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Abstract  

 

The presence of cyanobacteria, and their associated toxins, in drinking water supplies 

presents a public health risk.  When specific cyanotoxins are suspected, analyte specific 

techniques such as HPLC are generally used.  However, if there is a bloom of taxa not 

previously known as toxic, its potential risk has traditionally been determined by the 

mouse bioassay.   Despite its long standing use, this bioassay has several constraints 

including a lack of precise quantification of cyanotoxins at low concentrations, 

insensitivity, difficulties in the interpretation of results and slow turnaround time.  

Additionally, animal ethics guidelines are calling for the elimination of the use of 

vertebrates for this application.  Thus, the aim of this thesis was to investigate, optimise 

and validate alternative whole organism bioassays for the detection of cyanobacterial 

toxicity.   

 

As this study was industry funded via the Cooperative Research Centre for Water 

Quality and Treatment, the potential for research uptake in water industry and other 

laboratories contracted to undertake routine water quality monitoring, was a guiding 

factor for research outcomes.  The general experimental approach was based on 

investigating dose-response relationships for selected bioassays tested against 

cyanotoxins and a variety of cyanobacterial aqueous extracts.   

 

It was found that neither the ToxScreen-II Test, a proprietary bioassay employing the 

bioluminescent test organism Photobacterium leiognathi, nor any of a comprehensive 

panel of bacteria tested in the disc diffusion bioassay, was sensitive to 

cylindrospermopsin or microcystin-LR at a maximum concentration of 800 µg/L.  The 

bacteria species tested by disc diffusion technique were also not sensitive to a variety of 

aqueous cyanobacterial extracts; however, the yeast Saccharomyces cerevisiae indicated 

selective sensitivity to cylindrospermopsin and an aqueous extract Cylindrospermopsis 

raciborskii.  It was recommended, that future studies of the suitability of S. cerevisiae 

for detecting cylindrospermopsin, utilise a growth inhibition bioassay utilising a liquid 

medium with the endpoint measured by photometric determination of turbidity. 

 

The importance of the correct taxonomic identification of Artemia species used in the 

brine shrimp nauplii bioassay was addressed.  It was found that Artemia franciscana, 
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not the commonly cited Artemia salina, represented the vast majority of studies in 

which Artemia was used as an experimental test organism.  A validated and optimised 

A. franciscana nauplii bioassay was reported with maximum sensitivity at 72 h with 

LC50 values of 0.58 (0.54-0.63) dw µg/mL for cylindrospermopsin and 2.0 (1.8-2.2) dw 

µg/mL for microcystin-LR.  This species was also used to investigate the protective 

efficacy of the antioxidants vitamin E and Trolox against microcystin-LR.  It was 

revealed that both of these antioxidants offered significant protection against the lethal 

effect of microcystin-LR.  These findings support the use of A. franciscana as a suitable 

test organism for both the detection of cyanotoxins and as a model for exploring 

mechanisms of toxicity.  It was found, however, that caution should be exercised 

regarding the importation and free availability of this species because of its invasive 

potential in Australia.  Thus, the native Australian species of brine shrimp Parartemia 

spp. should be investigated for future bioassay development. 

 

An insect bioassay was developed using the globally distributed speckled cockroach 

Nauphoeta cinerea for the selective detection of Paralytic Shellfish Poison toxicity of an 

Anabaena circinalis aqueous extract and saxitoxin.  This bioassay was found to be 

tolerant to cylindrospermopsin and microcystin-LR at doses 10 fold greater than the 

mouse LD50 values while being sensitive to saxitoxin.  Likewise, it was found to be 

tolerant of toxin containing aqueous extracts of C. raciborskii, Microcystis aeruginosa 

and Nodularia spumigena while being sensitive to A. circinalis.  Peak sensitivity of N. 

cinerea to saxitoxin was 60 min post injection with an ED50 of 31.2 (27.7-35.1) ng/g 

body weight.   

 

As the limits of detection for whole organism bioassays are often considerably higher 

than the health alert values for cyanotoxins, techniques for sample concentration were 

considered.  The use of passive sampler technology was demonstrated for the 

sequestration and concentration of cylindrospermopsin and deoxy-cylindrospermopsin 

with the recommendation that future studies refine this technology and that its use is 

combined with laboratory bioassays. 

 

Both the A. franciscana nauplii and N. cinerea bioassays were deemed as suitable 

complementary methods for extending the laboratory capacity in commercial 

laboratories, normally contracted to undertake cyanobacterial monitoring, to include 

toxicity testing.  
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1 General introduction 

 

1.1 Freshwater cyanobacteria and their associated toxins 

 

Cyanobacteria are one of the most diverse groups of gram-negative photosynthetic 

prokaryotes in terms of morphology, physiology and metabolism (Codd 1995).  For 

instance, many species have specialised adaptations which allow for diazotrophic 

fixation of atmospheric dinitrogen to ammonia using the enzyme nitrogenase (Bohme 

1998).  As this enzymatic complex is extremely oxygen sensitive, anaerobic conditions 

are required (Herrero et al. 2001).  This may be achieved by: a) confining nitrogenase to 

specialised nitrogen fixation cells, known as heterocysts (Herrero et al. 2001), 

commonly found in representatives of the Orders Nostocales and Stigonematales (Baker 

and Fabbro 1999), or b) temporal separation of oxygenic photosynthesis and nitrogen 

fixation (Herrero et al. 2001) which occurs in the non-heterocystous Orders 

Chroococcales and Oscillatoriales (Baker and Fabbro 1999; Bergman et al. 1997).  Of 

particular note also is the ability of cyanobacteria to produce a range of toxic 

metabolites (Duy et al. 2000).   

 

Under favourable environmental conditions, planktonic cyanobacteria can form mass 

populations known as water blooms.  In many regions of the world, phosphorous is the 

major nutrient controlling the occurrence of this event (Bartram et al. 1999).  In 

Australia, the concentration of this nutrient in the soil is low due to both the age and 

geological stability of this continent [reported in (Gill 1994)].  Thus, anthropogenic 

activities which increase the concentration of phosphorous in a water body, either 

directly (point-sources) or via the catchment (diffuse sources), may promote 

cyanobacterial blooms (Donelly et al. 1998).  Compounding this, is the influence of 

global warming which is likely to lead to a further proliferation of cyanobacteria growth 

(Garnett et al. 2003; Paul 2007).  When blooms involve toxigenic cyanobacterial 

species, risk may be posed to ecological health (Christoffersen 1996), wild and 

domestic animals (Briand et al. 2003) and public health (Shaw and Lam 2007).   

 

Based on mammalian models, cyanobacterial toxins, known as cyanotoxins, are 

grouped according to the physiological systems, organs, tissues or cells which they 

mainly affect and are categorised as: neurotoxins, hepatotoxins, cytotoxins and 

irritants/gastrointestinal toxins (Codd et al. 2005).  In humans, the environmental routes 
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of exposure to cyanotoxins may include direct water contact, ingestion of water and 

inhalation (Chorus et al. 2000).  Toxigenic cyanobacteria are known to cause morbidity 

and mortality in humans, with the most severe cases of mass poisoning incidents 

occurring in Brazil.  During 1988 in Bahia, a cyanobacterial bloom in a reservoir was 

responsible for an outbreak of severe gastroenteritis affecting 2 000 people, of whom 88 

died (Texeira et al. 1993).  In 1996, insufficiently treated water sourced from a reservoir 

containing toxic cyanobacteria, was used in a haemodialysis clinic located in Caruaru 

(Azevedo et al. 2002; Carmichael et al. 2001). Over a one week period, the majority of 

the treated patients suffered intoxication with 100 people developing acute liver failure, 

leading to the deaths of 76 (Azevedo et al. 2002; Carmichael et al. 2001).  In this case, a 

comparison of the victim’s symptoms and pathology with those of animal studies, leads 

to the conclusion that the major contributing factor in these deaths was intravenous 

exposure to cyanobacterial hepatotoxins (Azevedo et al. 2002; Carmichael et al. 2001).   

 

Public health surveillance programs are in place for monitoring cyanobacteria in 

drinking water supplies in Australia (Jones 1997), where the most commonly occurring 

bloom species being Anabaena circinalis, Microcystis aeruginosa (Baker and Humpage 

1994a) and Cylindrospermopsis  raciborskii (McGregor and Fabbro 2000).  In this 

country, the main cyanotoxins produced by these species are: the neurotoxic saxitoxins 

by A. circinalis (Humpage et al. 1994), the hepatotoxic microcystins by M. aeruginosa 

(Baker and Humpage 1994b) and the cytotoxin cylindrospermopsin by C. raciborskii 

(Shaw et al. 2000).   

 

While the identity of the cyanotoxins produced by many species is known, there are 

several species of planktonic and benthic bloom forming cyanobacteria occurring in 

Australian freshwaters to which toxin production is yet to be confirmed and/or the 

identity of the toxin remains to be determined (Table 1).  As monitoring programmes 

have been traditionally confined to sampling of the water surface and/or water column 

(Hotzel and Croome 1998; Jones 1997), it is likely that there is more information on 

planktonic cyanobacterial species than for benthic species.  The importance of 

monitoring benthic cyanobacteria to assess the risks associated with these organisms is, 

however, becoming increasingly recognised (e.g. Cadel-Six et al. 2007; Mohamed et al. 

2006). 
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Table 1.  Cyanobacteria species that are known, or suspected (T?), to produce toxins 

that occur in Australian freshwaters. 

 

Order Species Planktonic (P) 

Benthic (B) 

Bloom 

forming 

Chroococcales Coelosphaerium aff. kuetzingianum P Y 

 Microcystis aeruginosa  P Y 

 Microcystis flos-aquae (T?) P Y 

 Microcystis panniformis (T?)
A
 P Y 

 Microcystis wesenbergii P Y 

 Snowella aff. litoralis (T?) P Y 

Oscillatoriales Phormidium aff. amoenum (T?)
B
 B N 

 Phormidium aff. formosum (T?)
B
 B N 

 Planktothrix agardhii P Y 

 Planktothrix mougeotii (T?) P Y 

 Planktolynbya subtilis (T?) P Y 

 Pseudanabaena galeata (T?) P Y 

 Plectonema wollei* P/B N 

Nostacales Anabaena affinis (T?) P Y 

 Anabaena bergii var. limnetica
C
 P Y 

 Anabaena circinalis  P Y 

 Anabaena spiroides f. spiroides (T?) P Y 

 Anabaena torulosa (T?) B N 

 Aphanizomenon ovalisporum  P Y 

 Cylindrospermopsis raciborskii P Y 

 Cylindrospermum licheniforme (T?) P/B N 

 Gleotrichia echinulata  P/B Y 

 Nodularia spumigena  P Y 

 Nostoc linckia P/B Y 

 

Adapted from Baker and Fabbro (1999); additional information from White et al. 

(2003)
A
,  Baker et al. (2001)

B
 and Schembri et al. (2001)

C
. 

*Synonym of Lyngbya wollei (Guiry and Guiry 2008).  
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Early work on toxigenic cyanobacteria by the late Paul R. Gorham and colleagues 

relied principally on the mouse bioassay to study the biological effects of cyanotoxins 

such as microcystins (Bishop et al. 1959; Gorham 1962; Gorham et al. 1964).  It took 

another two decades, after these pioneering studies, before the chemical structure of 

various microcystin isoforms were to be discovered (Botes et al. 1984; Botes et al. 

1985).  Indeed, none of the presently known cyanotoxins would have been initially 

detected by chemical, immunological or chromatographic means because the 

application of these methods requires prior knowledge of the existence and 

identification of the toxin(s).  In contrast to instrumental analyses, a bioassay tests for 

the effect of the toxic substance and not the actual compound.   

 

In Australia, cyanobacterial research relating to the ‘Palm Island Mystery Disease’ 

(hepatoenteritis outbreak) affecting approximately 140 people in Queensland, 1979 

(Bourke et al. 1983) also highlights the vital importance of bioassays.  An 

epidemiological investigation into the outbreak, conducted by the Queensland 

Department of Health, postulated that the outbreak was caused by the presence of 

cyanotoxins in the reticulated water supply (Bourke et al. 1983).  The causative agent 

responsible for the outbreak, however, was not discovered until several years later by 

Hawkins et al. (1985) who demonstrated that extracts from C. raciborskii, a prominent 

bloom forming species occurring in the Palm Island reservoir (Griffiths and Saker 

2003) caused liver damage in mice when injected intraperitoneally.  This fundamental 

baseline work by Hawkins et al. (1985), however, did not reveal the identity of the 

specific chemical/s responsible for the observed toxic effect.  Thus, not until the 

chemical nature of the main toxin produced by C. raciborskii was elucidated (Ohtani et 

al. 1992), almost a decade later, could chromatographic methods of detection for this 

toxin be developed.  Consequently, the only method available circa 1985 to 1992 for 

testing toxicity in blooms of this cyanobacterium was the mouse bioassay.   

 

In more recent times, Baker et al. (2001) used the mouse bioassay to discover toxicity 

associated with benthic cyanobacteria in the genus Phormidium occurring in South 

Australian drinking water reservoirs.  One of these species, Phormidium aff. formosum, 

was previously categorised as a non-toxin producing species (Baker and Fabbro 1999).  

Extracts of bloom material dominated by this species were analysed by high 

performance liquid chromatography (HPLC) but provided no evidence of known 

cyanotoxins, including  microcystins, cylindrospermopsin, saxitoxins, anatoxin-a and 
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homoanotoxin-a (Baker et al. 2001).  In this case, a thus far unknown toxin/s potentially 

produced by this genus was lethally toxic to mice by intraperitoneal injection (Baker et 

al. 2001).   

 

Bioactivity has been discovered in a further five freshwater species of Phormidium via 

the use of the mouse bioassay and variety of cell-line bioassays (Teneva et al. 2005).  

Detection of cyanotoxin concentrations in the extracts via enzyme-linked 

immunosorbent assay (ELISA) was insufficient to explain observed in vivo toxicity and 

HPLC chromatograms showed profiles differing from that of cyanotoxin standards 

(Teneva et al. 2005).  To further understand the nature of the potentially bioactive 

compound/s present in these Phormidium extracts, the anomalous peaks in the HPLC 

profiles would require isolation, purification and further testing by bioassay.    

 

Recent studies suggest that there is still much to be learned about freshwater 

cyanobacteria and their associated toxins.  Numerous ‘first reports’ on the occurrence of 

toxigenic species continue to be published (e.g. Gugger et al. 2005; Mohamed 2007; 

Preussel et al. 2006; Rapala et al. 2005; Seifert et al. 2007).  Novel bioactive 

compounds, such as the protease inhibiting microviridins have been discovered (Reshef 

and Carmeli 2006; Rohrlack et al. 2003).  Additionally, compounds such as the 

neurotoxic amino acid β-N-methylamino-L-alanine (BMAA), known previously to 

occur in plant associated symbiotic cyanobacteria (Cox et al. 2003), has been found in a 

number of free-living freshwater cyanobacteria (Cox et al. 2005; Metcalf et al. 2008).  

Since these discoveries continue to come to light, it is imperative that bioassays are 

available for the early detection of such risks in water resources.  

 

1.2 Alternative bioassays for the detection of cyanobacterial 

toxicity 

 

Despite the widespread use and current reliance on the mouse bioassay for detecting 

cyanobacterial toxicity, this test has several constraints.  It cannot be used for the 

precise quantification of cyanotoxins at low concentrations in water (Nicholson and 

Burch 2001), is insensitive with difficulties in the interpretation of results and has a 

slow turnaround time for the determination of toxin presence (Eaglesham et al. 1999).   
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In addition, the ethics of animal testing are increasingly being questioned.  The 

Australian Code of Practice for the Care and Use of Animals for Scientific Purposes 

(NHMRC 2004) outlines the requirement for ‘replacement’, ‘reduction’ and the 

‘refinement’ of the use of animals for scientific purposes.  Replacement alternatives 

aim to eliminate the use of vertebrates in applications such as research, toxicological 

studies and toxicity monitoring, by using less sentient organisms such as invertebrates 

and microbes.  Furthermore, the Organisation for Economic Cooperation and 

Development (OECD), which includes Australia, has banned the routine use of mice in 

the LD50  toxicity test (Coghlan 2000).  Given the decreased availability of the main 

tool, the mouse bioassay, for screening water supplies for toxins, alternative bioassays 

need to be investigated and developed.   

 

The Cooperative Research Centre for Water Quality and Treatment, responsible for 

addressing issues relating to water quality management and health risk reduction, 

identified this research gap (Steffensen et al. 1999) and provided resources and support 

for a PhD project to investigate, optimise and validate alternative whole organism 

bioassays for the detection of cyanobacterial toxicity.   

 

1.3 Whole organism bioassays for the detection of 

cyanobacterial toxicity 

 

It is the intention of this project to provide methods for the forewarning of the presence 

of a toxin, at potentially unacceptable levels, rather than to accurately model that effect.  

Thus, lower order organisms, such as invertebrates and microbes, will be used as a 

surrogate to account for toxic responses that may occur in higher level organisms such 

as mammals. 

 

A whole organism bioassay is a controlled, reproducible test to quantitatively determine 

the presence, character, specificity, or strength of a chemical agent/s by measuring 

specified endpoints in an organism (Franzle 2003).  These endpoints are typically stress 

responses and include death, immobility, reproductive and/or behavioural dysfunction, 

and impairment of growth and development (Franzle 2003).  Bioassays are usually 

conducted in the laboratory where biotic and abiotic conditions are standardised 

(Markert et al. 2003).  This method of analysis can also be used to detect synergistic 

effects of two or more substances and the influence of other variables such as pH on the 
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toxin(s) activity (Connell et al. 1999).  While chemical analyses can be used to provide 

qualitative and quantitative information on a substance, this alone may be insufficient 

for establishing a causal relationship for a biological impact.  In short, the principal 

concern of cyanotoxins in source waters is their biological effects; hence the use of 

bioassays.   

 

A list of five conditions, that each warrant the use whole organism bioassays for the 

detection of cyanotoxins, have been adapted from Harada et al. (1999): 

1. A laboratory can easily establish them, but does not have the capability to 

conduct biochemical and/or physico-chemical analyses, or the option for the 

sub-contracting of these services; 

2. There is indication/suspicion of alternative or additional cyanotoxins/s to that 

previously identified in the water body; 

3. Toxicity production and/or identification of toxic metabolites is not well studied 

in the dominant cyanobacterial species present in a water body (this condition 

applies to species that are not known to produce toxins but where the potential 

for toxin production cannot be ruled out); 

4. Confirmation of results from physico-chemical and/or biochemical analyses is 

required, especially to confirm bioactivity; 

5. Validation of physico-chemical and/or biochemical methods by an alternative 

method is desired. 

