, Columbia, MD, USA) used 

was equipped with a 30 m x 0.25 mm internal diameter capillary column with 0.25 mm film 

thickness (DB Wax; J and W Scientific, Folsom, CA, USA), and a flame ionization detector 

(FID) at 300 °C. The GC was run in ''constant flow rate'' mode at 1.5 mL min-1 with H2 as 

the carrier gas. The column-temperature profile was as follows: 50 °C for 0.5 min, hold at 195 

°C for 15 min after ramping at 40 °C min-1
, and hold at 220 °C for 7 min after ramping at 2 C 

min-1
• Total run time was 38.13 min. The mass ofFAME was determined by comparison of 

the response factor from the FID for each FAME in the quantitative standard (NU-CHECK 

Inc.) and of the internal C19:C21 standards run with each sample. The relative distribution 

(%FAME) was calculated based on the peak area of a givyn peak divided by the total peak 

area of identified FAME in a sample. OP A-rich and OTA-rich MGDG composition were 

identified by comparison with retention time oflaboratory standards and published literature 

(Harvey et al. 1988; Mansour et al. 1999b). 

Toxin isolation and analysis 

Toxin isolation and purification of KmswanTx 2-1 from Karlodinium veneficum (Swan) was as 

per Mooney et al. (submitted). In brief 103 L (2.6 x 1010 cells) were harvested and filtered 

through GF/F (110 mm diameter) under suction, and the toxin-containing filtrate passed 

through a 55 g C18 cartridge (Analogix, Sorbtech Technologies). The column was flushed 

with HPLC water (200 mL), then 20% and 40% MeOH (200 mL each). The following 80% 

MeOH flush (200 mL) containing toxin was collected and concentrated under rotary 

evaporation. Toxin fractions were separated on a C 18 semi-prep column (Phenomenex 

Hyperprep HS C18-80S, 250 mm x 10 mm, 5 µm) at 4 ml/min using a binary methanol/water 

gradient from 10% to 95% methanol over 40 minutes using an absorbance at 235 nm for 

fraction collection. Toxin peaks were detected using an Agilent Diode Array Detector 

(Model#G 1315B) with a micro high-pressure flow cell ( G 1315B#020; 6 mm pathlength, 1. 7 

µl volume) over the wavelength range 190 to 950 nm. The UV absorption spectra at 235 nm 
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was used to detect KmTx 2. The entire UV spectra were saved for each UV detectable peak. 

A small portion of toxin was passed to the electro-spray nozzle of the MS (Agilent G 1956A 

SL) for ionization with the following spray chamber conditions using nitrogen as the drying 

gas: flow rate 10 LI min, pressure 60 psi, temperature 350 °C, fragrnentor voltage 350 V, 

capillary voltage 4000 V. A 1 % fonnic acid in water solution (0.1 rnL I min) was added to 

provide appropriate pH conditions for positive mode ionization. A 5 rnM ammonium acetate 

solution in water was used for negative mode ionization. 

Fish exposures 

Sheepshead minnow (Cyprinodon variegans) larvae (3-5 day old), temperature 18 °C, salinity 

25 ppt, pH 8.1 were obtained from Aquatic Biosystems Inc, Fort Collins, Colorado, USA. 

Larvae were acclimated to 20 °C and either 15 ppt or 32 ppt for 24 hours prior to exposure to 

karlotoxin, MGDG and ROS. Fish were transferred to 12-well plates (Falcon, Becton 

Dickinson) and made to lrnL, with 3 fish/well, in duplicate wells (6 fish per treatment), and 

acclimated for 3 hours. Larvae were not fed during the experiment. Control experimental 

fish were exposed to 1 mL media (ESAW or f/2) or 10 µL methanol (karlotoxin or MGDG 

dissolved in 10 µL methanol) in 1 mL media. Complete survival (100 %) of control fish 

indicate low oxygen levels and overcrowding were no influence on fish viability. Similar 

trials with 5 juvenile sheepshead minnow per well have been conducted (Deeds et al. 2006). 