 

1.4 Selection criteria for bioassay test organisms  

 

Selection criteria for bioassay test organisms, for use in this project, have been adapted 

from Rand et al. (1995): 

1. Test organisms should be sensitive enough to provide an early warning of toxins 

that may be deleterious to human health; 

2. Widely available and abundant species should be considered; 

3. Species should be amenable to routine maintenance in the laboratory and 

techniques should be available for culturing and rearing them in the laboratory 

so as to facilitate both acute and chronic toxicity tests; 

4. If there is adequate background information on a species (i.e. its physiology, 

genetics and behaviour), the data from a test may be more easily interpreted. 
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Additionally, considerations such as Australian Quarantine (AQIS) permits for the 

importation of organisms, laboratory physical containment level requirements and the 

commercial availability of organisms will also be factors assessed for test organism 

selection. 

 

Selection of test organisms ideally should allow for bioassays that are simple and easy 

to run and allow for a high level of sensitivity and precision which is quantified 

operationally by ‘replicability’, ‘repeatability’, and ‘reproducibility’ (Dave 1992).  

Precision of tests, quality control and quality assurance will be inherent in the 

procedures and methods of this project.   

 

1.5 Aims and objectives 

 

The primary aim of this thesis is to investigate, optimise and validate a range of whole 

organism bioassays which can, as much as practicable, offer an alternative to the mouse 

bioassay for the detection of cyanobacterial toxicity in water.  The specific research 

objectives addressed in this thesis are to:  

1. assess the performance of a novel bacterial bioluminescent bioassay against 

cylindrospermopsin and microcystin-LR;  

2. determine the sensitivity of a comprehensive panel of microbes to 

cylindrospermopsin, microcystin-LR and a range of cyanobacterial extracts; 

3. examine the taxonomic identification of the test organism used in the brine 

shrimp nauplii bioassay; 

4. validate and optimise the brine shrimp nauplii bioassay for the detection of 

cylindrospermopsin, microcystin-LR and a range of cyanobacterial extracts; 

5. consider the implications of using imported microcrustacean species as bioassay 

test organisms in an Australian context; 

6. demonstrate the use of the brine shrimp nauplii bioassay in a toxicological 

application for the screening of potential chemo-protectants of microcystin-LR 

toxicity; 

7. develop an insect bioassay for the selective detection of cyanobacterial Paralytic 

Shellfish Poisoning toxins, and to 

8. make recommendations on the suitability for the use of these bioassays in an 

industry setting. 
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1.6 Experimental approaches 

 

The cyanobacterial test substances consisted of selected purified cyanotoxins and 

aqueous extracts produced from lyophilised bloom samples and cultures.  Organisms for 

development into bioassays were selected as per the general recommendations outlined 

in Section 1.4.  The details of the methodical approaches were reported in Chapters 2, 4, 

5 and 7.  Dose-response relationships were established for selected bioassays and the 

methods were validated and optimised.  The sensitivity and applicability of these 

bioassays was evaluated.    
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2 Detection of cyanobacterial toxicity using microbes: 

ToxScreen-II Test and disc diffusion assay  

 

2.1 Abstract  

 

A novel bioluminescent bioassay, utilising Photobacterium leiognathi, has become 

commercially available in the last few years.  This bioassay, the ToxScreen-II Test, is 

reported to be considerably more sensitive than Microtox
®
 to an array of toxins, 

including heavy metals and pesticides.  In this study, its performance was assessed with 

the pure cyanotoxins cylindrospermopsin (CYN) and microcystin-LR (MC-LR) at 

environmentally relevant concentrations (25-800 µg/L).  The result was that there was 

no significant correlation between the concentrations tested and the percentage 

inhibition.  In contrast, its performance with the organophosphate pesticide mevinphos 

resulted in a dose-response with an IC50 of 113 mg/L, placing its performance within the 

range of other reports for bacterial bioluminescent bioassays.  The disc diffusion 

bioassay was also tested with a comprehensive panel of microbes against CYN and MC-

LR at a single concentration of 800 µg/L and with cyanotoxin containing aqueous 

extracts of Anabaena circinalis, Cylindrospermopsis raciborskii (AWT 205), 

Microcystis aeruginosa and Nodularia spumigena.  No antibacterial activity was 

observed against 10 of the 16 tested microbial species. Of the species that were 

responsive, many produced confounding results such as sensitivity to a pure toxin while 

displaying tolerance to a cyanobacterial aqueous extract containing the same toxin.  Of 

note, however, was the apparent sensitivity of Saccharomyces cerevisiae to CYN and 

the C. raciborskii extract containing this toxin.   

 

2.2 Introduction 

 

Bacterial assays can provide valuable tools for toxicity testing as they generally require 

small samples volumes and enable measurements to be taken quickly, simply and 

economically with the potential for automation (Block et al. 1989; Reteuna et al. 1989).    

In contrast to the eukaryotic cells of higher organisms, prokaryotic bacterial cells do not 

posses any intracellular organelles such as mitochondria or golgi bodies (Brock et al. 

1994).  However, despite these differences in cellular architecture, the enzymatic 

equipment of both eukaryotic and prokaryotic cells are considered to be very similar 
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(Block et al. 1989), sharing many basic metabolic properties (Belkin et al. 1997).  Thus 

in many cases, bacteria can serve as sensitive surrogates for higher level organisms 

(Belkin et al. 1997).  A well known example of this is the Ames Test mutagenicity 

assay, which uses Salmonella typhimurium as the test organism (Ames et al. 1973a; 

Ames et al. 1973b). 

 

Laboratories contracted to perform water quality testing, for utilities and government 

agencies, perform both bacterial and cyanobacterial analyses.  Thus, they possess the 

capacity for employing bacterial bioassays to test for cyanobacterial toxicity.  

Accordingly, several researchers have investigated the use of bacteria for screening 

cyanobacterial toxins in drinking water supplies.  These studies, coupled with those 

seeking new antimicrobial agents, have employed a variety of methods based on growth 

inhibition, including pour plate techniques (Mian et al. 2003; Ostensvik et al. 1998), 

agar cup method (Prashantkumar et al. 2006) and disc diffusion assay (Piccardi et al. 

2000; Rasmussen et al. 2008).  Assays based on the inhibition of light output from 

bioluminescent bacteria have also been tested against cyanobacterial toxins, for example 

the use of Vibrio fisheri strains in commercialised toxicity testing kits (Dahlmann et al. 

2001; Marsalek and Blaha 2000).   

 

Unlike, growth inhibition tests, bioluminescence bioassays, such as Microtox
® 

(V. 

fischeri) are not suitable for testing aqueous extracts of cyanobacteria because  

interference from photosynthetic pigments causes a direct decrease in the detection of 

light emission, with the result not indicative of any dose-response to toxicity (Marsalek 

and Blaha 2000).  This type of assay can, however, can be used with purified toxins but 

there are mixed reports on sensitivity and reliability.  For example, Microtox
® 

has been
 

determined to be insensitive to microcystins by the absence of a dose-dependent 

response to bioluminescence inhibition (Campbell et al. 1994; Marsalek and Blaha 

2000).  Where a dose-response result has been obtained with Microtox
®
, the high EC50 

value (70 000 µg/L) was indicative of its low sensitivity and lack of suitability for 

assessing cyanobacterial toxicity in water samples (Vezie et al. 1996a).  Results with 

confounding dose-response patterns, such as inhibitory and stimulatory effects 

occurring in samples with the same toxic fraction (e.g. microcystin and nodularin), are 

also reported (Lahti et al. 1995).  In contrast, it has been shown that increasing 

concentrations of nodularin diminished bioluminescence of V. fisheri (Dahlmann et al. 

2001), providing a clear dose-response. 
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Other bioluminescent bioassays are reported using other bacterial species such as Vibrio 

harveyi (Peinado et al. 2002), Escherichia coli (Pedahzur et al. 2004) and 

Photobacterium leiognathi (Ulitzur et al. 2002).  The commercial test ToxScreen 

utilising this latter species has been shown to be markedly more sensitive than 

Microtox
® 

to a range of toxins including heavy metals and pesticides (Ulitzur et al. 

2002).  Since this report by Ulitzur et al. (2002), the assay has been further refined as 

the ToxScreen-II Test, with a more sensitive but temperature tolerant strain of P. 

leiognathi with the capability of the kit being used in the field for on-site testing.   

 

The detection of extracellular cyanotoxins in water samples, free from the interference 

of colour associated with lysed cells, appears to be an ideal application for bacterial 

bioluminescent bioassays.  To date, there are no published reports on the use of 

ToxScreen, or the test organism P. leiognathi, for the detection of cyanobacterial 

toxicity.  The purpose of this study is to test this bacterial bioluminescence bioassay 

with the pure cyanotoxins cylindrospermopsin (CYN) and microcystin-LR (MC-LR).  

Additionally, a more traditional approach will also be employed using the disc diffusion 

bioassay.  The above mentioned cyanotoxins and aqueous extracts of Anabaena 

circinalis, Arthrospira sp., Cylindrospermopsis raciborskii (AWT 205), Microcystis 

aeruginosa and Nodularia spumigena, will be tested against a comprehensive panel of 

16 microbial agents, including a range of gram negative and positive bacteria and two 

species of unicellular fungi.   

 

2.3 Materials and methods 

 

2.3.1 Pure cyanotoxins 

Cylindrospermopsin (CYN) (purity > 98%), produced using the method described by 

Humpage et al. (2005), was kindly supplied by the Australian Water Quality Centre 

(AWQC), Bolivar, South Australia.  Microcystin-LR (MC-LR) (purity > 95%), 

produced using the general method described by Lawton et al. (1994), was kindly 

supplied by Dr Wasantha Wickramsinghe, National Research Centre for Environmental 

Toxicology (EnTox), Coopers Plains, Queensland.  The CYN (1 000 µg) was dissolved 

in 1 mL of Milli-Q
® 

water.  From this stock solution, 5 µL was withdrawn and added to 

5 mL of Milli-Q
® 

water providing sufficient volume to perform the ToxScreen-II Test in 

triplicate.  The ratio of CYN to solvent was 1 µg: 1 mL (1 000 µg/L).  MC-LR (500 µg) 

was first dissolved in 200 µL of methanol after which 800 µL  Milli-Q
® 

was added, 



 13  

bringing the stock solution to 500 µg/mL in 80% aqueous methanol.  From this 10 µL 

was withdrawn and added to 5 mL of Milli-Q
® 

water bringing the ratio of cyanotoxin to 

solvent ration as 1 µg: 1 mL (1 000 µg/L). 

 

As per manufacturer’s instructions for the ToxScreen-II Test, each replicate of the 

cyanotoxin test solution of 1.6 mL received the addition of 0.4 mL of buffer (Pro-

Organic).  This resulted in the dilution of toxin to 80% of the original concentration.  

From this, a 6 step 50% dilution series was prepared.  Thus, the cyanotoxin 

concentrations tested were 800, 400, 200, 100, 50 and 25 µg/L.  For the disc diffusion 

bioassay a single concentration of 800 µg/L was tested. 

 

2.3.2 Reference toxin (positive control) for ToxScreen-II Test 

Data on ToxScreen indicates that this test is sensitive to pesticides such as chlorpyrifos 

and parathion (Ulitzur et al. 2002), both of which are organophosphate pesticides 

[reported in (EXTOXNET 1993)].  Thus, a positive control was selected from this class 

of toxins.  Mevinphos (2-methoxycarbonyl-1-methylvinyl dimethylphosphate) was 

obtained from Sigma-Aldrich as a mixture of cis (76.6%) and trans (23.0%) isomers.  

This toxin is a broad spectrum insecticide (cholinesterase inhibitor) that is miscible in 

water [reported in (EXTOXNET 1993)].  Mevinphos (specific gravity 1.25 µg/mL) 4 

µL was added to 20 mL of Milli-Q
® 

water to produce a concentration of 250 mg/L.  As 

for the cyanotoxins, each replicate of test solution of 1.6 mL received the addition of 0.4 

mL of buffer (Pro-Organic).  This resulted in the dilution of mevinphos to 80% of the 

original concentration.  From this, a 6 step 50% dilution series was prepared.  Thus, the 

mevinphos concentrations tested were 200, 100, 50, 25, 12.5 and 6.25 mg/L. 

 

2.3.3 Cyanobacterial aqueous extracts 

Cylindrospermopsis raciborskii (Woloszynska) Seenaya and Subba Raju (Strain AWT 

205) was originally provided to our research group by Dr Peter Hawkins, Australian 

Water Technologies Ensight, Sydney, New South Wales.  For the present study, it was 

grown in 1 L of sterile Jaworski’s growth medium (Thompson et al. 1988) in a 3 L 

Erlenmeyer flask.  All apparatus and equipment involved in culturing were sterilised by 

autoclaving or chemically (sodium metabisulphite).  Light was provided by two 36 Watt 

cool-white fluorescent tubes with a 14:10 h light/dark cycle.  The ambient temperature 

was maintained at 25 ±2
o
C.  The culture was gently sparged (60-80 bubbles/min) with 
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filtered (0.45 µm Millipore® filter) air.  The culture was harvested at the late 

exponential, or stationary, phase at cell densities greater than 10 
6 

cells/mL. 

 

An environmental bloom sample dominated by Microcystis aeruginosa (Kützing) 

Kützing (taxonomic authority as per Guiry and Guiry (2008) and identification as per 

Baker and Fabbro (1999)) was collected from Lake Samsonvale (North Pine Dam) (27° 

16' 18.84'' S,  152° 55' 8.76'' E), southeast Queensland in August 2005.  The bloom 

material was concentrated by standing the sample overnight.  This resulted in the 

buoyant cells accumulating at the top of the water column forming a dense scum, which 

was siphoned off.   

 

Environmental bloom material dominated by Anabaena circinalis Rabenhorst was 

kindly supplied by Dr Andrew Humpage, AWQC.  This sample was collected from 

Lake Torrens, South Australia in March/April 2005 and supplied lyophilised.   

 

A sample of bloom material dominated by Nodularia spumigena Mertens ex Bornet and 

Flahault was kindly supplied by Em Prof Ian Falconer, The University of Adelaide, 

South Australia.  This sample was collected from a prawn farm, near Darwin, Northern 

Territory in November 1990 and was originally dried by convection oven (40 to 50°C).   

 

The health food supplement commonly known as Spirulina (Good Health, New 

Zealand) was the source of already finely ground Arthrospira platensis (Nordstedt) 

Gomont This species identification was verified with the supplier (personal 

communication, Erica Matthews) and is currently regarded as a synonym of Spirulina 

platensis (Nordstedt) Geitler (Guiry and Guiry 2008).  All samples were stored at -

20°C.   

 

The cyanobacterial samples (except Arthrospira sp.) were ground to a fine powder 

using a swing mill (TEMA Engineering Ltd, UK) (treatment 1 min).  Aqueous cell-free 

cyanobacterial extracts were prepared by suspending 10 mg of dried material in 1 mL of 

Milli-Q® water to produce 0.10% w/v suspensions.  These were vortex mixed, freeze-

thawed (4 cycles), steeped overnight at 4°C, centrifuged (5 500 G, 15 min) and the 

supernatant syringe filtered (0.45 and 0.22 µm).  This same method was used to prepare 

these samples for quantitative HPLC-MS/MS analysis by Geoff Eaglesham, Queensland 

Health and Scientific Services, Coopers Plains, Queensland (QHSS). 

http://www.algaebase.org/search/species/detail/?species_id=51883
http://www.algaebase.org/search/species/detail/?species_id=51883
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These aqueous cyanobacterial extracts were used at the single concentration of 10 dw 

mg/mL in the disc diffusion bioassay. 

 

2.3.4 ToxScreen-II Test method 

Toxicity screening was performed using the ToxScreen-II Test (Checklight Ltd, Israel). 

This system utilises the luminous bacteria Photobacterium leiognathi (strain SB) which 

emits high and steady levels of luminescence at 490 nm.  The method was as per 

CheckLight Water Quality Monitoring Kit ToxScreen-II Test Manufacturer’s Protocols 

‘Determination of IC50’.  Briefly, the appropriate concentrated assay buffer (Pro-

Organic) was diluted with deionised water. The test samples and positive control, 

sodium chloroacetate, were serially diluted in the buffer for screening.  A pre-measured 

vial of lyophilised bacteria was re-hydrated in the supplied hydration buffer and 

incubated at 4
o
C for 3 h before use.  The bacterial suspension was dispensed (10 µL) to 

the positive control, negative control and test vials and incubated at 26°C ±2°C for 1 h.  

Following incubation, the luminescence was measured at 490 nm using a LB 9509 

Berthold Junior portable luminometer (Berthold Technologies, Germany) and result 

recorded in Relative Light Units (RLU).  All tests were performed in triplicate, with the 

mean values used to derive the Inhibitory concentration (IC) of the test samples.  This 

was calculated as follows: 

 

Relative Activity (%) = 100 × (RLUsample/RLUcontrol*) 

 

Inhibitory Concentration % = 100 - (% Relative Activity) 

 

*Mean value of negative control duplicates  

 

The IC50 was defined as the minimal concentration of tested sample that resulted in 50% 

inhibition of light output, as compared to light recorded from the negative control.  The 

mean IC50 was determined by linear regression (interpolation of the x value at y = 50) 

using the software package StatsDirect Version 2.5.7 (StatsDirect Ltd, UK). 

 

2.3.5 Disc diffusion bioassay - test microorganisms 

The test organisms comprised of 14 species of bacterial and 2 species of fungi.  

Bacterial cultures were subcultured and maintained in nutrient broth at 4°C while 

Sabouraud medium was used for the fungal cultures which were maintained at the same 
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temperature.  The bacterial species tested were: Aeromonas hydrophila, Alcaligens 

feacalis, Bacillus cereus, Bacillus subtilus, Citrobacter freundii, Enterobacter 

aerogenes, Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, 

Psuedomonas fluoescens, Salmonella Salford, Serratia marcescens, Staphlococcus 

aureus and Yersinia enterocolitia were maintained in nutrient broth at 4°C.  The fungal 

species tested were: Aspergillus niger and Saccharomyces cerevisiae.   All of the 

microbial strains tested in the disc diffusion bioassay were kindly supplied by Tarita 

Morais, Griffith University.   

 

2.3.6 Disc diffusion bioassay method 

The antimicrobial activity of the pure cyanotoxins and cyanobacterial aqueous extracts 

were determined using a modified Kirby-Bauer (Bauer et al. 1966) disc diffusion 

method.  This assay has been used successfully in our laboratory previously for the 

detection of antimicrobial plant extracts (Cock 2008).  Briefly, 100 µL of the test 

culture was grown in 10 mL of fresh medium to a density of approximately 10 
8 

cell/mL 

for bacteria and 10 
5
 cells/mL for fungi.  From these subcultures, 100 µL of the 

microbial inoculum was spread onto agar plates corresponding to the liquid medium in 

which they were maintained. 