Fish were observed every 30 minutes for the first 6 hours, then at 24 hours prior to 

termination whereby all fish were preserved in 4F/1G preservative (4 % formalin, 1 % 

glutaraldehyde in phosphate buffered saline) (McDowell and Tnnnp 1976) and stored for 

further histopathological analysis. Stock solution of karlotoxin (Krns~a0Tx 2-1: 128 ng/µL) 

was prepared in methanol and broadly tested for ichthyotoxicity to determine a suitable range 

for lethal and sub-lethal dose determination. Observation of superoxide production from 

xanthine and xanthine oxidase revealed 10 µL xanthine (5 x 10-6 M) and 10 µL xanthine 

oxidase (5 x 10-6 M) produced similar levels, in well-plates, of superoxide to Kareniaceae 

cultures. Addition of 50 uL xanthine (5 x 10-6 M) and 50 uL xanthine oxidase (5 x 10-6 M) 

generated similar levels of superoxide as Chattonella marina cultures. Larvae were exposed 

to superoxide (low and high levels), OP A-rich and OTA-rich MGDG (2-120 mg/L) and 

KrnswanTx 2-1 (sublethal 384 ng/rnL) as stand alone treatments, and in combination. 
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Table 14: Algal species screened in the present study 

Species Authority Culture Code Temperature (°C) Media ILocahtv [solator and Date 
Dmophyta 

Alexandnum catenella (Wheldon et ACTRA02 17 GSE Spring Bay, Tasmania C Bolch 17 10 1997 

Karema brev1s (Davis) Moestrup KBCCMP718 20 GSE Florida, USA WJ!son, 19S8 

Karema brewsulcata (Chang) KDSCWD82 17 GSE Wellington, New Zealand L MacEnz1e 

Karema m1/amoto1 (Miyake et Kommami ex KMNZ63 17 f/2 32ppt New Zealand ~ Haywood 1994 
Oda) Hansen et Moestruo 

Karema pap1l10nacea Haywood et Ste1dmger PLO! 20 GSE/2 Port Lmcoln, South Austraha M. de Salas, 2003 
ABO! 20 GSE/2 Ansons Bay, Tasmama M de Salas, 2003 

Karema umbel/a De Salas, Bolch et KU PLO! 20 GSE/2 Port Lmcoln, South Austraha M de Salas 2002 
Hallegraeff 

Karlodmmm antarct1cum De Salas KDANSOIO I 12 GSE/2 Southern Ocean S0° S,14S0 E M de Salas 16 03 2006 

Karlod1mum australe De Salas, Bolch et KDADE!2 12 GSE/2 Derwent River, Tasmania M de Salas 27 09 2006 
Hallegraeff 

Karlod1mum ballantmum De Salas KDBM 17 f/2 32ppt Mercury Passage, Tasmania M. de Salas 01022006 

Karlodm1um comcum De Salas KDCSO!S 17 f/2 32ppt Southern Ocean 44°41 'S,147°07'E M. de Salas 01022006 

Karlod1mum corrugatum De Salas KDGEAC072 17 f/2 32ppt Southern Ocean 44°41 'S,147°07'E M de Salas 0 I 02 2006 

Karlod1mum dec1p1ens De Salas et Laza KDDSBOI 17 f/2 32ppt Spring Bay, Tasmania M. de Salas 19.0S 200S 
Karlodm1um venejicum (Ballantine) KVSROI 20 ESAW !Sppt Swan River, Western Austraha M de Salas 9 03 2001 

Larsen KVHUOI 20 ESAW !Sppt Huon River, Tasmania M de Salas 10 01 OS 
KVDEOI 20 ESAW !Soot IDerwentRiver, Tasmania 

Takayama helve De Salas, Botes, Bolch et THNWBOI 16 GSE/2 INorth West Bay, Tasmama M de Salas 14 OS 2001 

Takayama tasman1ca De Salas, Bolch et TTPLOI 19 GSE/2 Port Lmcoln, South Austraha M de Salas 16 06 2003 
Hallegraeff 

Takavama tuberculata De Salas TTBSOll l 12 GSE/2 Southern Ocean M deSalas 
Raph1dophyceae 

Chattonella marina (Subrahmanyan) Hara et CMDEOI 17 f/2 erwent River, Tasmama rl de Salas 
CMPL02 17 f/2 ort Lmcoln, South Austraha M. LeR01 01 04 1996 

Heteros1gma akashrwo (Hada) Hada HAHBOI 18 f/2 \Hideaway Bay, Tasmania M deSalas 
Cryptophyta 
Rhodomonas maculate (Butcher) Hill et RMCS8S 20 f/2 ee Why, Australia Borow1tzka 01 01 1978 

Wetherbee 
Haptophyta 
Pav/ova lutheri (Droop) Green PVCS23 20 f/2 jttahfax. Canada 

Prasmophyta 

Tetraselm1s suec1ca (Kyhn) Butcher TSCS187 20 f/2 jBrest, France IA Dodson 

Chloroohvta 
Duna/1ella tertwlecta Butcher DTCS17S 20 f/2 
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Results 

ROS production and ichthyotoxicity 

Superoxide production by 15 species of Kareniaceae ranged from 1-22 cellular 

chemiluminescence units ( CCU) compared to 100-110 CCU by two strains of Chattonella 

marina (Figure 27). Standard deviation for superoxide measurements were between 5 -10 % 

(data not presented). The highest per cell production of superoxide in Kareniaceae was in 

Takayama species (17-22 CCU) and the lowest was observed in the three strains of 

Karlodinium veneficum (SR, DE and HU), Ka. decipiens and Ka. ballantinum (1 CCU). Non

toxic aquaculture feeds, Dunaliella tertiolecta, Pavlova lutheri and Tetraselmis suecica all 

recorded low per cell superoxide production (1 CCU). Isolates of the same species, Karenia 

papilionacea (2 strains), Ka. veneficum (3 strains) and Chattonella marina (2 strains) 

produced comparable cellular superoxide levels. Larval finfish exposed to the equivalent of 

low and high levels of superoxide (20 and 100 CCU respectively), from periodic addition of 

xanthine and xanthine oxidase, did not result in mortalities. Slower swimming was observed, 

however no symptoms corresponding to gill insult (mucus production or epithelial gill lifting) 

_ occurred. Similarly no fish mortalities were observed in control treatments. 

Lipid production and ichthyotoxicity 

Purified lipids, OPA-rich MGDG and OTA-rich MGDG, were added to fish in wells at 

concentrations ranging from 0.02- 120 mg/L. No fish mortalities were observed in all 

treatments, and at all concentrations. Above 1 mg/L of OP A-rich MGDG and OT A-rich 

MGDG, fish were visibly affected, with sluggish swimming, and as the concentration 

increased gulping at the surface, inability to maintain an upright position in the water column 

and delayed movements occurred. No mortalities, however, were observed in either treatment 

after 24 hours. Similarly no fish mortalities were observed in control treatments. 

Karlotoxin ichthyotoxicity 

Karlotoxin, KmswanTx 2-1, was tested for ichthyotoxicity and results were similar to Mooney 

et al. (in prep), whereby LD5o was determined to be approximately 560 ng/mL. No fish 

mortalities were observed up to 400 ng/mL, and therefore 384 ng/mL was used as a non-lethal 

treatment for the study of synergistic ichthyotoxic activity. No mortalities were observed in 

control treatments with the addition of methanol. 

95 



t 
~ 
Ki 

I 

Z®!:i 

Ui® 

t~ 

'~ 

0 
'Iii 

;ll~ 
~·(lli;lmi1111$} 

Figure 26: HPLC chromatograms of measured at 21 Orun for A) OP A-rich MGDG (Pool 2), B) 

OTA-rich MGDG (Pool 3). 
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Figure 27: Superoxide production in 22 species of marine algae expressed as cellular che~iluminescence units (CCU). 
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Synergistic ichthyotoxicity 

A tabular summary of our results on ichthyotoxicity by ROS (low and high) and karlotoxin 

(KmswanTx 2-1) with OPA-rich and OTA-rich MGDG is presented in Table 15. No fish 

mortalities were observed upon exposure to low and high superoxide, and treatments with 

lipids, OPA-rich and OTA-rich MGDG 0.02- 120 mg/L, after 24 hours exposure. Above 20 

mg/L of OP A-rich MGDG and OTA-rich MGDG combined with low or high superoxide 

treatments, fish were visibly affected, with gulping at the surface and difficulty swimming 

upright, however no mortalities were observed in either treatment ,after 24 hours. Mortalities 

of fish occmTed upon exposure to karlotoxin and OP A-rich or OTA-rich MGDG with no 

difference between OPA-rich and OTA-rich MGDG, Figure 28 and Table 15. Notable 

distress was observed after 1 hour and 2 out of 6 fish were dead after 2 hours. Evidence of 

insult to gills included pronounced opercular movement and mucus production. No 

mortalities were observed upon exposure to low and high ROS treatments with sublethal 

KmswanTx 2-1 (data not shown) nor in any control treatments. 