 

The cyanobacterial test material tested using 6 mm sterilised filter paper (Whatman
®
 1 

Qualitative Cat. No. 1001 270, Whatman, UK) discs.  Blank disks were impregnated 

with 10 µL of the test sample, allowed to dry and placed onto the inoculated plates.  The 

plates were then allowed to stand for 2 h at 4°C before incubation of the microbial test 

organisms.  Incubation was as follows: A. feacalis, A. hydrophilia, B. cereus, B. subtilis, 

C. freundii, K. pneumoniae, P. aeuroginosa, P. fluorescens, S. marcescens, Y. 

enterocolitia and S. cerevisiae 30°C ±2°C for 24 h; E. aerogenes, E. coli, S. salford and 

S. aureus 37
o
C ±2°C for 24; and A. niger at 25 

o
C ±2°C for 48 hours.   

 

Following this incubation, the diameters of the inhibition zones were measured to the 

closest whole millimetre. Each disc diffusion assay was performed in at least triplicate 

with mean values (± SD) reported.  Antimicrobial susceptibility test discs (Oxoid Ltd, 

Australia) were used as positive controls.  These were ampicillin (2 µg), 

chloramphenicol (10 µg) ciprafloxicin (2.5 µg) or penicillin (2 units) for bacteria and 

nystatin discs (100 µg) for fungi.  Filter discs impregnated with 10 µL of sterile Milli-

Q
® 

water served as a negative control.   
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2.4 Results and discussion 

 

2.4.1 ToxScreen II Test 

Calculation of IC50 values for the tested cyanotoxins was not possible as there was no 

significant correlation between the concentrations tested and the percentage inhibition 

(Figures 1 and 2).  These experiments were repeated on a separate occasion with fresh 

batches of CYN and MC-LR producing the same result.  Readings were also taken at 

hourly intervals for an additional 11 h, and once more at 24 h, yielding no relationship 

of dose-response (unpublished results).  To the best of the author’s knowledge, this 

appeared to be the first report of an assessment of the ToxScreen-II Test with pure 

cyanotoxin.  Confirming proper performance of the test protocol, the inhibition to the 

positive control chloroacetate (provided with the kit) was consistently greater than 60% 

and the negative control (blank) was always 0%.   

 

It must be noted that while the maximum tested concentration (800 µg/L) of CYN and 

MC-LR may appear low, it far exceeds drinking water guidelines and commonly 

encountered environmental concentrations for these toxins.  The guideline value for 

both CYN and MC-LR is 1 µg/L (Humpage and Falconer 2003; Shaw et al. 2000; WHO 

1998).  In terms of environmentally relevant concentrations, a survey of 16 reservoirs 

sampled in Queensland revealed that CYN concentration did not exceed 25 µg/L 

(McGregor and Fabbro 2000) and a study of 33 US water supplies found that the 

maximum detected concentration of microcystins was 5.7 µg/L (Haddix et al. 2008).  

Thus, it can be concluded that there was no CYN or MC-LR antibacterial activity 

against P. leiognathi, as tested in the ToxScreen-II Test, at environmentally relevant 

concentrations. 
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Figure 1.  Linear regression for CYN in ToxScreen-II Test.  Inhibition values are 

means of triplicate analysis. 

 

 
 

Figure 2.  Linear regression for MC-LR in ToxScreen-II Test.  Inhibition values are 

means of triplicate analysis. 
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In contrast to the tested cyanotoxins, there was a significant correlation observed 

between the concentration of mevinphos and the percentage inhibition of 

bioluminescence (Figure 3).  The R
2
 coefficient for the line of regression was close to 

0.9 with the response linear and statistically significant at P < 0.05.  The mevinphos 

IC50 value of 113 mg/L was within the range of sensitivity of other bioluminescent 

photobacteria bioassays with 56-108 mg/L for Vibrio harveyi and V. fischeri (Peinado et 

al. 2002) and 40 mg/mL for E. coli (Pedahzur et al. 2004).  While bioluminescent 

bacteria can detect organophosphate pesticides at sub mg/L concentrations, for example 

dichlorvos EC50 0.2 mg/L (Peinado et al. 2002) and chlorpyrifos  IC50 0.3 mg/L (Ulitzur 

et al. 2002), mevinphos has been noted as having a relatively higher detection threshold 

compared to many other chemicals (Pedahzur et al. 2004).   

 

 
 

Figure 3.  Linear regression for mevinphos in ToxScreen-II Test.  Inhibition values are 

means of triplicate analysis. 
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toxins, it did not prove to be sufficiently sensitive to either CYN or MC-LR in this 

study.   

 

2.4.2 Disc diffusion bioassay  

The results of the HPLC-MS/MS toxin analyses of aqueous cyanobacterial extracts (dw 

10 mg/mL) tested in the disc diffusion assay are shown in Table 2.  This confirmed 

toxin production in A. circinalis, C. raciborskii, M. aeruginosa and N. spumigena.   

 

Table 2.  HPLC-MS/MS toxin analyses of aqueous cyanobacterial extracts (dw 10 

mg/mL) tested in the disc diffusion assay. 

 

Taxon 

 

Toxin concentration  

A. circinalis  STX-eq* 383.5 µg/L: STX 136 µg/L, dcSTX 455 µ/L, C1 136 

µg/L, C2 136 µg/mL (ANTX-a ND, CYN ND, deoxy-CYN ND, 

MC ND) 

Arthrospira sp. MC ND 

C. raciborskii  CYN  22.87 mg/L , deoxy-CYN 6.1 mg/L (ANTX-a ND) 

M. aeruginosa  Total MC 30.67 mg/L: MC-LR 20 mg/L, MC-LA 8.4 mg/L, 

other minor MC 2.27 mg/L 

N. spumigena  NOD 19.5 mg/L 

 

STX = saxitoxin, *STX-eq = saxitoxin equivalents calculated from relative toxicities as 

per Oshima (1995), dcSTX = decarbamoyl saxitoxin, C1 = C toxin 1, C2 = C toxin 2, 

ANTX-a = anatoxin-a, CYN = cylindrospermopsin, deoxy-CYN = deoxy-

cylindrospermopsin, MC = microcystins, MC-LR = microcystin-LR, MC-LA = 

microcystin-LA, NOD = nodularin, ND = not detected. 

 

The results of the antimicrobial (disc diffusion method) to the pure cyanotoxins and 

cyanobacteria aqueous extracts are shown in Table 3.  Of the panel of 16 microbial 

species, 10 showed no response to the 7 cyanobacterial test solutions.  All species were 

susceptible to selected antibiotic discs (positive controls) and the negative control of 

sterile Milli-Q
® 

water produced no zones of inhibition.  The absence of inhibition in the 

majority of the tested microbes was not entirely surprising as the cyanotoxin containing 

extracts may even have offered nutritive value.  For example, the cyanobacterial health 
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food product commonly known as Spirulina is known to contain a wide range of amino 

acids, vitamins (Clement et al. 1967) and other nutrients.  Furthermore some species of 

bacteria are even capable of degrading MC-LR (Ho et al. 2007) and CYN (personal 

communication, Dr Shiromi Wijesundara).    



  

Table 3.  Zone of growth inhibition for antibiotic positive controls, cyanotoxins and cyanobacterial aqueous extracts against a panel of microbial 

species.  

 

Microbial species Mean zone of inhibition  ± SD (mm) 

 Antibiotic* CYN MC-LR C. raciborskii M. aeruginosa N. spumigena A. circinalis Arthrospira sp. 

Gram -ve rods         

A. hydrophilia 18.0 ±0.8 (Chl) 0 8  ±0.3 11 ±0 0 10 ±1 8 ±1 8 ±1.2 

A. faecalis 13.3 ±0.5 (Amp) 0 0 0 9 ±0.5 7 ±0.6 0 0 

C. freundii 25.3 ±1.5 (Chl) 0 0 0 0 0 0 0 

E. aerogenes 17.5 ±0.6 (Chl) 0 0 0 0 0 0 0 

E. coli 16.8 ±0.5 (Amp) 9 ±1.3  8 ±0 11 ±1.4 0 0 0 0 

K. pneumoniae 18.3 ±1.0 (Amp) 0 0 0 0 7 ±0 0 0 

P. aeuroginosa 32.5 ±0.6 (Cip) 0 0 0 0 0 0 0 

P. fluorescens 21.0 ±0.8 (Chl) 0 0 0 0 0 0 0 

S. salford 25.5 ±0.6 (Amp) 0 0 0 0 0 0 0 

S. marcesens 25.8 ±0.5 (Chl) 0 0 0 0 0 0 0 

Y. enterocolitia 16.5 ±0.6 (Amp) 0 0 0 0 0 0 0 

Gram +ve rods         

B. cereus 25.8 ±1.3 (Chl) 0 0 0 0 0 0 0 

B. subtilis 23.5 ±2.6 (Amp) 0 8 ±0.5 8 ±1.3 0 0 0 0 

Gram +ve coccus         

S. aureus 16.3 ±0.5 (Amp) 0 0 0 0 0 0 0 

Fungi         

A. niger 18.3 ±0.5 (Cip) 0 0 0 0 0 0 0 

S. cerevisiae 21.5 ±0.6 (Nys) 9 ±0 0 9 ±1.4 0 0 0 0 

 

*Amp = ampicillin 2 µg, Chl = chloramphenicol 10 µg, Nys  = nystatin 100 µg and Cip = ciprofloxacin 2.5µg.

2
2
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The result in this present study of no inhibition of growth in B. subtilis, P. aeruginosa, 

and S. aureus tested against CYN confers with the finding of Rasmussen et al. (2008) 

who also tested these species using a similar methodology.  A point of contrast, 

however, was that Rasmussen et al. (2008) found no effect on E. coli growth, even with 

discs impregnated with 15 µg CYN, while in the present study the growth of this 

bacterium was inhibited the CYN treatment.  By comparison, the impregnation of 10 µL 

of an 800 µg/L solution used in this study equates to 8 ng per disc; a concentration 

approximately 2 000 fold lower than that used in the above mentioned study.  These 

widely varying results may be due to differences in the susceptibility of E. coli strains 

tested and/or variance in specific methods across these two laboratories.  In addition to 

sensitivity to CYN, the E. coli used in the present study was also sensitive to the C. 

raciborskii extract.  Somewhat confounding, however, was the inhibition of growth by 

MC-LR, while growth was unimpeded by the M. aeruginosa extract.   

 

A. hydrophilia was sensitive to 5 of the cyanobacterial treatments excluding CYN and 

M. aeruginosa.  Sensitivity to the C. raciborskii extract, with no response to pure CYN 

(800 µg/L), may have been due to comparative high concentration of CYN in the extract 

(Table 2) and/or due to the extract containing uncharacterised antimicrobial compounds, 

possibly acting either independently, additively or synergistically with CYN.  The 

response to pure MC-LR (800 µg/L), with complete tolerance of the M. aeruginosa 

extract was confounding in light of the comparatively high toxin concentration of this 

extract.  For the purposes of detecting cyanotoxins in water samples, the response of A. 

hydrophilia to Arthrospira sp. can be considered as a false-positive as this extract was 

free of microcystins and most probably any other cyanotoxins, as it is a regulated food 

product.    

 

There are conflicting reports of bacterial sensitivity to microcystins.  For example, 

Ostensvik et al.  (1998) observed no inhibition in growth of B. subtilis, B. cereus, A. 

hydrophila and E. coli at concentrations of 1 000-8 000 µg/L.  The lack of antibacterial 

activity against E. coli has also been reported for MC-RR (Dixon et al. 2004).  In 

contrast, Valdor and Aboal (2007) report sensitivity of E. coli to both MC-LR 5 000 

µg/L and MC-RR 12 500 µg/L.  In this present study, the gram-negative rods A. 

hydrophila and E. coli and the gram-positive rod B. subtilus were found to be sensitive 

to MC-LR 800 µg/L. Once again, these conflicting report of sensitivity to pure toxin are 
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difficult to reconcile but may be, at least in part, due to the diversity of bacterial strains 

and variations across specific materials and methods. 

 

Selective sensitivity for the M. aeruginosa and N. spumigena extracts, which contained 

the structurally related cyanotoxins MC and NOD, was apparent in A. faecalis.  

Sensitivity to MC, however, appeared to require greater than 800 µg/L to illicit a 

response.  Of the cyanobacterial treatments tested, K. pneumoniae was responsive only 

to N. spumigena.    

 

The most valuable finding of this study was the apparent selective sensitivity of S. 

cerevisiae to CYN with responses to both pure toxin and C. raciborskii extract. To the 

best of the author’s knowledge this appeared to be the first report of CYN sensitivity in 

this species.  Considering the toxin concentrations of both these treatments, the 

expectation that the zone of inhibition to be considerably larger for the extract compared 

to the pure toxin was not observed.  Nevertheless, the apparent sensitivity of this yeast 

to CYN and its tolerance of other tested cyanotoxins warrants further investigation.  

One potential method for this study is that of Schmitt et al. (2004) who have developed 

a growth inhibition test using this species in liquid medium (microplate) with the 

endpoint measured by photometric determination of turbidity.  A potential application 

of this S. cerevisiae assay was for monitoring and assessment of water quality and the 

evaluation of potential risks of chemicals to human health (Schmitt et al. 2004).  Thus, 

further testing of this assay with cyanotoxins, including CYN, would appear pertinent. 

 

S. cerevisiae lends itself as promising test organism for screening of cyanobacterial 

extracts because according to Hollis et al. (2000) the cell wall and adaptive mechanisms 

of this organism enhance stability and protection from extremes of pH, solvent exposure 

and osmotic shock.  This is important as cyanobacterial extracts may contain harsh 

solvents such as methanol from certain sample cleanup methods (Harada et al. 1999) in 

addition to salts (Eaglesham et al. 1999) and other materials liberated from cells.  

Another method that could be used to further explore the suitability of S. cerevisiae for 

detecting CYN is the bioluminescent yeast bioassay developed by Hollis et al. (2000).  

This bioluminescent yeast bioassay could provide a eukaryotic test system that could be 

used in a similar manner to the bioluminescent bacteria bioassays Microtox
®
 and 

ToxScreen.  At present, however, a commercially available bioluminescent yeast 

bioassay does not appear to be available.   
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2.4.3 Concluding remarks 

The apparent sensitivity of the yeast S. cerevisiae to both pure CYN and an aqueous 

extract of C. raciborskii in the disc diffusion bioassay provides a basis for future 

studies. Potential research areas may include testing the suitability of a variety of 

bioassay methods and investigating the mechanism/s of CYN toxicity in this organism.  

As CYN is known to directly interfere with the eukaryotic protein synthesis machinery 

derived from plant and mammalian cell extracts (Froscio et al. 2008), it would be 

interesting to investigate if this toxin has the same effect in yeast.   

 

In contrast, neither the ToxScreen-II Test, nor the any of the bacteria tested in the disc 

diffusion bioassay, appeared to be candidates for further investigation as suitable tools 

for the detection of cyanobacterial toxicity in drinking water supplies. Comparative 

studies of bioassays, have determined that other organisms, such as the crustacean 

Artemia, are more suitable for detecting cyanobacterial toxicity than bioluminescent 

bacterial bioassays (Campbell et al. 1994; Lahti et al. 1995; Marsalek and Blaha 2000; 

Vezie et al. 1996a).   

 

The reasons for bacterial resistance to cyanotoxins are likely to be complex, however, 

factors such as the outer membrane in gram-negative bacteria are known to function as a 

barrier against toxic agents in the environment (Dixon et al. 2004).  Differences 

between the metabolic pathways of prokaryotes and eukaryotes may also account for 

bacterial resistance to cyanotoxins.  For instance, the tested bacteria may not be able 

metabolise certain cyanotoxins into activated forms, or perhaps, these toxins may not be 

bioavailable.  Conversely, cyanotoxins may potentially play a role in mediating 

mutually beneficial relationships with microbes, especially bacteria (Paerl and Millie 

1996).  An example of such a relationship, is the association of the bacterium P. 

aeruginosa with Anabaena sp. (Paerl and Millie 1996).  Thus, there appears to be 

ecological and evolutionary grounds for bacterial resistance to cyanotoxins. 
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3 Brine shrimp Bioassay: Importance of correct 

taxonomic identification of Artemia (Anostraca) species 

 

This chapter is inserted as published: 

Ruebhart DR, Cock IE, Shaw GR.  2008.  Brine shrimp bioassay: Importance of correct 

taxonomic identification of Artemia (Anostraca) species.  Environmental 

Toxicology 23(4):555-560.  The published article is presented in Appendix A. 

 

3.1 Abstract 

 

Despite the common use of the brine shrimp bioassay in toxicology, there is confusion 

in the literature regarding citation of the correct taxonomic identity of the Artemia 

species used.  The genus Artemia, once thought to be represented by a single species 

Artemia salina, is now known to be comprised of several bisexual species as well as 

parthenogenetic populations.  Artemia franciscana is the best studied of the Artemia 

species and is considered to represent the vast majority of studies in which Artemia is 

used as an experimental test organism.  We found that in studies referring to the use of 

A. salina, the zoogeography of the cyst harvest site indicated that the species used was 

actually A. franciscana.  Those performing bioassays with Artemia need to exercise 

diligence in assigning correct species identification, as the identity of the test organism 

is an important parameter in assuring the validity of the results of the assay. 

 

3.2 Introduction 

 

The brine shrimp Artemia (Crustacea, Branchiopoda, Anostraca) serves as a test 

organism in a wide range of toxicological assays and research.  It is utilised in the 

screening of bioactive compounds in natural products (Colombo et al. 2001; Favilla et 

al. 2006), detection of cyanobacterial and algal toxicity in water (Caldwell et al. 2003; 

Mohamed 2007), detection of anthropogenic chemicals in the environment (Podimata et 

al. 2004; Sanchez-Fortun et al. 1997) and investigations into biochemical processes 

mediating acute toxic responses (Acey et al. 2002; Barahona and Sanchez-Fortun 1999).  