Table 15: Summary of sheepshead minnow larvae mortality(%) exposed to ROS (low and 

high) or sublethal KmswanTx 2-1 with OP A-rich MGDG or OTA-rich MGDG (mg/L) 

ROS Karlotoxin (384 ng/mL) 
MGDG Low High Km~ni -1 

OP A-rich 0.02 0 0 0 
0.2 0 0 50 
2 0 0 83 
20 0 0 · 100 
120 0 0 100 

OTA-rich 0.02 0 0 0 
0.2 0 0 50 
2 0 0 83 
20 0 0 100 
120 0 0 100 
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Figure 28: Synergistic ichthyotoxicity ofOPA-rich MGDG or OTA-rich MGDG combined 

with sublethal KmswanTx 2-1 (384 ng/mL) 

Discussion 

1000 00 

In our work we observed no mortality of sheepshead minnow larvae to superoxide and OPA 

and OP A-OT A-rich MGDG, at high lipid and superoxide concentrations. Our results differ to 

those of Marshall et al. (2003) where EPA toxicity increased 3 fold in conjunction with 

superoxide. The differences may be attributable to the form of fatty acid used, (FF A versus 

MGDG), and/or the type of PUF A (EPA versus OP NOTA) or the fish species used 

(damselfish versus sheepshead minnow). LD50 toxicity of the free acid EPA was 2.7 mg/L, 

whereas only 25 % offish died with free OTA (referred to as stearidonic acid, STA), at 25 

mg/L (Marshall et al. 2003) which indicates vast differences in PUF A activity. 

Exposure of sheepshead minnow larvae to high concentrations of pure OP A-rich MGDG 

caused no mortality in sheepshead minnow larvae at concentrations up to 120 mg/L. The 

99 

·i 



hemolytic, antibacterial and anti-algal activity of polyunsaturated fatty acids (Ikawa 2004) are 

well-documented, however the fish-killing ability of these molecules remains unclear. Toxic 

and non-toxic algae contain OPA, a PUF A found primarily as a mono- or digalactosyl 

glycolipid in the chloroplast (Leblond and Lasiter 2009). Analysis of hemolytic fractions 

isolated from Karenia mikimotoi (as Gyrodinium aureolum, Gymnodinium nagasakiense, 

Gymnodinium mikimotoi) have previously confirmed that OPA was present (Y asumoto et al. 

1990; Arzul et al. 2000), and experiments using synthetic OP A have confirmed toxicity to sea 

bass (Sola et al. 1999) and trout hepatocytes (Fossat et al. 1999) (Table 16). Experiments 

with toxic (LC50 at 4 x 103 cell/mL) and non-toxic (no mortality up to 4 x 105 cell/mL) 

strains of the haptophyte flagellate Chrysochromulinapolylepis, both which contain OPA (16 

and 19 o/o respectively), suggested another causative agent was responsible for Artemia 

franciscana toxicity (John et al. 2002). The toxicity of synthetic OPA to the dinoflagellate 

Karenia mikimotoi itself was also demonstrated, but to a lesser extent than against other algae, 

and has been proposed as a factor in causing dominance of K mikimotoi biomass in the 

pycnocline layer (Gentien et al. 2007). 

Biological inactivity of pure OP A-rich MGDG was found at 50 µg/mL in vitro against 

leukemia,cells L-1210 and P-338 (Oshima et al. 1994) (Table 16). Conversely, using 

bioassay guided fractionation cytolytic activity of pure OPA-rich MGDG, and OPA-OTA-rich 

MGDG against heart cells of oysters was found at concentrations> 0.5 µg/L (Hiraga et al. 

2002). The presence of oxidation artifacts (possibly due to water samples being frozen and 

thawed for lipid extraction) in purified hemolytic fractions of PUPA substituted MGDG, 

DGDG and the free fatty acid, OP A, from Chrysochromulina polylepis and Karenia 

mikimotoi (as Gyrodinium aureolum) has previously been acknowledged (Yasumoto et al. 

1990), and may account for observed hemolytic activity. 

Synthetic OP A as the free fatty acid exhibits a range of biological activities (Fossat et al. 

1999; Sola et al. 1999; Gentien et al. 2007), Table 16, when using material with a purity< 90 

%. The composition and toxicity of the synthetic by-products potentially present in these 

assays requires careful attention in light of our results showing OP A, as the naturally 

occurring MGDG, was non-toxic to sheepshead minnow larvae at very high concentrations. 
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This finding is supported by recent observations of the hemolytic activity exhibited by the 

raphidophyte Fibrocapsajaponica, in the presence of PUFA, increasing with light intensity 

(de Boer et al. 2009). Reported levels of intracellular free fatty acid in 8 species of 

Kareniaceae cultures were between 2 - 11 % of total lipid, with Karenia mikimotoi at 7.5 % 

(Mooney et al. 2007) and 8 % (Parrish et al. 1993). Parrish et al. (1993) found only 1 % and 2 

% of toxic OPA and EPA, respectively, present in extracellular media. Whilst these are 

relative levels of PUF A, they indicate PUF A are short lived in culture media and the water 

column (Hittner 2001). 

Levels of production of superoxide by Kareniaceae are 10-fold less than known high 

superoxide producers such as Chatt one Ila marina. The absence of finfish mortality exposed 

to xanthine/xanthine oxidase agrees with observations by Marshall et al. (2003) on 

damselfish, Acanthochromis polycanthus. The measurement of superoxide by the luciferin 

analogue (MCLA) method is potentially influenced by other ROS, such as hydrogen-peroxide 

and hydroxyl, as reaction of these ROS with MCLA results in generation of additional 

superoxide radicals (Kambayashi and Ogino 2003; Wardman 2007). The toxicity of many 

Kareniaceae species may be similar to that of the dinoflagellate Cochlodinium polykrikoides, 

which is suggested be caused by a non-hydrogen peroxide, ROS-like chemical that is highly 

reactive and short-lived (Tang and Gobler 2009). 

The observed difference in activity of PUPA as membrane lipids (as glycolipids) compared to 

synthetic or purified forms (as FFA or FAME) suggests that additional components or by

products are responsible, which potentially could be introduced during preparation or storage 

of fatty acids. PUF A are stable against peroxidation in aqueous systems (Miyashita et al. 

1993) whereas those preserved in organic solvents such as chloroform and hexane, are more 

easily oxidized (Halliwell and Gutteridge 1999). The PUF A, EPA and DHA, are claimed to 

have anti-oxidant properties, making any synergistic ichthyotoxic activity with ROS unlikely 

(Okuyama et al. 2008). Studies using synthesized or purified FF A may contain unstable by

products responsible for observed ichthyotoxicity. 
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Table 16: Comparative biological activity ofOPA, OTA, EPA, ROS and KmTx 

Concentration 
Chemical Bioassay (mg/L) Toxicity Reference 
OP A-rich MGDG sheepshead minnow larvae 0.2-120 none present work 

leukemia cells L-1210, P-338 50 none Oshima et al. (1994) 
heart cells of oysters >0.5 cytolytic Hiraga et al. (2002) 

OP A-OTA rich MGDG heart cells of oysters >0.5 cytolytic Hiraga et al. (2002) 
OPAFFA sea bass gill (ATPase activity) 0.16 IC50 Sola et al. (1999) 

trout hepatocytes (ATPase activity) 0.866 IC50 Fossat et al. (1999) 
Karenia mikimotoi 0.15 LD50 Gentien et al. (2007) 
diatom growth 1 Inhibit Gentien et al. (1998) 

synthetic ROS Damselfish 100 ccu none Marshall et al. (2003) 
sheepshead minnow larvae 100 ccu none present work 

EPAFFA Damselfish 2.7 LD50 Marshall et al. (2003) 
EPA2mg/L, LD50 

EPA FF A and synthetic ROS Damselfish ROS high 3x faster Marshall et al. (2003) 
OTAFFA Damselfish 25 LD25 Marshall et al. (2003) 