Additional examples of studies using the brine shrimp bioassay for toxicity evaluation 

are shown in Table 4. 
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The Artemia bioassay is attractive for a variety of reasons, including: 1) the commercial 

availability of the cysts (Togulga 1998), 2) Artemia can be maintained indefinitely in 

the laboratory in their cyst form and are easily induced to hatch (Caldwell et al. 2003), 

3) the assay is quick, simple and performed at low cost (Parra et al. 2001), 4) it requires 

small sample volume and can be performed with high sample throughput (microplates) 

(Molina-Salinas and Said-Fernandez 2006; Pelka et al. 2000) and 5) it complies with 

animal ethics guidelines in many countries, for example the Australian Code of Practice 

for the Care and Use of Animals for Scientific Purposes (NHMRC 2004).  For the 

detection of cyanobacterial toxins (Akin-Oriola and Lawton 2006; Lee et al. 1999; 

Metcalf et al. 2002) and the toxicity of plant extracts (Parra et al. 2001) this bioassay 

has been demonstrated to provide a viable alternative to the mouse bioassay, which is 

expensive and associated with ethical constraints. 

 

Despite the common use of Artemia as a test organism in toxicology, there is confusion 

in the literature regarding citation of the correct taxonomic identity of the species used.  

The aim of this study is to briefly review Artemia diversity, to demonstrate that most 

studies are actually employing Artemia franciscana and to highlight the importance of 

correct taxonomic identification of Artemia species used in toxicological studies.
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Table 4.  Examples of studies using the Artemia bioassay for toxicity evaluation. 

 
Species 

quoted 

Product identification/ 

brand as cited in study 

Study type Reference Harvest site Reference Species identification based 

on zoogeography  

(Van Stappen 2002) 

A. salina San Francisco Bay Brand Mechanistic, ecotoxicology, 
industrial chemical   

 

(Acey et al. 2002) San Francisco Bay (Pers. comm., Oneppo 2007) A. franciscana 

A. salina San Francisco Bay Brand Inc. (Division of 
Metaframe Co., Menlo Park, CA, USA) 

Mechanistic, ecotoxicology, 
insecticides  

 

 

(Barahona and Sanchez-
Fortun 1999) 

San Francisco Bay (Pers. comm., Oneppo 2007) A. franciscana 

A. salina Ocean Star Corp (Snowville, UT, USA) Screening, environmental 

toxicology, cyanobacterial 
toxin  

 

(Chen et al. 2006b) Great Salt Lake (State of Utah Department of 

Agriculture and Food 2005)  

A. franciscana 

A. salina Aquafauna Bio-Marine Inc., Hawthorne, 
CA. 

Cytotoxicity, evaluation of 
plant extract 

 

 

(Colombo et al. 2001) Great Salt Lake 
 

(Pers. comm., Insalata 2007) A. franciscana 

A. salina Mackay Marine Brine Shrimp Co., 

Providence, UT, USA 

Detection, ecotoxicology,  

algal toxin 

 
 

(Graneli and Johansson 

2003) 

Great Salt Lake (State of Utah Department of 

Agriculture and Food 2005) 

A. franciscana 

A. salina San Francisco Bay Brand Inc., Newark, CA 

94560, USA 

Detection, cytotoxicity, drug 

discovery 
 

 

(Gul et al. 2003) San Francisco Bay (Pers. comm., Oneppo 2007) A. franciscana 

A. salina Instant Ocean (Great Lake, Salt Lake City, 
UT, USA) 

Methods development, 
detection, cytotoxicity 

 

 

(Molina-Salinas and 
Said-Fernandez 2006) 

Great Salt Lake  Authors of study A. franciscana 

A. salina Brine Shrimp Eggs, San Francisco, CA, 

USA 

Cytotoxicity, evaluation of 

plant extracts 

 

(Nino et al. 2006) San Francisco Bay   Authors of study A. franciscana 

A. salina San Francisco Bay Brand, Inc.  (Division of 

Metaframe Co., Menlo Park, CA, USA) 

Screening, ecotoxicology, 

industrial chemicals 

 
 

(Sanchez-Fortun et al. 

1997) 

San Francisco Bay (Pers. comm., Oneppo 2007) A. franciscana 

A. salina Saunders, Great Salt Lake  Detection, ecotoxicology, 

algal toxins & heavy metals 
 

 

(Taylor et al. 2005) 

 

Great Salt Lake (State of Utah Department of 

Agriculture and Food 2005) 

A. franciscana 

2
8
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3.3 Artemia as a test organism in bioassays: A perspective on 

the historic use of the binomen A. salina 

 

With regard to the detection of bioactive compounds in plant extracts, the seminal paper 

by Meyer et al. (1982) paved the way for the widespread adoption of a bioassay using A. 

salina (e.g. Colombo et al. 2001; Krishnaraju et al. 2006; Parra et al. 2001; Pimenta et 

al. 2003).  This method was also adopted in other areas of research, such as the 

assessment of cyanobacterial toxicity (e.g. Falch et al. 1995; Jaki et al. 1999; Mian et al. 

2003; Singh et al. 1999).  Around the period of the Meyer et al. (1982) publication, the 

taxonomy of Artemia was under review. What was once thought to be a single species 

(A. salina) appeared to be several sibling species (Geddes 1981).  Some researchers 

recognised this flux in taxonomy and accordingly avoided the use of species names, 

preferring the use of Artemia sp. in conjunction with citing the origin of the material 

(see Geddes 1981).  In the case of Meyer et al. (1982), the cited species used was A. 

salina with a North American origin of the material provided (indicating that the actual 

species used was most probably A. franciscana, see discussion below).  Since 

publication of this work, authors referring to it invariably stated that they too were using 

“A. salina” as the test subject.  Unfortunately, this practice does not reflect advances in 

Artemia taxonomic research and is thus inaccurate. 

 

3.4 Diversity of Artemia species 

 

The timeline of scientific description of brine shrimp starts with Schlösser, who in 1755 

reported its occurrence at Lymington, England, UK (see Kuenen and Baas Becking 

1938).  In 1758, Linnaeus assigned this species to the taxonomic classification of 

Cancer salinus (Artom 1931).  It was then renamed by Leach in 1819 to Artemia salina 

(Artom 1931); which is currently acknowledged as the valid classification for 

Mediterranean bisexual populations considered conspecific with the now extinct 

Lymington population (Baxevanis et al. 2006; Triantaphyllidis et al. 1997). 

 

In the mid 1970s, many studies regarded Artemia similarly to the “classic white rat”; a 

standardised test organism (Abatzopoulos et al. 2002).  By the late 1970s, reproductive 

isolation was identified across several strains of A. salina (Clark and Bowen 1976) 

indicating that at least some of these strains represented separate species.  Follow up 

studies investigating genetic variation and speciation in Artemia, using electrophoretic 
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methods, provided evidence of several species of bisexual Artemia as well as 

parthenogenetic populations (A. parthenogenetica) (Abreu-Grobois and Beardmore 

1982; Bowen et al. 1978).  The unequivocal recognition of several Artemia species has 

been confirmed in several studies through the use of scanning electron microscopy and 

various genetic techniques (Baxevanis et al. 2006; Hou et al. 2006; Mura and 

Brecciaroli 2004; Mura et al. 2006; Triantaphyllidis et al. 1997).  The six bisexual 

species in this genus are A. persimilis, A. franciscana, A. salina, A. sinica, A. urmiana, 

and A. tibetiana (see Baxevanis et al. 2006 and references therein).  Regarding the 

parthenogenetic populations (of which there are hundreds), it is important to note that 

they are uncritically grouped under the binomen A. parthenogenetica (Triantaphyllidis 

et al. 1998; Van Stappen 2002) for taxonomic convenience (Gajardo et al. 2002; Sun et 

al. 1999) and thus, cannot readily be considered as belonging to a single species 

(Abatzopoulos et al. 2002).  Recently, at least four independent origins of 

parthenogenesis in Artemia have been deduced (Baxevanis et al. 2006). 

 

3.5 Artemia franciscana Kellogg 1906 

 

Artemia franciscana is endemic to North and Central America (Bowen et al. 1985).  It 

has been labelled as a superspecies (a set of ecologically isolated and physiological 

distinct semispecies and species) (Bowen et al. 1985); this is important as it is indicative 

of intraspecies variation.  This species is of great economic importance as its 

commercial harvest from Great Salt Lake, Utah, USA is estimated to represent 90% of 

the global trade in brine shrimp cysts (Treece 2000).   This is a substantial volume of 

cysts when one considers that annually over 2000 metric tons of dry Artemia cysts are 

marketed worldwide (Van Stappen 1996).   

 

In the field of aquaculture research, confusion regarding the correct taxonomic 

identification of Artemia species was addressed in the mid 1990s by Sorgeloos and 

Beardmore (1995).  Of concern was the all too frequent reference to A. salina which is 

regarded as a Mediterranean species (Baxevanis et al. 2006).  A. franciscana is the best 

studied of the Artemia species (Gajardo et al. 2002), estimated to represent over 90% of 

studies in which Artemia is used as an experimental test organism (very often using 

material sourced from Great Salt Lake, Utah, USA) (Sorgeloos and Beardmore 1995).  

Accordingly, Sorgeloos and Beardmore (1995) recommended that diligence should be 

applied in citing the correct taxonomic identity of Artemia, and that accurate details 



 31  

concerning the geographical and/or commercial origin of the cysts be reported.  It is 

also advisable that the packaged material used is marked with batch numbers and 

accessible information on the cyst harvest site.   

 

Examples of studies using the brine shrimp bioassay for toxicity evaluation are shown 

in Table 4.  In all of these studies, the quoted species used was A. salina; however,   

information regarding the harvest site of the cysts and zoogeography of Artemia (Van 

Stappen 2002) revealed that the actual species used was A. franciscana.  To the credit of 

the authors of these studies, the commercial, and often the geographical, origin of the 

cysts were stated.  A literature survey revealed that it was very common for these details 

to be omitted.  

 

3.6 Importance of correct taxonomic identification of Artemia 

species (interspecies variation) 

 

Correct species identification, at its most basic level, allows comparison of test results 

across studies.  Incorrectly citing the species used as A. salina (e.g. when A. franciscana 

was actually used) may create a disparity across studies.  Interspecies variation in the 

sensitivity of species of Artemia to various toxins and environmental conditions has 

been shown through the use of bioassays.  Evidence of this is provided in the following 

examples.   

 

Acute response (24 h mortality) to cadmium showed that A. franciscana was most 

sensitive (populations tested: San Francisco Bay, USA and Macau, Brazil with LC50 

135 and 98 mg/ml respectively) while A. persimilis was two to three time less sensitive  

(LC50 289 mg/ml) (Sarabia et al. 2002).  Another 24 h comparative study of Artemia 

species sensitivity, in this case testing the organophosphorus pesticide chlorpyrifos, also 

established varying sensitivities across species with all populations of A. franciscana 

having  LC50 values in excess of 18 mg/ml while the LC50 for A. persimilis showed it 

was more than twice as sensitive with 8.45 mg/ml (Varo et al. 1998).  Thus, A. 

franciscana was more sensitive to cadmium than A. persimilis while response to 

chlorpyrifos reversed the sensitivity ranking.  Accordingly, sensitivity for these two 

species, and indeed all Artemia species, can not be defined as sensitivity per se, but 

rather, it must take into consideration the specificity of the toxin.   Sensitivity of A. 

salina populations to chlorpyrifos ranged from 1.86 mg/ml to 3.19 mg/ml; thus, the 
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most sensitive strain of A. salina is approximately an order of magnitude more sensitive 

than the tested A. franciscana populations in this study (Varo et al. 1998).  This clearly 

highlights the importance of correct taxonomic identification of Artemia species in 

toxicology studies. 

 

Laboratory experiments investigating survival, lifespan and reproductive success across 

salinity concentrations and different temperatures determined that A. franciscana, A. 

salina, A. sinica, A. persimilis and A. parthenogenetica had varying tolerances (Browne 

and Wanigasekera 2000).  This study demonstrated that the magnitude of this variability 

can be very significant. For example, at the temperature/salinity combination of 15 °C/ 

salinity 60 ppt, the percentage survival at 21 days was 10% for A. salina and 80% for A. 

franciscana.  From this result, it is easy to infer that if the test organism (either A. salina 

or A. franciscana) was not standardised across toxicity tests that LC50 values would be 

likely to show considerable variance despite these environmental parameters remaining 

constant. 

 

3.7 Importance of identification of Artemia franciscana harvest 

site (intraspecies variation) 

 

Intraspecies variation within A. franciscana has been demonstrated by Bowen et al. 

(1985) by testing 15 North American populations against various anion concentrations.  

All of the populations were shown to be A. franciscana via interpopulation matings 

resulting in fertile F1 and F2 progeny in all 15 populations when using suitable media.  

When anion (sulphate, carbonate or chloride) concentrations and ratios were 

manipulated, however, it was found that the media became selective for tolerant 

populations.  These differences in anion concentration tolerance in A. franciscana 

populations were attributed to assumed differences in genotypes resulting from 

ecological isolation.  In studies since, intraspecies variation has been demonstrated 

using electrophoretic and genetic techniques revealing heterogeneity between 

populations of A. franciscana   (Baxevanis et al. 2006; Gajardo et al. 1995; Hou et al. 

2006; Kappas et al. 2004) 
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3.8 Conclusion 

 

Artemia is comprised of several species which have varying levels of sensitivities to 

toxins and environmental tolerances.  Thus, great care should be taken in assigning 

correct species identification to Artemia being used as a test subject in toxicological 

experiments.  Furthermore, as there is also intraspecies variation (e.g. within A. 

franciscana) there should also be accurate reporting of the harvest site (i.e. geographic 

origin such as Great Salt Lake or San Francisco Bay).  We recommended the avoidance 

of using A. parthenogenetica as a test subject in screening and detection type bioassays, 

as this species designation does not fit well with the biological species concept 

(Abatzopoulos et al. 2002) due to the heterogeneous origins of this group (Baxevanis et 

al. 2006).  Due to commercial availability, and common reference to either Great Salt 

Lake or San Francisco Bay material used in the literature, it appears the A. franciscana 

is overwhelmingly the most common species of Artemia utilised in toxicological 

experiments. It is recommended that standardisation of Artemia bioassays be undertaken 

using A. franciscana under specified environmental conditions.  
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4 Use of the brine shrimp Artemia franciscana nauplii 

bioassay for the detection of cyanobacterial toxicity 

 

4.1 Abstract 

 

The Artemia nauplii bioassay is among one of the most widely used invertebrate 

bioassays for the detection of cyanobacterial toxicity.  Invariably, the cited test 

organism is Artemia salina.  Recent awareness regarding the correct taxonomic 

identification of Artemia species used for acute toxicity bioassays, however, points to 

the almost exclusive use of Artemia franciscana.  In this study, A. franciscana nauplii of 

age class A (instar I) were tested against a comprehensive panel of aqueous 

cyanobacterial extracts and cylindrospermopsin (CYN) and microcystin-LR (MC-LR).  

The nauplii were sensitive (24 h LC50 values of < 10 dw mg/mL) to toxin containing 

samples of Anabaena circinalis, Cylindrospermopsis raciborskii, Microcystis 

aeruginosa, Microcystis flos-aquae and Nodularia spumigena.  Also, three defined 

naupliar age classes were tested against CYN and MC-LR.  It was found that the 

sensitivity of the A. franciscana nauplii to these cyanotoxins was dependent, not only on 

the exposure period, but also the developmental stage of the test organism.  For both 

cyanotoxin treatments, comparison of 24 h LC50 values revealed that age class B (instar 

II-III) nauplii were 43% more sensitive than age class A.  For age class C (instar III-IV), 

nauplii sensitivity had increased by 71% for CYN and 80% for MC-LR.  Maximum 

sensitivity to CYN and MC-LR was for age class A nauplii at 72 h with LC50 values of 

0.58 and 2.0 µg/mL respectively.  The influence of varying light intensities during the 

exposure period to a reference toxin, potassium dichromate, was also investigated.  

Sensitivity to potassium dichromate was found to be light dependent; for instance at 48 

h there was a 90% increase in sensitivity at 20 000 Lux compared to the dark condition 

(0 Lux).  Thus, both the biotic and abiotic factors of naupliar age class and the light 

intensity during the exposure period are factors which influence sensitivity.  Overall, the 

findings of this study could be corroborated with results reported for Artemia salina.  It 

was found that the A. franciscana nauplii bioassay is a suitable tool for the detection of 

cyanobacterial toxicity in water quality monitoring programs.    
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4.2 Introduction 

 

Since its inception over 50 years ago (Michael et al. 1956), the Artemia nauplii bioassay 

has served as a valuable tool for the detection of toxicity in a number of fields.  For 

example it has been has been widely used in ecotoxicology  (Nunes et al. 2006) and in 

the screening of bioactive natural products from a variety of sources including marine 

macroalgae and invertebrates (Carballo et al. 2002), plants (Meyer et al. 1982), fungi 

(Favilla et al. 2006) and microalgae and cyanobacteria (Lincoln et al. 1996).  The 

popular acceptance of this bioassay in toxicology can be attributed to a number of 

factors including: the universal year-round availability of cysts (dormant embryos), the 

cysts can be stored for long periods of time (up to several years) without loss of 

viability, the cysts can be hatched within 24 h to produce free-swimming nauplii 

(larvae) (Figure 4), the continuous maintenance of a stock culture is not required, the 

low cost of biological material, intermediate sensitivity to toxins and its use as a 

reference organism for other test species (Persoone and Wells 1987; Van Steertegem 

and Persoone 1993).  Indeed, the Artemia nauplii bioassay has been shown to correlate 

well with the mouse bioassay for detecting toxicity in plant (Parra et al. 2001), 

cyanobacterial extracts (Vezie et al. 1996b) and microcystins (Vezie et al. 1996a).   

 

Figure 4.  Freshly hatched Artemia franciscana Kellogg nauplius (instar I). Darkfield 

illumination, magnification 100×.  Photomicrograph taken by author. 

100 µm 
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The practical advantages of Artemia, compared to vertebrate bioassays, include the use 

of smaller sample volumes, higher sample throughput and increased statistical 

robustness through the use of a greater number of test subjects and replicates.  From an 

animal ethics perspective, the use of an invertebrate bioassay using a microcrustacean is 

also advantageous over vertebrate bioassays as it complies with animal ethics 

guidelines.  For example the Australian Code of Practice for the Care and Use of 

Animals for Scientific Purposes (NHMRC 2004), aims to eliminate the use of 

vertebrates in applications such as toxicological studies and toxicity monitoring.     

The Artemia nauplii bioassay has been shown to be a valuable tool for assessing the risk 

of toxins produced by species responsible for harmful algae blooms (HABs).  For 

example, it can be used for the detection of toxicity produced by dinoflagellates 

(Medlyn 1980), diatoms (Caldwell et al. 2003) and cyanobacteria (Kiviranta et al. 