Hemolytic 25 EC50 de Boer et al. (2009) 
EPAFFA Zooplankton 10 LC50 Jiittner (2001) 

Diatom 1.5 Arzul et al. (1998) 
Hemolytic 4 EC50 de Boer et al. (2009) 

KmTx sheepshead minnow larvae 508-764 µg/L LD50 Mooney et al. (submitted) I 
' 

KmTx (384 µg/L) and OPA-
richMGDG sheepshead minnow larvae 0.2 LD50 present work 
KmTx (384 µg/L) and OTA-
richMGDG sheepshead minnow larvae 0.2 LD50 present work 

Abbreviations OPA - octadecapentaenoic acid, OT A - octatetraenoic acid, EPA - eicosapentaenoic acid, FF A - free fatty acid, ROS -
reactive oxygen species, KmTx - karlotoxin, MGDG - monogalactosyl diglyceride, CCU - cellular chemiluminescence units 
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Rupturing of algal cells and the release of reactive lipids combined with superoxide and 

contact with sensitive fish gills has been proposed, in the absence of a known toxin, as a 

mechanism possible of killing fish (Okaichi 1983) including when lipids are present in the 

free fatty acid form (Marshall et al. 2003). Kareniaceae contain high relative levels of OPA 

14-35 % and DHA, 8-23 % (Mooney et al. 2007), but not all these dinoflagellate species 

are implicated in fish kills. Exposing fish to OP A in the form of MGDG was designed to 

improve our understanding of the ichthyotoxicity of this molecule. The use of larval finfish, 

in our experiments, may have underestimated effects of superoxide and OP A as 

underdeveloped gill structures are less fragile than those of juvenile and adult fish (Deeds et 

al. 2006). We are currently pursuing this work using more sensitive bioassay systems 

including a fish gill epithelium cell line. In conclusion, no universal mechanism for 

ichthyotoxicity in gymnodinioid dinoflagellates has yet emerged and synergistic interactions 

between free fatty acids and reactive oxygen species as claimed for raphidophytes could not 

be confirmed. We observed additive or synergistic activity of OTA and OP A-rich MGDG 

when combined with sub-lethal KmTx, and the role of unknown, ROS-like agents cannot be 

discounted. 

Acknowledgements 

The work represents part of the PhD work of B.D. Mooney and was supported by Australian 

Research Council Discovery Projects DP0557820 and DP0880298. We thank Helen Bond at 

the School of Plant Science, University of Tasmania, for culturing assistance. From the 

UMBI Center of Marine Biotechnology Nona Krupatkina provided advice on fish bioassays. 

B.D. Mooney acknowledges the support of the Australian-American Fulbright Commission as 

the Inaugural Tasmanian Fulbright Scholar. This paper is partially a result of research funded 

by the National Oceanic and Atmospheric Administration Coastal Ocean Program under 

award #NA04NOS4780276 to University of Maryland Biotechnology Institute and Grant# 

U50/CCU 323376, Centers for Disease Control and Prevention and the Maryland Department 

of Health and Mental Hygiene. 

103 





Chapter 7 

105 



Conclusion 

The mechanism of ichthyotoxicity by gymnodinioid dinoflagellates is unresolved. Several 

species from the family Kareniaceae are responsible for fish-kills worldwide. This thesis 

examines the chemical composition ofKareniaceae species focusing on putative lipid 

phycotoxins, known and newly described toxins, and reactive oxygen species. The action of 

these chemicals singularly and in paired combination was tested in hemolytic and fish 

bioassays. 