1991).  In regards to freshwater HABs, cyanobacteria pose the main risk to human 

health (Carmichael 2001).  Thus, this bioassay is a recommended method for the 

detection and monitoring of these toxins in drinking water supplies (Harada et al. 1999; 

Meriluoto et al. 2000).  The Artemia nauplii bioassay has also been instrumental in 

several “first reports” of cyanobacterial toxicity.  For example, it has been used for 

detecting toxicity in Aphanizomenon ovalisporum sampled from a Spanish recreational 

lake (Quesdada et al. 2006), Cylindrospermopsis raciborskii and Raphidiopsis 

mediterranea isolated from a multi-use lake in Egypt (Mohamed 2007), Anabaena 

lemmermannii dominated bloom samples from recreational lakes in Finland (Rapala et 

al. 2005) and in bloom material from a brackish Moroccan lake dominated Anabaena 

aphanizomenoides (Sabour et al. 2005).   

From the aspect of performance, both the anostracan crustaceans Artemia salina Leach 

1819 and Thamnocephalus platyurus Packard 1877 have been found to be more 

sensitive than bacteria, ciliate protozoans, nematodes and rotifers to aqueous extracts of 

Microcystis aeruginosa and isolated microcystins (Marsalek and Blaha 2000).  Of the 

aforementioned test species, these crustaceans also provided the highest discrimination 

power between non-toxic and toxic samples (Marsalek and Blaha 2000).  From an 

Australian perspective, the use of Artemia presents a more practical option than T. 

platyurus because its laboratory use is not constrained by compliance to the Quarantine 

Act 1908.  For instance, use of T. platyurus must comply with strict Australian 

Quarantine and Inspection Service (AQIS) conditions (e.g. certification of a Quarantine 
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Approved Premise and Physical Containment Level 2), while the use conditions for 

Artemia have been unregulated. 

The potential influence of salt toxicity in the Artemia nauplii bioassay is negated as this 

test organism (e.g. A. franciscana) is euryhaline with a survival rate of least 90% at 

salinities ranging 1.5-12 g/L over 9 days from larva to pre-adult (Vanhaecke et al. 

1984). This is an important physiological attribute because when testing aqueous 

cyanobacterial extracts, the conductivity of the sample increases in proportion to its 

concentration (Seifert 2007).  In contrast when using the mouse bioassay, the 

concentrating of freshwater cyanobacterial bloom material by 30 to 100 fold prior to 

administration may cause interference (e.g. false positives) in the test subject even if no 

cyanotoxin is present due to salt toxicity (Eaglesham et al. 1999).  Thus, in the 

purification of cyanotoxins for testing in the mouse bioassay it is important to desalt the 

extract (Krishnamurthy et al. 1986) to ensure that it is not a source of interference.   

As the Artemia nauplii bioassay is an in vitro test using a saline medium, there may be 

cause for concerns in testing of toxins, such as cyanotoxins, which normally occur in the 

freshwater due to differences in water chemistry.  For instance, the high ionic strength 

and buffering capacity of the saline medium may affect the partitioning of organic acids 

and ionization of functional chemical groups (Whale et al. 1993).  It appears, however, 

that no such effects have been reported for pure cyanotoxins tested in this bioassay.   

Several studies have determined the sensitivity of A. salina nauplii to a range of pure 

cyanotoxins with LC50 values shown in Table 5. 
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Table 5.  Sensitivity reported for Artemia nauplii to pure cyanotoxins (species cited in 

these studies was A. salina). 

 

Cyanotoxin LC50 value dw µg/mL at time (h) Citation 

24 48 72 

CYN 4.5  2.9  0.71  (Metcalf et al. 2002) 

 - - 2.3  (Lindsay et al. 2006) 

MC-LR 1.6  - - (Jann-Para et al. 2004) 

 - - 2.0  (Lindsay et al. 2006) 

 3.8  - - (Delaney and Wilkins 1995) 

 4.6  2.8  0.85  (Metcalf et al. 2002) 

 NR 5.0  - (Vezie et al. 1996a) 

 5.7  - - (Chen et al. 2006b) 

 6.8*  - - (Akin-Oriola and Lawton 2006) 

 22.3  - - (Lee et al. 1999) 

MC-RR 4.1  - - (Jann-Para et al. 2004) 

 16.2  - - (Lee et al. 1999) 

STX 9 pg/mL - - (Rapala et al. 2005). 

CYN = cylindrospermopsin, MC-LR = microcystin-LR, MC-RR = microcystin-RR, 

STX = saxitoxin.  *18 h exposure.   Dash (-) denotes not reported. 

In regard to the anatoxin-a, it has been reported that this cyanotoxin does not cause 

lethality to Artemia nauplii (Kiviranta et al. 1991), however, it has been observed that 

exposure causes atypical swimming movement from which EC50 values can be derived  

(Lahti et al. 1995; Rapala et al. 2005).  

In most of the literature dealing with brine shrimp for the detection of cyanobacterial 

toxins, the test species cited is A. salina (e.g. Akin-Oriola and Lawton 2006; Beattie et 

al. 2003; Chen et al. 2006b; Lindsay et al. 2006; Meriluoto et al. 2000; Metcalf et al. 

2002).  However, as discussed by Ruebhart et al. (2008a), there is confusion in the 

toxicology literature regarding the correct taxonomic citation of the Artemia species 

used.  While most studies cite the use of A. salina, it is most likely that they are actually 

reporting on A. franciscana.  This recognition of the correct taxonomic identification of 

Artemia has recently been demonstrated by the manufacturer of the commercialised 

Artemia bioassay ARTOXKIT M
TM 

(MicroBioTests Inc, Belgium, 
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http://www.microbiotests.be/) who list their test organism as “A. franciscana (formerly 

A. salina)”.  Aside from the work of Seifert (2007), there appears to be no other study 

reporting explicitly on the sensitivity of A. franciscana to cyanobacterial extracts or 

pure toxins.  This issue extends beyond taxonomy, as these two species have different 

environmental tolerances (Browne and Wanigasekera 2000; Vanhaecke et al. 1984) and 

sensitivities to toxins (Sarabia et al. 2002; Varo et al. 1998).  Accordingly, the correct 

reporting of the species identity in toxicological studies is an important parameter in 

assuring the validity of test results.   

 

It appears that in most studies using the Artemia nauplii bioassay (e.g. those listed in 

Tables 5 and 6), the above mentioned commercialised kit is not utilised; rather the 

researchers source their own materials and use “in-house” laboratory protocols.  This is 

not surprising, given the wide availability of the cysts and simplicity of the method.  

However, this means that there are variations in methodology across studies.  Thus, 

factors such as the naupliar age class tested and environmental factors, such as light 

intensity during the test period, are not always standardised across studies.  Selected 

variations in test conditions across studies are shown in Table 6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.microbiotests.be/


 40  

Table 6.  Examples of variations in test conditions for the Artemia nauplii bioassay used 

in cyanotoxin studies. 

  

Age of nauplii at start of 

test 

Temp. Medium Light  

 

Reference 

48 h post hydration  Room 

 temp. 

Artificial seawater* - (1) 

48 h post hydration 25°C ‘Brine shrimp medium’ 

(Harada et al. 1999)  

- (2) 

1 day old  30°C Sea salt  

(15 g /L) 

- (3) 

Hatching < 24 h & 

nauplii used < 24 h of 

hatching 

25°C Seawater 60 W  (4) 

Nauplii hatched 1 day 

before assay 

- Filtered seawater - (5) 

Nauplii used < 24 h of 

hatching 

25-30°C Artificial sea salt 

 (40 g/L) 

 60 W (6) 

Nauplii used < 1 day of 

hatching 

- Filtered seawater - (7) 

48 h post hydration  Room 

temp. 

Artificial seawater Low 

ambient 

light 

(8) 

Nauplii used 20-26 h 

after hatching 

20°C Artificial sea salt 

 (40 g/L) 

- (9) 

 

(1) (Lindsay et al. 2006), (2) (Akin-Oriola and Lawton 2006), (3) (Delaney and Wilkins 

1995), (4) (Vezie et al. 1996a), (5) (Chen et al. 2006b), (6) (Kiviranta et al. 1991), (7) 

(Lee et al. 1999), (8) (Metcalf et al. 2002), (9) (Lahti et al. 1995).  W = watt.  Dash (-) 

denotes not reported.  *Seawater normally has a salinity of 3.5% (Pinet 2003). 

 

Using A. franciscana as a test organism, this study is comprised of three aims: 1) to test 

a comprehensive panel of aqueous cyanobacterial extracts and the pure cyanotoxins 

cylindrospermopsin (CYN) and microcystin-LR (MC-LR); 2) to determine the influence 

of naupliar age class on sensitivity to pure cyanotoxins and reference toxins; and 3) as 
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this species is positively phototactic, to investigate its sensitivity to a reference toxin 

under a range of light intensities.  This will provide baseline data on A. franciscana 

sensitivity, allowing for comparison with previous studies that quote the use of A. salina 

and to determine the compatibility of these records. 

 

4.3 Materials and methods 

 

4.3.1 Cyanobacteria culture, environmental bloom material and 

preparation of aqueous extracts 

Cyanobacteria were obtained from a variety of sources (Table 7).  Cylindrospermopsis 

raciborskii (Woloszynska) Seenaya and Subba Raju (Strains AWT 205 and CYP014A) 

and Aphanizomenon ovalisporum Forti (Strain QHSS/NR/Ao/01) were each cultured in 

1 L of sterile Jaworski’s growth medium (Thompson et al. 1988) in 3 L Erlenmeyer 

flasks.  Culture vessels and air delivery components were sterilised prior to use with 

either autoclaving or sodium metabisulphite (for heat liable plastics).  The ambient 

temperature was maintained at 25 ± 2
o
C and illumination was 14:10 h light/dark cycle 

supplied by two 36 Watt cool-white fluorescent tubes.  Cultures were gently sparged 

(60-80 bubbles/min) with air delivered through 0.45 µm Millipore® filters.  

Cyanobacteria were harvested at the late exponential, or stationary, phase at cell 

densities greater than 10 
6 

cells/mL. 

 

An environmental bloom sample dominated by Microcystis aeruginosa (Kützing) 

Kützing (taxonomic authority as per Guiry and Guiry (2008) and identification as per 

Baker and Fabbro (1999)) was collected from Lake Samsonvale (North Pine Dam) 

(27°15'51.6888"S, 152°56'4.488"E) near McGavin View, southeast Queensland.  The 

cells were concentrated by allowing the sample to stand overnight, allowing the buoyant 

cells to accumulate at the top of the water column forming a dense scum, which was 

collected. 

 

This environmental bloom sample and the cultured samples were freeze-dried.  All 

other environmental bloom samples were received dry; either freeze-dried or air dried in 

a convection oven at 40 to 50°C (samples from The University of Adelaide).  All 

samples were stored at -20°C.   
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The Arthrospira platensis (Nordstedt) Gomont, grown large scale in outdoor ponds, was 

obtained commercially (Lifestream Bioactive Spirulina Powder (B 070137), Lifestream 

International Ltd, New Zealand).  It was tested by the supplier using the method of 

Lawrence et al. (2001) and found to be microcystin free (Helen Jones, Lifestream 

International Ltd, personal communication).  (Note: A. platensis is currently regarded as 

a synonym of Spirulina platensis (Nordstedt) Geitler (Guiry and Guiry 2008)). 

 

The dried cyanobacteria samples (except for A. platensis) were ground to a fine powder 

using a one minute treatment in a swing mill (TEMA Engineering Ltd, UK).  Aqueous 

cell-free cyanobacterial extract stocks were prepared by suspending 200 mg of dried 

material in 10 mL of synthetic seawater (SW) (Reef Salt, AZOO Co., USA; 34 g/L 

distilled water) to produce 0.20% w/v suspensions.  These were vortex mixed, freeze-

thawed (4 cycles), steeped overnight at 4°C, centrifuged (5 500 G, 15 min) and the 

supernatant syringe filtered (0.45 and 0.22 µm).  Freshly made aqueous cell-free 

cyanobacterial extracts (CE) were used the same day.  The same method was used to 

prepare samples (except for A. platensis) for quantitative High Performance Liquid 

Chromatography Tandem Mass Spectrometry (HPLC-MS/MS) analysis for cyanotoxins 

performed by Mr. Geoff Eaglesham, Queensland Health Scientific Services, Coopers 

Plains, Queensland.    

 

For all cyanobacteria samples, the aqueous cell-free extract stocks were used to make 

12-step 50% dilution series, using SW, with the starting concentration of 20 dw mg/mL.  

http://www.algaebase.org/search/species/detail/?species_id=51883
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 Table 7.  Cyanobacterial samples tested in the A. franciscana nauplii bioassay.   

 

Dominant species B/C Date Source Code 

CHROOCOCCALES     

M. aeruginosa B 03/08/2005 North Pine Reservoir, 

southeast Queensland 

NPD05 

M. aeruginosa B 12/01/2004 Bolivar Lagoon DAF Plant, 

South Australia.  AWQC* 

BLDO4 

M. aeruginosa B 22/11/2002 Bolivar Settlement Ponds, 

South Australia.  AWQC* 

BSP02 

M. aeruginosa B 31/01/1997 Mount Bold Reservoir, South 

Australia (sample #1).  

AWQC*   

MB197 

M. aeruginosa B 04/02/1997 Mount Bold Reservoir, South 

Australia (sample #2).  

AWQC*   

MB297 

Microcystis  

flos-aquae 

B 18/12/2002 Murray Bridge, South 

Australia.   AWQC*   

MUR02 

Microcystis sp. B 07/03/1991 Lake Mokoan, northern 

eastern Victoria.  UA   

MOK91 

Microcystis sp. B 01/06/1985 Laura Station, Bundarra, 

northern New South Wales   

UA 

LAU05 

Microcystis sp. B 08/03/1981 Malpas Dam, northern New 

South Wales. UA  

MAL81 

Microcystis sp. B 30/04/1980 Lyndhurst Station, northern 

New South Wales. UA 

LYN80 

NOSTOCALES     

Anabaena circinalis B March/April 

2005 

Lake Torrens, South Australia.  

AWQC* 

TOR05 

A.  ovalisporum 

QHSS/NR/Ao/01  

C 21/09/2005 North Pine Reservoir.  

QHSS/EnTox  

QHS05 

C. raciborskii  

AWT 205 

C 2007 

 

Isolated from an ornamental 

lake, Sydney (Hawkins et al. 

1997).  AWT 

AWT07 
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Table 7 continued 

Dominant species B/C Date Source Code 

C. raciborskii  

Strain CYP014A 

C June 2007 AWQC** (originally obtained 

from a dam near the Fitzroy 

River, Rockhampton, 

Queensland by Dr Larelle 

Fabbro, Central Queensland 

University, Rockhampton) 

AWQ07 

OSCILLATORIALES     

Nodularia spumigena B April 1996 Bairnsdale, East Gippsland, 

Victoria.  UA   

GIP96 

N. spumigena 

 

B 15/11/1990 Prawn farm, nearby Darwin, 

Northern Territory.   UA 

PRA90 

A. platensis NA 2007 Dietary supplement.  

Lifestream Bioactive Spirulina 

Powder.  Lifestream 

International Ltd. (Auckland, 

New Zealand) 

LSI07 

Lyngbya wollei B July 2005 Yabba Creek, southeast 

Queensland.  (Seifert et al. 

2007) EnTox/DNRW 

YAB05 

 

AWT = Australian Water Technologies Pty Ltd, Sydney, New South Wales; B = 

environmental bloom dominated by listed taxon; C = non-axenic laboratory culture; 

AWQC = Australian Water Quality Centre, Bolivar, South Australia (*Dr Andrew R. 

Humpage, **Dr Paul Rasmussen); DNRW = Department of Natural Resources and 

Water, Indooroopilly, Queensland; EnTox = National Research Centre for 

Environmental Toxicology (EnTox), Coopers Plains, NA = not applicable; Queensland; 

QHSS = Queensland Health Scientific Services, Coopers Plains, Queensland; UA = The 

University of Adelaide, South Australia (Em Prof Ian R. Falconer). 

 

4.3.2 Pure cyanotoxins 

Cylindrospermopsin (CYN) (purity > 98%), produced using the method described by 

Humpage et al. (2005), was kindly supplied by Dr Andrew R. Humpage, the Australian 

Water Quality Centre (AWQC), Bolivar, South Australia.   Microcystin-LR (MC-LR) 



 45  

(purity > 95%), produced using the general method described by Lawton et al. (1994), 

was kindly supplied by Dr Wasantha Wickramsinghe, National Research Centre for 

Environmental Toxicology, Coopers Plains, Queensland (EnTox).  The CYN stock was 

prepared at 1 000 µg of the toxin dissolved in 1 mL of Milli-Q
® 

water.  The MC-LR 500 

µg was first dissolved in 200 µL of methanol after which 800 µL Milli-Q
® 

was added, 

bringing the stock solution to 500 µg/mL in 80% aqueous methanol.  An eight-step 50% 

dilution series, using SW, with the maximum concentrations of 40µg/mL for CYN and 

MC-LR were prepared from these stocks. 

 

4.3.3 Reference toxins (positive controls) 

Potassium dichromate (K2Cr2O7, AR grade, Chem-Supply, Australia) was selected as it 

is commonly used as a reference toxin in acute aquatic toxicity tests (e.g. Centeno et al. 

1993; Davoren and Fogarty 2004; Jardim et al. 2008) and reliable LC50 values are 

available for the Artemia nauplii bioassay (Van Steertegem and Persoone 1993; 

Vanhaecke and Persoone 1981; Vanhaecke and Persoone 1984).  It was prepared as a 

200 µg/mL stock solution in SW. Copper (II) sulphate pentahydrate (CuSO4·5H2O, 

purity approximately 99%, Sigma-Aldrich
®
, Australia) was prepared as a 40 µg/mL 

stock solution in SW.  This reference toxin was selected on the basis of its reported use 

in an international calibration exercise for the Artemia nauplii bioassay (Van Steertegem 

and Persoone 1993).  Mevinphos (2-methoxycarbonyl-1-methylvinyl 

dimethylphosphate) was obtained from Sigma-Aldrich as a mixture of cis (76.6%) and 

trans (23.0%) isomers.  This organophosphorous insecticide was tested because 

sensitivity to this class of toxin has been reported to be age dependent (Barahona and 

Sanchez-Fortun 2007; Sanchez-Fortun et al. 1996).  A stock solution of 4 000 µg/mL 

was prepared using SW.  Each of the above stock solutions were used directly to make 

an eight-step 50% dilution series using SW. 

 

4.3.4 Artemia incubation, hatching and collection 

The commercially available brine shrimp cysts, North American Brine Shrimp (NABS), 

LLC, USA were purchased from an aquarium products store.  These cysts were 

harvested from Great Salt Lake, Utah, USA and the species identity was confirmed as 

A. franciscana (James Chesley, NABS LLC, personal communication).  This is 

consistent with Artemia zoogeography (Van Stappen 2002).  The cysts (0.5 g) were 

incubated for 24 h in clear cylindro-conical polyethylene terephthalate (PET) vessel 

containing 500 mL of the previously described SW, which was vigorously aerated via a 
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small tube extending to the bottom of the hatching vessel.  Incubation conditions were 

25
o
C ± 2

o
C, with continuous artificial light provided by a single 11 Watt compact 

reflector lamp at 2 000 Lux.  The initial pH was typically around 8.30, dropping to 

approximately 7.60 after 24 h of aeration.   

 

After 24 h of incubation, the newly hatched free-swimming nauplii were transferred to a 

holding container.  The nauplii were then held for a time period according to age class 

tested in the bioassay as defined in Table 8 below.  During this period, temperature was 

maintained at 25
o
C ± 2

o
C with continuous artificial light (2 × 36 Watt cool white 

fluorescent tubes) at 500 Lux.   

 

Table 8.  Three age classes of A. franciscana nauplii submitted to bioassay. 

 

0Incubation  

(h) 

Holding time 

post hatching 

(h) 

Developmental 

stage  

(instar*) 

Age  

class 

24 0 I A 

24 24 II-III B 

24 48 III-IV C 

 

*There are differences between authors regarding the numbering of moults and the 

naming of various instar stages (Drewes 2005); the instar stages provided here are in 

general agreement with Anderson (1967).   

 

Prior to collection for use in the bioassay, a sub-sample of the nauplii was taken of each 

age class and fixed with acidified Lugol’s solution.  This was submitted to microscopic 

analysis to check the developmental homogeneity of each population.   

Photomicrographs taken with an Olympus CX40 microscope fitted with an Olympus 

DP10 digital camera (Olympus Co. Ltd., Japan) to show examples of nauplii 

representative of the three age classes tested (Figures 5 to 7). 

 

For use in the bioassay, the phototactic nauplii were concentrated to a suitable density, 

by using a point light source, and 400 µL of SW containing approximately 40 (mean 

42.6, n = 2 055, SD 13.3) nauplii were transferred by pipette to the each well of the 
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sterile 48-well sterile tissue culture plates.   All nauplii were collected and submitted to 

testing within 4 h of defined holding times.   

 

 

 

Figure 5.  A. franciscana nauplius instar I (age class A).  Darkfield illumination, 

magnification 100×.  Photomicrograph taken by author. 

 

 

 

Figure 6.  A. franciscana nauplius instar II (age class B). Darkfield illumination, 

magnification 100×.  Photomicrograph taken by author. 

 

100 µm 

100 µm 
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Figure 7.  A. franciscana nauplius instar IV (age class C). Darkfield illumination, 

magnification 40×.  Photomicrograph taken by author. 

 

4.3.5 A. franciscana nauplii bioassay 

For each test solution, a volume of 400 µL was transferred to the wells bringing the total 

volume per well to 800 µL.  In the assessment of toxicity for the 18 cyanobacterial 

aqueous extracts, the concentration range tested was 0.01-10 dw mg/mL with the nauplii 

submitted to bioassay within one day after hatching (age class A) as per Meriluoto et al. 

(2000).  The concentration range of the reference toxins tested was copper sulphate 

0.16-20 µg/mL, potassium dichromate 0.78-100 µg/mL and mevinphos 15.6-2 000 

µg/mL.  For both CYN and MC-LR, the concentration range tested was 0.16-20 µg/mL.  

To assess the comparative sensitivity of the three naupliar age classes they were tested 

against CYN, MC-LR, potassium dichromate and mevinphos.  In the assessment of 

sensitivity to potassium dichromate under varying light intensities, nauplii of age class 

A were used.  Experiments were conducted using five replicates for all treatments and 

negative SW controls were run on each multi-well plate.  During the exposure period, 

environmental conditions were 25 ± 2
o
C, with continuous ambient light (500 Lux) 

provided by 2 × 36 Watt cool white fluorescent tubes unless otherwise stated (see 

Manipulation of light intensity during exposure period).   

 

Depending on exposure period, the wells were examined at 24, 48 and 72 h post 

treatment and the number of dead and moribund (no movement detected over 10 second 

period) nauplii were counted using an Olympus SZ40 stereo zoom microscope.  At the 

200 µm 
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end of the exposure period, all nauplii were sacrificed using 100 µL of 10% glacial 

acetic acid solution (v/v in distilled water) and counted to determine the total number 

per well.  The LC50 with 95% confidence limits for each treatment was calculated by 

Probit analysis (Finney 1971) using the software package XLSTAT Version 7.5.2 

(Addinsoft, USA). 

 

4.3.6 Manipulation of light intensity during exposure period 

A single high pressure sodium lamp (Horticultural Lamp SON-T 400 Watt AGRO, 

Philips, Belgium) was used to produce 20 000 Lux.  The 2 000 Lux treatment was 

achieved through use of a single 11 Watt compact reflector lamp.  The light intensity of 

500 Lux was as per the standard exposure conditions previously described.  Dark 

condition, 0 Lux, was maintained by placing the multi-well plate in a drawer.  Light 

output was measured using a light meter (technical standard of IEC 651 Type II).  

Temperature was maintained at 25
o
C ± 2

o
C throughout the treatment period and light 

treatments were continuous.  No ultraviolet radiation was emitted by the light sources. 

 

4.4 Results and discussion 

 

4.4.1 Sensitivity to cyanobacterial aqueous extracts  

Of the 18 cyanobacterial aqueous extracts tested, 13 samples were found to elicit a toxic 

response the Artemia nauplii as defined by 24 h LC50 values of < 10 dw mg/mL (Table 

9).  These treatments resulted in sigmoidal dose-response curves with decreasing LC50 

values across the exposure period from 24 to 72 h.   

 

Results of the HPLC-MS/MS analyses revealed that all of these samples, except M. flos-

aquae (sample code MUR02), contained cyanotoxins.  Sensitivity to the M. flos-aquae 

sample, however, did not necessarily constitute a false positive as this sample was only 

analysed for MCs (limit of recognition 0.2 mg/L).  Thus, this result did not preclude the 

possibility for other toxic compounds to be present in this sample.  For example, the 

non-microcystin metabolites Daphnia-toxic compound (DTC) and microviridin J, 

isolated and characterised from M. flos-aquae and M. aeruginosa respectively, have 

been shown to be toxic to Daphnia spp. (Jungmann 1995; Rohrlack et al. 2003).  While 

it appears that these compounds have not been tested in the Artemia nauplii bioassay, it 

is possible that they may be active against this test organism since both Daphnia and 

Artemia share sensitivity to CYN producing C. raciborskii (Metcalf et al. 2002; 
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Nogueira et al. 2004b), MC-LR producing M. aeruginosa (Marsalek and Blaha 2004) 

and pure MC-LR (Lindsay et al. 2006).  

 

The two samples which contained high levels of CYN > 20 dw mg/L, C. raciborskii 

(AWT/205) and A. ovalisporum, also contained deoxy-CYN > 2 mg/L.  These samples 

were amongst the most toxic samples tested with 72 h LC50 values of < 0.4 dw mg/L.  

In contrast, the non toxin (CYN/deoxy-CYN) producing strain of C. raciborskii 

(CYP014A) had a 72 h LC50 value of > 10 dw mg/mL.  Thus, in the Artemia nauplii 

bioassay, testing of both the toxic and non-toxic strains of C. raciborskii revealed that 

the primary source of toxicity was due to CYN analogue/s.  These CYN analogues were 

also present in the aqueous extract of L. wollei with the concentration of deoxy-CYN 

1.7 mg/L and CYN 61 µg/L.  Unlike many other CYN producing cyanobacteria, the 

primary compound produced by L. wollei is deoxy-CYN with its concentration 

generally one to two orders of magnitude higher than CYN (Seifert et al. 2007).  

Lethality of the L. wollei sample was relatively low with both 24 and 48 h LC50 values 

of > 10 dw mg/L and a 72 h LC50 of 9.6 dw mg/L.  This result suggested that the 

primary toxin, deoxy-CYN, did not exert a strong effect and/or its concentration was 

insufficient to do so.    

 

A study by Seifert (2007), reporting on the comparative toxicity of CYN analogues has 

found that deoxy-CYN is much less than that observed for CYN in Artemia nauplii.  

This is in agreement with in vivo work done with mice which also suggested that deoxy-

CYN was considerably less toxic than CYN (Norris et al. 1999).  However, as CYN 

toxicology has been hampered by the lack of pure toxins (Norris et al. 2001) this in vivo 

work was conducted using only 3 mice (Norris et al. 1999).   An in vitro study 

conducted with a variety of cell lines investigating the comparative toxicology of these 

two analogues has found a contrasting result with both deoxy-CYN and CYN being of 

similar potency (Neumann et al. 2007).  Thus, to better understand the toxicity of 

deoxy-CYN in vivo, further toxicological research is in progress using the mouse model 

(Shaw and Lam 2007).    

 

For all of the Microcystis sp. samples containing MCs, and the one N. spumigena 

(PRA90) sample containing NOD, toxicity was medium to high as defined by the 

guidelines for the interpretation of sample toxicity by Meriluoto et al. (2000).  Under 

this scheme, 24 h LC50 values dw mg/mL are defined as follows: > 10 low to non-toxic, 
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2-10 medium toxicity and < 2 high toxicity (Meriluoto et al. 2000).  Although these 

guidelines are intended for the interpretation of toxicity due to the closely related 

peptide hepatotoxins (hepatotoxic in mammals), MCs and NOD (Meriluoto et al. 2000), 

they could be applied to samples containing CYN, which is also known to be 

hepatotoxic (Shaw et al. 2000).  For instance, the toxicity of two the primary CYN 

producers, C. raciborskii and A. ovalisporum, was of a similar magnitude to several of 

the samples containing MCs in this study.  Cyanobacterial samples containing STX, 

however, are not suited to these guidelines due to its potency being much higher to 

Artemia nauplii than MC-LR or CYN (Table 5).  This was also reflected by the 

maximum concentration of STX in the A. circinalis sample of only 383.5 µg/L, yet a 

dose-response yielded of increasing toxicity over time with 24-72 h LC50 values of 9.2-

3.5 dw mg/L.  In comparison, the N. spumigena sample (GIP96) had a concentration of 

NOD (3.5 mg/L) almost 10 fold higher than that of STX in the A. circinalis sample, 

however, the LC50 value at 72 h was considerably greater at 9.2 dw mg/L.   

 

The absence of a dose-response to the A. platensis sample indicated the nauplii were not 

sensitive to the constituents present in the aqueous extract, which included proteins, 

lipids, carbohydrates and lipopolysaccharides (LPS) (Tornabene et al. 1985).  Thus, it 

can be assumed that these cyanobacterial constituents are not toxic to Artemia nauplii at 

the concentrations tested.  Of these components, only LPS is recognised as contributing 

to cyanobacterial toxicity (Wiegand and Pflugmacher 2005), however, its toxicity in 

mice is in the order of 10% of the LPS fraction from bacteria (Tornabene et al. 1985).  

This relatively low toxicity of cyanobacterial LPS has also been demonstrated in 

Artemia nauplii where its 72 h LC50 is > 1000 µg/mL (Lindsay et al. 2006).   

 

These results indicated that there was a general agreement between the determination of 

sample toxicity for both HPLC-MS/MS toxin analysis and the Artemia nauplii bioassay.  

Where there was a discrepancy, as in the case of the M. flos-aquae sample discussed 

above, the positive result in the bioassay may have been due to the presence of toxic 

compounds not tested for in the instrumental method.  This highlights the advantage of 

using a biological method in the screening of a natural product potentially containing a 

wide array of bioactive metabolites. The sensitivity of the A. franciscana nauplii to the 

cyanobacterial extracts concurred with previous reports citing the use of A. salina in the 

detection of toxicity in samples containing CYN, MCs, NOD and STX (Lahti et al. 

1995; Marsalek and Blaha 2004; Metcalf et al. 2002; 2005).  
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Table 9.  HPLC-MS/MS toxin analyses and A. franciscana nauplii bioassay LC50 

values for 18 cyanobacteria samples. List in order of descending toxicity to A. 

franciscana nauplii.  (A. franciscana nauplii age class A submitted to bioassay.  

Reference toxins: copper sulphate (CuSO4), potassium dichromate (K2Cr2O7) and 

mevinphos). 

 

Dominant 

species 

(Sample code) 

Toxin concentration 

dw 10 mg/mL 

aqueous extract 

LC50 value dw mg/mL
                                                

(95% confidence interval) at time (h)
 

24 48 72 

M. aeruginosa 

(MB297) 

Total MCs 62 mg/L 1.2  

(1.1-1.3) 

0.83 

 (0.79-0.88) 

0.46  

(0.42-0.50) 

C. raciborskii  

(AWT07) 

 

CYN  22.9 mg/L,  

deoxy-CYN 6.1 mg/L, 

ANTX-a ND 

1.6  

(1.6-1.7) 

0.53 

 (0.50-0.55) 

0.33 

 (0.31-0.35) 

M. aeruginosa 

(NPD05) 

Total MCs 30.67 

mg/L: MC-LR 20 

mg/L, MC-LA 8.4 

mg/L, other minor 

MCs 2.27 mg/L 

1.9  

(1.8-2.0) 

1.4 

 (1.4-1.5) 

0.67  

(0.62-0.73) 

M. aeruginosa 

(MB197) 

Total MCs 26 mg/L 2.9 

 (2.7-3.0) 

1.6 

 (1.5-1.7) 

0.47 

 (0.45-0.50) 

A. ovalisporum 

(QHS05) 

CYN 23.5 mg/L,  

deoxy-CYN 2.9 mg/L, 

ANTX-a ND 

3.5 

 (3.3-3.7) 

0.47 

 (0.45-0.50) 

0.34 

 (0.32-0.36) 

M. aeruginosa 

(BSP02) 

Total MCs 37 mg/L:  

MC-RR approx 35 

mg/L, other minor 

MCs 2 mg/L 

4.6  

(4.4-4.8) 

3.5 

 (3.4-3.6) 

2.2 

 (2.1-2.3) 

Microcystis sp. 

(MAL81) 

Total MCs 20 mg/L 4.6  

(4.4-4.8) 

3.6 

 (3.5-3.8) 

1.3 

 (1.2-1.4) 

Microcystis sp. 

(MOK91) 

Total MCs 15 mg/L 4.9 

 (4.7-5.2) 

3.6 

 (3.4-3.8) 

2.3 

 (2.2-2.4) 

Microcystis sp. 

(LYN80) 

Total MCs 11.5 mg/L.  

 

5.2 

 (4.9-5.5) 

3.1  

(3.0-3.3) 

2.0  

(1.9-2.1) 
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Table 9 continued 

Dominant 

species 

(Sample code) 

Toxin concentration 

dw 10 mg/mL 

aqueous extract 

LC50 value dw mg/mL
                                                

(95% confidence interval) at time (h)
 

24 48 72 

N. spumigena 

(PRA90) 

NOD 19.5 mg/L 5.8 

(5.3-6.2) 

3.4 

(3.2-3.6) 

2.4 

(2.3-2.6) 

M. flos-aquae 

(MUR02) 

MCs ND 7.2  

(6.7-7.7) 

4.8 

(4.5-5.1) 

3.3  

(3.0-3.5) 

A. circinalis 

(TOR05) 

STX-eq 383.5 µg/L:  

STX 136 µg/L, 

dcSTX 455 µ/L, C1 

136 µg/L, C2 136 

µg/mL.  ANTX-a ND, 

CYN ND, deoxy-

CYN ND, MCs ND 

9.2  

(8.6-9.8) 

5.4 

 (5.1-5.7) 

3.5  

(3.2-3.7) 

M. aeruginosa 

(BLD04) 

MCs ND >10 >10 8.2  

(7.7-8.7) 

N. spumigena 

(GIP96) 

NOD 3.5 mg/L >10 >10 9.2 

 (8.4-10.2*) 

L. wollei 

(YAB05) 

deoxy-CYN 1.7 mg/L 

CYN 61 µg/L 

ANTX-a ND 

>10 >10 9.6 

 (9.0-10.3*) 

A. platensis 

(LSI07) 

MCs ND >10 >10 >10 

C. raciborskii   

(AWQ07) 

CYN ND 

deoxy-CYN ND 

>10 >10 >10 

Reference toxins     

CuSO4 NA 16.4  

(15.2-17.8) 

12.5 

 (11.7-13.4) 

9.7 

(9.0-10.5) 

K2Cr2O7 NA 73.3 

 (69.2-77.8) 

12.2  

(11.4-13.1) 

3.7 

 (3.5-4.0) 

Mevinphos NA 1336 

(1266-1414) 

501 

(468-537) 

109 

(97-122) 
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ANTX-a = anatoxin-a, C1 = C toxin 1, C2 = C toxin 2, CYN = cylindrospermopsin, 

dcSTX = decarbamoyl saxitoxin, deoxy-CYN = deoxy-cylindrospermopsin, MC-LA = 

microcystin-LA, MC-LR = microcystin-LR, MC-RR = microcystin-RR, MCs = 

microcystins, NA = Not applicable, ND = not detected, NOD = nodularin, STX = 

saxitoxin, STX eq. = saxitoxin equivalents calculated from relative toxicities as per 

Oshima (1995). 

*Note: maximum concentration tested was dw 10 mg/mL; LC50 values above this 

concentration are based on the Probit model versus data. 

Mean (n= 21) mortality in negative controls (SW) at exposure intervals: 24 h 0.4% (SD 

0.6), 48 h 0.8% (SD 0.8) and 72 h 4.1% (SD 3.5). 

 

4.4.2 Sensitivity to reference toxins   

The use of the reference toxins, in particular potassium dichromate, served as a quality 

control procedure to ensure the correct execution of the bioassay.  The result in this 

present study of a 24 h LC50 of 43 (40.9-45.6) µg/mL for this toxin, for nauplii in age 

class B (Table 10),  compared favourably with the mean result of an intercalibration 

exercise with 66 participating laboratories of 40.6 (n = 167, SD 10.5) µg/mL 

(Vanhaecke and Persoone 1984).  Thus, the methodology employed for the A. 

franciscana nauplii bioassay in this study was reproducible and fitted within the limits 

of the above intercalibration report. 