The lipid class, fatty acid and sterol composition of eight species of ichthyotoxic marine 

gymnodinioid dinoflagellate (Karenia, Karlodinium and Takayama) species revealed that the 

major lipid class in all species was phospholipid (80-99%), with low levels oftriacylglycerol 

(TAG) (0-16%) and free fatty acid (FFA) (1-11%). The putative lipid phycotoxin, 

octadecapentaenoic acid (OPA 18:5co3) and docosahexaenoic acid (DHA 22:6co3), were 

present in all species in varying amounts (14-35% and 8-23% respectively). The very long

chain PUPA (VLC-PUFA) 28:7co6 and 28:8co3 were present at low levels (<1%) and the ratio 

of these fatty acids may be a useful chemotaxonomic marker at the species level. The typical 

dinoflagellate sterol dinosterol was absent from all species tested. A predominance of the 4-

methyl and 4-desmethyl ~s(I 4) sterols in all dinoflagellate species included 23-methyl-27-

norergosta-8(14),22-dien-3~-ol (Karenia papilionacea, 59-66%), 27-nor-(24R)-4a-methyl-5a

ergosta-8(14),22-dien-3~-ol, brevesterol, (Takayama tasmanica 84%, T. helix 71 %, Karenia 

brevis 45%, Karlodinium KDSBOl 40%, Karenia mikimotoi 38%) and (24R)-4a-methyl-5a

ergosta-8(14),22-dien-3~-ol, gymnodinosterol, (Karenia mikimotoi 48%, Karenia umbel/a 

59%, Karlodinium veneficum 71-83%). In Takayama species, 5 steroid ketones were 

identified including for the first time the 3-keto form of brevesterol and gymnodinosterol. 

These results indicate a biochemical link between sterol and steroid ketone biosynthesis, 

suggesting that selected dinoflagellates can make a significant contribution to ketones present 

in marine sediments. The presence of steroid ketones, specific sterols and fatty acids and the 

ratio of VLC-PUF A may prove to be a useful chemotaxonomic tool for distinguishing 

between morphologically similar species. Analysis of lipid composition of dinoflagellates 
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can provide a valuable insight to chemotaxonomy, identify biomarkers for use in field 

monitoring and identify individual species. 

Toxin analysis of 15 species ofKareniaceae revealed the presence ofkarlotoxin, KmTx 2, in 

only a single species (Karlodinium veneficum) but with variable activity in strains from the 

Swan (KmswanTx 2-1; 2.1 pg/cell) & KmswanTx 2-2; 0.53 pg/cell), Huon (KmHuonTx 2; 0.86 

pg/cell) and Derwent Rivers(< 0.001 pg/cell) in Australia. A newly isolated Southern Ocean 

species, Karlodinium conicum, contained a novel poorly hemolytic karlotoxin analogue 

(K111comcumTx; 2.8 pg/cell). The hemolytic potency (HD50%) of the Australian karlotoxins 

were: KmswanTx 2-1(65.9±4.8 ng) & KmSwanTx 2-2 (63.4 ± 3.7 ng); KmHuonTx 2 (343.± 4.9 

ng) and K111comcumTx (>4000ng). Species from the closely related genera Takayama (T. helix, 

T. tasmanica, T. tuberculata) and Karenia (K. asterichroma, K. brevis, K. mikimotoi, K. 

papilionacea, K. umbella) and Karlodinium (Ka. australe, Ka. antarcticum, Ka. ballantinum, 

Ka. corrugatum, Ka. decipiens) were all consistently negative for karlotoxin production. 

Brevetoxin (PbTx) was only detected in Karenia brevis and hemolytic activity was only 

observed in Ka. veneficum strains. The ability to prey on a common cryptophyte appeared to 

be circumstantially correlated with karlotoxin production. 

Karenia papilionacea cells were lysed by Karlodinium veneficum and purified karlotoxin, 

confirming the susceptibility of 4-desmethyl sterols, and organisms containing this sterol 

profile, to karlotoxin attack. Structurally different karlotoxins displayed variable 

ichthyotoxicity against sheepshead minnow larvae (LD5o approximately 500-750 ng/uL). 

Four species of Kareniaceae, Karlodinium veneficum (Swan and Huon River isolates) and 

Karlodinium conicum, and their respective purified karlotoxins, and Karenia mikimotoi and 

Karlodinium ballantinum were investigated for ichthyotoxicity on larval sheepshead minnow. 

Algal treatments included live and lysed cells (homogenized and CuS04 treated) with fish 

mortalities observed from lysed Ka. veneficum and Ka. conicum but none observed from 

Karenia mikimotoi and Karlodinium ballantinum. The variance in ichthyotoxicity between 

live and lysed cells of Ka. veneficum (Swan and Huon River) and Ka. conicum (Southern 

Ocean) confirm that toxin is cell bound and ichthyotoxicity increases upon cell lysis. 
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lchthyotoxic blooms of Ka. veneficum in situ in the Swan River, Western Australia and 

Chesapeake Bay, Maryland, USA are unrelated to algal cell density as mortality can 

sometimes be observed with low densities. In laboratory treatments, no fish mortalities were 

observed upon exposure to live intact cells of all four species at algal concentrations up to 2.5 

x 105 cells/mL in replete nutrient growth conditions. Lysed low density Ka. veneficum (Swan 

and Huon River) grown under P-limited nutrients caused quicker fish mortality than those 

cultured in replete nutrient conditions. Pure toxin isolated from Ka. veneficum (Swan and 

Huon River) and Ka. conicum (Southern Ocean) were toxic to sheepshead minnow larvae, 

with the LDso lowest for KrnHuonTx 2 (508.2 ng/mL), followed by KmswanTx 2-1 (563.2 

ng/mL), and KmconicumTx (762.4 ng/mL). The differences in hemolytic and ichthyotoxicity of 

karlotoxin analogues are closely linked to minor structural modifications of the molecule, and 

may provide a clue to the specific site of interaction with sterols. 

Karlodinium 
cells 

Fish 
Death+--

GILL DAMAGE 
YES 

Gill Impact 

+ 
cell rupLure YES 

f ~ KmTx 

~ Noovid••~ 
ROS peroxidation FF A 

Figure 29: Diagrammatic representation (2) of the mechanism of ichthyotoxicity of 

Karlodinium veneficum (adapted from Marshall et al.(2003)) 
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The observations that karlotoxin is released upon lysis and that production is increased under 

nutrient limiting growth conditions provide valuable information to agencies managing 

blooms'ofkarlotoxin-producing species in waterways, as well as aquaculture operations. 

Most significant is that some management approaches of blooms include treatment with 

CuS04 or KMn04 solutions to lyse cells. In the case of Ka. veneficitm and Ka. conicum 

blooms this practice need to carefully reconsidered as the lysis of cells is likely to increase the 

amount ofkarlotoxin in the water column and thus fish-killing potential. An updated 

diagrammatic representation of the fish-killing mechanism of Karlodinium veneficum is 

shown in Figure 29. The close association of karlotoxin production and mixotrophy in Ka. 

veneficum and Ka. conicum suggest management of these blooms, and early detection, could 

incorporate identification and enumeration of potential prey items, such as cryptophytes. 

Purified monogalactosyl diglyceride (MGDG) lipids containing octadecapentaenoic acid 

(OPA) exclusively or as an octadecatetraenoic acid/eicosapentaenoic acid/OPA 

(OTA/EPA/OPA) mixture caused no mortalities, after 24 hour exposure, to sheepshead 

minnow fish larvae at concentrations of0.02- 120 mg/L. Screening of 15 Kareniaceae 

dinoflagellate species, Karenia (K. brevis, K. brevisulcata, K. mikimotoi, K. papilionacea, K. 

umbel/a), Karlodinium (Ka. antarcticum, Ka. australe, Ka. ballantinum, Ka. conicum, Ka. 

corrugatum, Ka. decipiens, Ka. veneficum) and Takayama (T. helix, T. tasmanica, T. 

tuberculata) revealed low production of the reactive oxygen species superoxide, on average 

'10 times less, compared to the ichthyotoxic raphidophyte Chattonella marina. No mortality 

of sheepshead minnow fish larvae occurred with superoxide alone or with superoxide 

combined with 1) OPA-rich MGDG, 2) OTA-rich MGDG and 3) sublethal concentrations of 

karlotoxin, KmswanTx 2-1 (384 ng/uL). Mortalities offish larvae were observed when OPA

rich and OTA-rich MGDG lipids (2 - 120 mg/L) were combined with karlotoxin, KmswanTx 

2-1 (384 ng/uL), but with no difference between OPA and OTA treatments. 

In conclusion, a universal mechanism for ichthyotoxicity in gymnodinioid dinoflagellates is 

yet to emerge and synergistic interactions between free fatty acids and reactive oxygen 

species as claimed for raphidophytes could not be confirmed. 
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