 

In contrast, the value reported by Kiviranta et al. (1991) for potassium dichromate to 

cause mortality in 50% of similarly aged nauplii at 24 h is an order of magnitude lower 

at 4 µg/mL.  It appears that this concentration was subsequently reported by Meriluoto 

et al. (2000) as a quality control guideline to validate proper adherence to the test 

protocol.  It is suggested that the potassium dichromate positive control value of 4 

µg/mL for the 24 h LC50, originally reported by Kiviranta et al. (1991), should be treated 

with caution because of: 1) the disparity of this result compared with those cited above; 

and 2) the temperature and salinity combination of  25-30°C/40 g/L was higher than 

most other studies which typically use a combination closer to optimal hatching 

conditions of 25°C/35 g/L (Sorgeloos 1980; Vanhaecke et al. 1980).  An LC50 value of 

around 4 µg/mL was attainable in this study, however, this required a much longer 

exposure time of 72 h using nauplii in age class A (Table 10).   
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Intercalibration exercises using copper sulphate in the Artemia nauplii bioassay have 

produced variable results in part due to problems with instability of this chemical in 

saline medium (Van Steertegem and Persoone 1993).  Nevertheless, a single age class 

of nauplii (instar I) was tested against copper sulphate with LC50 values of 24 h 16.4 

(15.2-17.8), 48 h 12.5 (11.7-13.4) and 72 h 9.7 (9.0-10.5) µg/mL.  These values were 

higher than reported by Van Steertegem and Persoone (1993) for instar II-III nauplii 

with a 24 h LC50 of around 3.5 µg/mL based on over 100 tests. 

 

4.4.3 Sensitivity of nauplii age classes  

The toxicity of CYN, MC-LR, potassium dichromate and mevinphos was influenced by 

the age of the nauplii.  The 24 h LC50 values clearly demonstrated that the sensitivity of 

the three age classes to all of the tested toxins was in the order of oldest to youngest (i.e. 

C > age class B > age class A) (Table 10).  This observation of age dependent 

sensitivity is likely to be due to developmental changes in the nauplii.  The early 

nauplius (instar I, age class A) derives its energy from a stored a yolk; thus it does not 

have a complete digestive tract or feed immediately after emergence (Anderson 1967; 

Drewes 2005).  As development reaches instar III (age class B-C), the yolk is rapidly 

exhausted, the digestive system matures and the nauplius begins to filter feed (Anderson 

1967; Drewes 2005).  Thus, the epithelium of the digestive system and the external test 

medium do not come into contact until the nauplius reaches this later stage of 

development (Vanhaecke et al. 1980). 
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Table 10.  A. franciscana nauplii bioassay LC50 values for CYN, MC-LR, potassium 

dichromate (K2Cr2O7) and mevinphos.   

 

Toxin Nauplii 

Class 

LC50 value µg/mL
 
 (95% confidence interval) at time (h) 

24 48 72 

CYN A 14.0 (13.2-14.9) 2.8 (2.4-3.1) 0.58 (0.54-0.63) 

 B 8.0 (7.4-8.6) 1.4 (1.3-1.5) * 

 C 3.9 (3.7-4.2) * * 

MC-LR A 17.9 (17.0-18.9) 5.5 (5.2-5.9) 2.0 (1.8-2.2) 

 B 10.2 (9.6-10.9) 3.4 (3.2-3.6) * 

 C 3.6 (3.4-3.8) * * 

K2Cr2O7 A 79.2 (74.9-84.0) 14.5 (13.7-15.4) 4.2 (3.9-4.4) 

 B 43.1 (40.9-45.6) 10.1 (9.4-10.8) * 

 C 28.5 (26.8-30.3) * * 

Mevinphos A 1283 (1223-1348) 572 (537-612) 209 (194-226) 

 B 1011 (950-1081) 240 (220-262) * 

 C 493 (460-529) * * 

 

Mean (n = 4) spontaneous mortality in negative controls (SW) by naupliar age class at 

exposure time: age class A  24 h 0.4% (SD 0.6), 48 h 1.3% (SD 0.9) and 72 h 2.0% (SD 

1.5); age class B  24 h 0.6% (SD 0.7), 48 h 2.0% (SD 1.3) and 72 h 28.8% (SD 31.7); 

and age class C  24 h 1.3% (SD 0.9), 48 h 7.7% (SD 2.5) and 72 h 71.1% (SD 13.8). 

*LC50 value not reported as mean spontaneous mortality in negative controls > 5%. 

 

For both cyanotoxin treatments, comparison of 24 h LC50 values revealed that age class 

B nauplii were 43% more sensitive than age class A.  For age class C, nauplii sensitivity 

had increased by 71% for CYN and 80% for MC-LR.  Marked increases in age 

dependent sensitivity were also noted for both reference toxins, with sensitivity in 

nauplii cohort C being > 60% than that of cohort A.  While 24 h LC50 values were 

lowest for age class C, spontaneous mortality in the SW negative controls was still low 

at 1.3% (Table 10).  The observation of Artemia nauplii being most sensitive to 

mevinphos in age group A (72 h exposure) is in agreement with several other studies 

testing organophosphate insecticides (Barahona and Sanchez-Fortun 2007; Sanchez-

Fortun et al. 1996) and chlorinated solvents (Sanchez-Fortun et al. 1997).   

 



 57  

While it has been noted by Meriluoto et al. (2000) that older nauplii are more sensitive 

to toxins than newly hatch nauplii larvae, it appears that the current study is the first to 

report on age dependent sensitivity to cyanotoxins.  A comparison of two separate 

studies, both using the same batch of Artemia cysts, by Lee et al. (1999) and Chen et al. 

(2006b) may be a case that highlights the importance of testing clearly defined naupliar 

aged classes for reliable and valid results.  In the first of these studies, the reported 24 h 

LC50 for MC-LR was 22.3 µg/mL with the age class of the tested nauplii described as  

“…used within 1 day of hatching” (Lee et al. 1999).  In the more recent study, the 

reported sensitivity for the same toxin was 24 h LC50 5.7 µg/mL with the cysts hatched 

“…1 day before assay”(Chen et al. 2006b).  This variation in results was attributed by 

Chen et al. (2006b) to the storage time of the cysts.  A report of naupliar sensitivity 

from cysts stored for a period of one year, however, shows that LC50 values were almost 

identical at 6 months of storage with a slight decrease in sensitivity at 1 year 

(Vanhaecke et al. 1980).   

 

An alternative explanation to the influence of storage time may simply be that two 

different age classes of nauplii were tested.  For comparison, MC-LR 24 h LC50 values 

in the current study markedly declined across increasing age classes, with age class A 

17.9 (17.0-19.9) µg/mL, age class B 10.2 (9.6-10.9) µg/mL and age class C 3.6 (3.4-3.8) 

µg/mL.  These LC50 values come close to spanning the results reported by Lee et al. 

(1999) and Chen et al. (2006b).  In any case, it would have been prudent for the above 

mentioned researchers to perform regular testing with a reference chemical for quality 

control of the test procedure with regard to both abiotic and biotic variability (Van 

Steertegem and Persoone 1993).  If storage time of the cysts was indeed a source of the 

intra-laboratory variation, then perhaps this would have been evident from these quality 

control records. 

 

Of the LC50 values reported in Table 5, the results reported by Metcalf et al.  (2002) 

were clearly for nauplii submitted to bioassay 48 post hydration (age class B).  In 

contrast, the age class of the test organism was difficult to discern in some other studies 

(e.g. Chen et al. 2006b; Lee et al. 1999).  Thus, it was most appropriate to compare the 

results for CYN and MC-LR sensitivity of the current study to that of Metcalf et al.  

(2002).  While 24 h LC50 values reported here were approximately two fold higher than 

that of Metcalf et al.  (2002), the discrepancy between the 48 h values was considerably 
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less CYN 2.8 (2.4-3.1) µg/mL vs. 2.9 µg/mL and MC-LR 5.5 (4.2-5.9) µg/mL vs. 2.8 

µg/mL). 

 

The manipulation of exposure time, temperature and the addition of dimethyl 

sulphoxide (DMSO) were investigated by Drobniewska et al. (2004) for increasing the 

sensitivity of Artemia nauplii to semi-purified cyanobacterial extracts containing a 

mixture of MCs.  Of these treatments, the condition that increased sensitivity by the 

greatest margin (about 50%) was simply extending the exposure time from 24 to 48 h 

(Drobniewska et al. 2004).  While Drobniewska et al. (2004) claimed that this was the 

first report of naupliar sensitivity to MCs being dependent on exposure time, Metcalf et 

al. (2002) had previously found that LC50 values for both MC-LR and CYN increased 

by  > 50% from 24 to 72 h and > 80% from 24 to 48 h (values shown in Table 5). 

Comparably marked decreases in LC50 values from 24 to 48 h (> 50%) and 24 to 72 h (> 

80%) exposures were also observed in the current study for both these cyanotoxins, 

although using nauplii in age class A (Table 10).  Hence, while nauplii in age class C 

were more sensitive to cyanotoxins than the younger age classes at the 24 h exposure 

period, the most sensitive combination of age class and exposure period was cohort A at 

72 h. 

 

A point of note was that the study by Metcalf et al. (2002) did not report on the use of 

negative controls or negative control mortalities.  This is an important aspect relating to 

the validity of the bioassay result.  Spontaneous mortality in the negative control at 72 h 

for nauplii submitted to bioassay 48 h post hydration is reported at 36% (Vanhaecke et 

al. 1980).  Similarly in the current study, a mortality of about 29% was observed (Table 

10).  According to Vanhaecke and Persoone (1984), the mortality in the negative control 

must not exceed 10% for the Artemia nauplii bioassay result to be valid.  In the current 

study, the more conservative limit of 5% was applied; where negative control 

mortalities exceeded this percentage, LC50 values were not reported. 

 

Different statistical methods used to calculate LC50 values may be considered a source 

of variation across studies.  However, there is evidence that these differences may be 

negligible.  For example, Togulga (1998) compared the Litchfield & Wilcoxon and 

Bliss statistical methods in analysing the results of Artemia nauplii tested against two 

toxins and found that the values calculated with the different methods were very close.  

Both Probit and Logit models are also known to produce similar predictions in 
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invertebrates tested against pesticides (Horowitz and Savin 2001).  The differences in 

toxicity observed between the various studies for cyanotoxins may be the result of 

variations in experimental design and/or variability in intra-species variation of the test 

organism, which is likely to be the single species A. franciscana (Ruebhart et al. 2008a).  

Of note was that the results presented in the current study for cyanotoxins were 

calibrated against the use of the reference toxin potassium dichromate for which the 

result was reproducible, as discussed in section Sensitivity to Reference Toxins, with a 

good level of and repeatability (i.e. relatively low intra-laboratory variability) (Tables 8, 

9 and 10).   

 

4.4.4 Sensitivity of nauplii under varying light intensities 

Potassium dichromate LC50 values for age class A nauplii at light intensities ranging 

from 0-2 000 Lux did not show a strong variation at 24 h (Table 11).  There was, 

however, an increase in sensitivity of approximately 55% to the reference toxin at 20 

000 Lux compared to the dark condition (0 Lux) at this exposure time.  The LC50 value 

for the standard condition of 500 Lux with 55.7 (51.8-60.3) µg/mL showed some 

variation from the previous results obtained of 73.3 (69.2-77.8) and (Table 9) 79.2 

(74.9-84.0) µg/mL (Table 10) for this age class of nauplii tested.  In the Artemia nauplii 

bioassay, variability of 24 h LC50 values is known to be highest on instar I (age class A) 

nauplii (Vanhaecke et al. 1980).  This is because the nauplii moult into the more 

sensitive instar II stage during the exposure period; a factor adding variation to the 

results (Vanhaecke et al. 1980).   

 

Repeatability in sensitivity to potassium dichromate was higher at 48 h exposure with 

15.1 (14.2-15.9) µg/mL compared to the previously attained 14.5 (13.7-15.4) µg/mL 

(Table 10).  This was consistent with the reported lower variation in results for older 

nauplii (Vanhaecke et al. 1980).  Light dependent increases in sensitivity to potassium 

dichromate were also much more profound at 48 h.  Most notable was the 90% increase 

in sensitivity at 20 000 Lux compared to the dark condition (0 Lux), with a SW negative 

control spontaneous mortality of < 2%.  Even the relatively moderate treatment of 2 000 

Lux produced an almost 50% increase in sensitivity above the dark condition.  At 72 h 

the LC50 values for 0-2 000 Lux were similar with SW negative control spontaneous 

mortalities of < 4%.  The negative control mortality, however, for the 20 000 Lux 

treatment was around 19%, suggesting that this light intensity was contributing to 
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mortality.  It would be interesting to determine if this light dependent increase of 

sensitivity also occurs in nauplii treated with cyanotoxins. 

 

The effect of varying light intensities has been investigated in Artemia cyst hatching 

rates (Vanhaecke et al. 1981).  However, it appears that the effect of this variable on 

Artemia nauplii sensitivity to a toxin has not been previously studied.  The relationship 

between phototactic response and light intensity was not investigated in the current 

study; however, it is clear the manipulation of this abiotic factor produced a very strong 

influence on sensitivity of nauplii to the reference toxin.  The bright light intensity of 20 

000 Lux may have accelerated time to death at 72 h by starvation due to the increased 

energy cost of  phototactic response (vigorous swimming).  This is based on the 

presumption that phototactic response is proportional to light intensity.  Evidence in 

support of this is that concentrated light, as opposed to diffused light, is required to 

concentrate Artemia nauplii (Gulbrandsen 1996). 

 

Table 11.  A. franciscana nauplii (age class A) bioassay LC50 values for potassium 

dichromate (K2Cr2O7) under varying light intensities. 

 

 

24 h spontaneous mortality in negative controls (SW): O Lux 0%, 500 Lux 0.5%, 2 000 

Lux 1.0% and 20 000 Lux   1.0%; 48 h spontaneous mortality in negative controls 

(SW): O Lux 1.6%, 500 Lux 1.5%, 2 000 Lux 1.5% and 20 000 Lux 1.9%; and 72 h 

spontaneous mortality in negative controls (SW): O Lux 3.7%, 500 Lux 3.9%, 2 000 

Lux and 20 000 Lux 18.8%. 

*LC50 value not reported as mean spontaneous mortality in negative control > 5%. 

 

Protocols for the Artemia nauplii bioassay report different lighting conditions during the 

exposure period, for example illumination under a 60 W lamp (Meriluoto et al. 2000) 

and darkness (Vanhaecke and Persoone 1984).  There appears to be no biological reason 

Light intensity 

(Lux) 

LC50 value µg/mL (95% confidence interval) at time (h) 

24 h 48 h 72 h 

0 78.0 (68.8-91.6) 22.2 (20.8-23.7) 3.4 (3.2-3.6) 

500 55.7 (51.8-60.3) 15.1 (14.2-15.9) 2.6 (2.4-2.7) 

2 000 71.7 (64.5-81.4) 11.6 (10.9-12.3) 1.9 (1.8-2.0) 

20 000 38.4 (35.8-41.5) 2.2 (2.1-2.4) * 
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for choosing either of these conditions.  Defining the light condition, by citing the lamp 

W, is also erroneous as this unit is for measuring electrical power and does not relate 

directly to light output level.  In contrast, Lux is a measure of light intensity.  Thus, all 

of the reported light conditions reported in Table 5 are unquantifiable.  This abiotic 

factor is important because varying light conditions is known to modify phototactic 

behaviour in Artemia nauplii (Gulbrandsen 1996).   

 

The treatment of 20 000 Lux (in combination with a light dark cycle) is also relevant to 

the application of this bioassay in ecotoxicological investigations as it corresponds to 

the light intensity found at around noon on a clear day.  Thus, in the environment 

zooplankton could be exposed a light intensity of this magnitude when feeding on 

phytoplankton near the water’s surface.  The use of UV supplemented light should also 

be considered as the toxicity of some compounds may be photo induced  (Wilcoxen et 

al. 2003). 

 

4.4.5 General remarks and conclusions 

Most, if not all, of the reports appearing in peer-reviewed journals using the Artemia 

nauplii bioassay in studies of cyanobacterial extracts and/or cyanotoxins appear to cite 

the use of A. salina.  However, as discussed by Ruebhart et al. (2008a) the Artemia 

species most commonly used for bioassay is the commercially harvested A. franciscana 

from USA.  While few of the studies cited in this report the origin of the Artemia cysts 

used, the material obtained by Lee et al. (1999) and Chen et al. (2006b) was from Ocean 

Star International Inc (Snowville, USA).  This company is listed as harvester of cysts 

from Great Salt Lake, USA (database maintained by the Utah Division of Wildlife 

Services and is available at: http://www.wildlife.utah.gov).  The species of Artemia 

occurring in Great Salt Lake and San Francisco Bay, USA is A. franciscana (Van 

Stappen 2002).  Thus, these researchers actually used the test organism A. franciscana 

and not A. salina as they stated.  Thus, it is apparent that diligence should be applied on 

citing the correct taxonomic identity and source of the test organism used in the 

bioassay.  The sensitivities reported in the literature for potassium dichromate, CYN and 

MC-LR were generally comparable to that of the current study.  This observation, in 

combination with the common practice of incorrectly citing the use of A. salina, when 

A. franciscana is actually used as a test organism, points to the likely conclusion that all 

of these results are for the one species: A. franciscana. 

 

http://www.wildlife.utah.gov/
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Testing of the aqueous cyanobacterial extracts demonstrated clear dose-responses to 

samples from a range of taxa producing the cyanotoxins CYN, deoxy-CYN, MCs, NOD 

and STX.  No false positives were apparent for the non-toxin producing species of A. 

platensis and C. raciborskii (strain CYP014A).  Sensitivity to the extracts with 

relatively high cyanotoxin concentration was at sub dw mg/mL levels at 48 and 72 h for 

nauplii in age class A.     

 

The greatest source of variation in reproducibility of results across studies appears to be 

age class of the test organism used.  This highlights the importance of clearly defining 

this biotic factor in the bioassay protocol.  Varying light intensities ranging from 0-2 

000 Lux, does not appear to be responsible for a large variation in results at 24 h 

exposure in nauplii in cohort A (instar I).  The very bright, and environmentally 

relevant, intensity of 20 000 Lux, however, contributed to a marked increase in 

sensitivity of the nauplii to the reference toxin potassium dichromate, especially at 48 h.  

This method could be used to increase naupliar sensitivity to cyanotoxins. 

 

Other microcrustacean bioassays are available for testing cyanobacterial toxicity.  Most 

commonly these bioassays use the anostracan T. platyurus (e.g. Torokne et al. 2000) or 

cladoceran genera such as Daphnia and Ceriodaphnia (e.g. Lindsay et al. 2006; Sotero-

Santos et al. 2006).  However, compared to Artemia nauplii, the use of these alternative 

microcrustaceans is faced by several constraints.  As previously mentioned, the use of T. 

platyurus is constrained in Australia to laboratories with Physical Containment Level 2 

registration which have also gained additional AQIS certification.  Thus, its use presents 

costs in terms of infrastructure, compliance to regulatory bodies and human resources 

that are not currently encountered in the use of A. franciscana.   

 

While A. franciscana (cysts) appears to be universally available throughout the world, 

with little or no restrictions in use conditions, it has recently been recognised as an 

invasive species in the Mediterranean (Amat et al. 2005).  The invasive character of this 

species also presents a potential risk to Australian inland hypersaline waters (Ruebhart 

et al. 2008b - The published article is presented in Appendix B).   This issue is currently 

being considered by Biosecurity Australia (Robert Heard, Manager Aquatics Animal 

Biosecurity, personal communication) and the Invasive Species Council (Tim Low, 

personal communication).  Thus, future import and use conditions for this species in 

Australia may come under stricter controls.   
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In terms of materials, the price of this bioassay, a commercialised kit known as the 

Thamnotoxkit F
TM

 (MicroBioTests Inc, Belgium) has been described as a low cost 

option for the routine detection of cyanobacterial toxins in water affected by 

cyanobacterial blooms (Torokne et al. 2007).  However, in our experience a cost of 

approximately AUD $ 230.00 (based on 2004 prices) per kit containing the materials for 

six tests is not economical compared to the use of the non-proprietary Artemia nauplii 

bioassay for which the materials are considerably less expensive.  This is particularly 

pertinent in light of cost-effectiveness being one of the most important criteria for 

routine screening tests (Van Steertegem and Persoone 1993).  

 

Labour costs associated with undertaking bioassays with cladoceran species are also 

likely to be considerably higher than use of A. franciscana nauplii.  This is because 

cladocerans generally require laboratory culturing and the selection of the test 

organisms is based on sex and body size (e.g. Lindsay et al. 2006).   Commercially 

available “culture free” bioassays are, however, available.  These have been developed 

by MicroBioTests Inc (Belgium) and employ D. magna, D. pulex and C. dubia.  Perusal 

of the test protocols for these bioassays, available via this company’s website 

(http://www.microbiotests.be/), reveals that hatching of the “dormant eggs” (ephippia) 

is required 3 to 4 days before the start of the test.  For the Daphnia spp., an exposure 

period of 48 h requires the added step of pre-feeding.  Thus, the period of time from 

receipt of test sample to provision of results for these cladoceran bioassays would be 

considerably longer than for the A. franciscana bioassay.   

 

Microcrustacean bioassays, including the use of Artemia nauplii, as alternative methods 

to the mouse bioassay for the detection of cyanobacterial toxicity are well established in 

the literature (e.g. Akin-Oriola and Lawton 2006; Lee et al. 1999; Marsalek and Blaha 

2000; McElhiney and Lawton 2005; Metcalf et al. 2002; Torokne et al. 2000).  One of 

the achievements of the current study was to link this body of knowledge to the work 

done by the Artemia Reference Centre and the University of Ghent, Belgium (e.g. Van 

Steertegem and Persoone 1993; Vanhaecke and Persoone 1984) which has produced an 

optimised Artemia nauplii bioassay.  The findings presented here corroborate with these 

substantial bodies of knowledge.  Accordingly, it is recommended that the A. 

franciscana nauplii bioassay is suitable for the detection of cyanobacterial toxicity in 

water quality monitoring programs.    

http://www.microbiotests.be/
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5 Protective efficacy of the antioxidants vitamin E and 

Trolox against Microcystis aeruginosa and microcystin-

LR in Artemia franciscana nauplii 

 

5.1 Abstract 

 

This study was undertaken to evaluate the protective efficacy of the antioxidants 

vitamin E and Trolox (a water soluble vitamin E derivative) against the toxicity of 

microcystin-LR (MC-LR), M. aeruginosa aqueous extract (CE) and a reference toxin 

menadione sodium bisulphite (MSB) in Artemia franciscana nauplii.  This was 

achieved by using the well established brine shrimp bioassay.  The experiment was 

conducted in two stages, with 1) 12 h mortality time course and 2) LC50 determination 

for 12 and 24 h exposures.  Treatments consisted of MC-LR, CE and MSB alone and 

with 4 h pre-treatments of either vitamin E or Trolox.  Sensitivity of A. franciscana 

nauplii with 24 h LC50 values of 11.0 (10.1-12.1) µg/mL for MSB and 9.5 (8.8-10.4) 

µg/mL for MC-LR were in general agreement with values reported for Artemia sp.  

Both antioxidant pre-treatments resulted in significant reductions in mortality of 

approximately 50% at 9 h post-exposure when challenged by either 40 µg/mL MC-LR 

or 20 µg/mL MSB.  In contrast, the antioxidant pre-treatments offered little to no 

protection from CE suggesting that other uncharacterised bioactive compounds 

contributed to overall toxicity.  The described bioassay is easily accessible, inexpensive, 

rapid, complies with animal ethics guidelines of many countries and thus provides a 

potential alternative to the mouse bioassay for the initial screening for chemo-

protectants of MC-LR toxicity. 

 

5.2 Introduction 

 

Anthropogenic eutrophication appears to be the direct cause of many cyanobacterial 

blooms in inland water systems and reservoirs.  This presents considerable risk to public 

and ecological health, as cyanobacteria produce toxic secondary metabolites.  These 

toxins can result in morbidity and mortality in humans (Azevedo et al. 2002; Texeira et 

al. 1993), death in domestic animals and wildlife (Duy et al. 2000; Stewart et al. 2007), 

accumulation in plant tissue and inhibition of growth (McElhiney et al. 2001; Mitrovic 

et al. 2005) and potentially transfer into humans and animals via food chains (Crush et 
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al. 2008).  Based on mammalian models, cyanobacterial toxins are grouped according to 

the physiological systems, organs, tissues or cells which they mainly affect and are 

categorised as: neurotoxins, hepatotoxins, cytotoxins and irritants/gastrointestinal toxins 

(Codd et al. 2005).  Of the hepatotoxins, the microcystins (MCs) are the most prevalent 

globally and are produced by several bloom forming species, with Microcystis 

aeruginosa being the most common (Sivonen and Jones 1999). 

 

MCs are a heterogeneous group, with more than 60 isoforms described (Sivonen and 

Jones 1999), that share a common chemical structure containing three D-amino acids, 

two variable L-amino acids and the two unusual non-proteinogenic amino acids, N-

methyldehydroalanine
 

and 3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-

dienoic
 
acid (Adda) (Botes et al. 1984; Botes et al. 1985).  Primarily, it is the two 

variable L-amino acids in positions 2 and 4 which account for the different microcystin 

isoforms, with a two letter suffix used in naming the various amino acids that are 

present in the toxin.  For example MC-LR contains leucine (L) and arginine (R) (Figure 

8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.  The cyclic heptapeptide structure of microcystin-LR (MC-LR).  Common 

structural features of microcystins are positions 1 (D-Alinine), 3 (Methylaspartic acid), 

5 (3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic
 
acid (Adda)), 6 (D-

Glutamic acid) and 7 (N-Methyldehydroalanine).  The variable amino acids in positions 

2 and 4 are leucine (L) and arginine (R) respectively. 
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As MC-LR is one of the most commonly occurring isoforms in the environment (e.g. 

Anjos et al. 2006; Kemp and John 2006; Vasconcelos et al. 1996), it is also one of the 

most studied (de Figueiredo et al. 2004).  The toxicity of MCs has resulted in the World 

Health Organisation (WHO) establishing a guideline for MC-LR of not more than 

1µg/L in drinking water (WHO 1998).  However, due to limited commercial supply of 

calibrated standards and access to high performance liquid chromatography (HPLC) 

mass spectral (MS) analysis, MC concentrations are commonly reported as MC-LR 

equivalence regardless of which isoform/s is present  (McElhiney and Lawton 2005). 

 

One of the best understood mechanisms underlying MC-LR toxicity is its ability to act 

as potent inhibitor of protein phosphatases types 1 and 2A (Honkanen et al. 1990; 

MacKintosh et al. 1990).  MC-LR is preferentially taken up by hepatocytes, where the 

increased phosphorylation of intracellular proteins results in cell death (Eriksson et al. 

1990; Hooser 2000).  Haemorrhagic shock rapidly leads to death (Falconer 2005), with 

post mortem pathology revealing extensive haemorrhagic necrosis and disruption of the 

liver sinusoids (Kaya 1995). 

 

Epidemiological studies from China suggest a possible relationship between hepatic and 

colorectal cancer in humans and chronic exposure to MC in drinking water (Yu 1995; 

Zhou et al. 2002).  These studies are supported by experimental findings which 

demonstrate tumour promotion by MC in the livers and colons of rodents (Falconer 

2005).  The potential for MC exposure via potable water is not likely to be confined 

only to developing nations.  For instance, in the USA, samples taken from several water 

supply plants after regular treatment, were found to contain MCs at concentrations 

exceeding the WHO guideline [reported in (Fleming et al. 2002)]. 

 

MC-LR is also likely to be involved in other pathways of toxicity, such as oxidative 

stress (Ding and Ong 2003; Monserrat et al. 2003; Wiegand and Pflugmacher 2005).  In 

tilapia fish intraperitoneally administered MC-LR results in the induction of adaptive 

responses, such as the increase in several antioxidant enzymes, including glutathione, 

that are biomarkers of the main symptoms of oxidative stress; lipid peroxidation (Prieto 

et al. 2006).  In vitro cultured rat hepatocytes also show a corresponding increase in 

glutathione levels in response to MC-LR treatment, with this toxin initiating reactive 

oxygen species formation (Bouaicha and Maatouk 2004; Ding et al. 2001).  
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Furthermore, these cell line studies provide evidence that MC-LR induced oxidative 

stress could be involved in hepatotoxicity and carcinogenicity. 

 

Antioxidant defence of the cell is mediated by enzymatic and non-enzymatic 

mechanisms.  While it is possible that chronic exposure to low levels of MC-LR may 

stress or overwhelm enzymatic defences, there remains the possibility that prophylactic 

treatment with non-enzymatic defences may afford protection.  Indeed, this approach 

has been a topic of recent research seeking protective agents, such as green tea, 

flavonoids, vitamin E and Trolox, against MC-LR toxicity in mice (Gehringer et al. 

2003; Jayaraj et al. 2007; Lakshmana Rao et al. 2004; Xu et al. 2007b).  The use of the 

mouse bioassay, for screening potential chemo-protectants, however, is faced with 

several constraints.  Typically, these include animal ethics concerns, expense, 

specialised animal husbandry resources, small number of test subjects/replicates per 

treatment and time required to complete the assay (days to weeks).  Thus, an alternative 

bioassay, without these limitations, could prove useful. 

 

The Artemia nauplii bioassay has been employed successfully for the detection of MC-

LR toxicity (Akin-Oriola and Lawton 2006; Lee et al. 1999; Metcalf et al. 2002) and a 

variety of compounds involved in superoxide-mediated toxicity (Matthews 1995).  It 

appears, however, that use of this bioassay as recommended by Matthews (1995) for the 

investigation of compounds that afford protection against damage by superoxide, or 

other active oxygen species, has not been examined with MC-LR.  In view of this, the 

present study was undertaken to evaluate the protective efficacy of the antioxidants 

vitamin E and Trolox against MC-LR, M. aeruginosa aqueous extract and the reference 

toxin menadione sodium bisulphite in Artemia nauplii. 

 

5.3 Materials and methods 

 

5.3.1 MC-LR extraction and quantification 

MC-LR was isolated from an environmental bloom sample dominated by Microcystis 

aeruginosa (identified by Queensland Health Scientific Services, Coopers Plains, 

Queensland (QHSS)) collected from a farm dam in the vicinity of Warwick (28° 13′ 0″ 

S, 152° 1′ 0″ E) southeast Queensland, Australia in 2002.  Initial HPLC-MS/MS 

analysis (QHSS) determined that the sample contained several MCs, with MC-LR and 
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MC-LA being the dominant isoforms.  The sample was freeze-dried and stored in the 

dark at -20°C. 

 

A Waters Prep HPLC System (Model 600E) was used to purify MC-LR using reverse 

phase C18 chromatography.  All reagents were of HPLC or analytical grade and the 

water was Milli-Q
® 

18 MOHM.  The general method described by Lawton et al. (1994) 

was employed, with appropriate modifications to suit our laboratory conditions.  To 

extract the intracellular toxin, the lyophilised sample (2 g) was transferred to a plastic 

tube containing water (100 mL) and the cells were disrupted using an ultrasonic pulsing 

probe (Sonifier
®
 S-450, Branson Ultrasonics Corporation, USA) using 20 second cycles 

of alternate sonication/ice bath immersion for a total sonication treatment of 10 min.  

Cell debris was separated using centrifugation (95 000 G; 30 min), with the supernatant 

filtered (0.7 µm glass fibre filter) and passed through an Alltech high capacity solid 

phase C18 extraction cartridge (10 g; 25 × 30 mm; 50 µm), which had previously been 

washed with methanol (Mallinckrodt Inc, USA) (50 mL) followed by water (50 mL).  

After all the solution had been passed through, the cartridge was washed with water (50 

mL) followed by 20% methanol (50 mL). The MC containing fraction was eluted from 

the column with 75% methanol (2 × 50 mL). The solvent was removed at 40°C under 

vacuum (Rotavapor
®
, Büchi Labortechnik AG, Switzerland). The dried fraction was 

dissolved in methanol (10 mL) and made up to 20 mL with water. To separate the MCs, 

the sample was filtered (0.7 µm glass fibre filter) and a sub-sample (2 mL) injected into 

a Waters Bondapak
® 

radially compressed C18 column (100 × 25 mm; 10 µm, 125 A) and 

eluted with an acetonitrile (Labscan Asia Co Ltd, Thailand)/water gradient containing 

0.05% v/v trifluoroacetic acid (Fisons, FSE, (NSW) Australia) at a speed of 10 mL/min.  

The toxin fractions were monitored using Waters 486 tuneable absorbance detector at an 

absorbance of 238 nm.  Identical fractions, from multiple runs, were collected and 

pooled.  The solvent was removed by rotary vacuum evaporation, diluted with water 

(1:1) and freeze-dried overnight.  Each fraction was re-dissolved in 50% acetonitrile and 

re-chromatographed twice, initially with a Waters Prep Nova-Pak
®
 radially compressed 

C18 column (100 × 25 mm; 6 µm, 60 A) and finally with an Alltech, Apollo C18 (150 × 

22 mm, 5 µm) column.  The acetonitrile was evaporated under rotary vacuum and the 

sample was diluted with water and freeze-dried overnight to yield an amorphous white 

powder. 
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Purity and quantification of MC-LR sample (dissolved in tetradeuteromethanol (Aldrich 

Chemical Co Inc, USA)/deuterium oxide (Cambridge Isotope Laboratory Inc, USA) 

(CD3OD/D2O, 1:1) was analysed by Proton Nuclear Magnetic Resonance (
1
H NMR) 

Spectroscopy, HPLC-MS/MS, HPLC photo-diode array detection and amino acid 

analysis and found to be > 95% purity.  The MC-LR (500 µg) was stored in sealed glass 

ampoules and stored in the dark at -20°C until use. 

 

For testing, pure MC-LR (500 µg) was dissolved in 200 µL of methanol after which 800 

µL water was added, bringing the stock solution to 500 µg/mL in 80% aqueous 

methanol. 

 

5.3.2 Microcystis aeruginosa aqueous extract (CE)  

An environmental bloom sample dominated by Microcystis aeruginosa (Kützing) 

Kützing (taxonomic authority as per Guiry and Guiry (2008) and identification as per 

Baker and Fabbro (1999)) was collected from Lake Samsonvale (North Pine Dam) (27° 

16′ 18.84″ S, 152° 55′ 8.76″), southeast Queensland in 2005.  The cells were 

concentrated by standing the sample overnight, causing the buoyant cells to accumulate 

at the top of the water column as a dense scum.  The scum was harvested and freeze-

dried.  The stock solution was prepared by milling (TEMA Engineering Ltd, UK) the 

lyophilised material to fine powder and suspending 400 mg of this material in 10 mL of 

synthetic seawater (SW) (34 g/L distilled water; Reef Salt, AZOO Co, USA) to produce 

a 0.40% w/v suspension.  This was vortex mixed, freeze-thawed (4 cycles), steeped 

overnight at 4°C, centrifuged (5 500 G; 15 min) and the supernatant syringe filtered 

(0.45 and 0.22 µm).  This aqueous cell-free cyanobacterial extract (CE) was prepared 

fresh before use.  This same method was used to prepare a sample for quantitative 

HPLC-MS/MS analysis for cyanotoxins performed by QHSS. 

 

5.3.3 Reference toxin for oxidative stress (MSB) 

Menadione sodium bisulphite (MSB) (2-methyl-1,4-naphthoquinone sodium bisulphite) 

(purity ≥95%, Sigma-Aldrich Co, USA), a stable water-soluble derivative of vitamin K3, 

was selected as a reference toxin to induce oxidative stress as per Matthews (1995).  It 

was dissolved in SW to give a 100 mg/mL stock that was made fresh before use. 
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5.3.4 Antioxidants 

Vitamin E acetate (α-tocopherol) (purity > 96%) and the water soluble vitamin E 

derivative 6-hydroxy-2,5,7,8-tetramethyl-chromon-2-carboxylic acid (purity > 97%), 

commonly known by the trade name Trolox, were both obtained from Sigma-Aldrich 

Co, USA.  Vitamin E was dissolved in 60% methanol to give a 10 mg/mL stock and 

Trolox was prepared as a 1.5 mg/mL stock in 60% methanol.  Both antioxidant stocks 

were refrigerated overnight.  These stocks were diluted with SW to a concentration of 

400 µg/mL and then immediately used for bioassay.   

 

5.3.5 Artemia incubation, hatching and collection 

The species identity, Artemia franciscana Kellogg, and harvest location, Great Salt 

Lake, Utah, USA were verified by the supplier, North American Brine Shrimp (NABS), 

LLC, USA.  This is consistent with Artemia zoogeography (Van Stappen 2002).   

 

Toxicity was tested using a modified form of the Artemia nauplii lethality assay 

developed by Meyer et al. (1982).  A. franciscana cysts (0.5 g) were incubated for 24 h 

in 500 mL of vigorously aerated SW at of 25°C ± 2°C with continuous artificial light 

2000 Lux (1 × 11 Watt reflector lamp).  After 24 h of incubation, the newly hatched 

nauplii and SW were poured into a sorting tray and held for a further 24 h under the 

same temperature but with continuous ambient light of 500 Lux (2 × 36 Watt cool white 

fluorescent tubes).  The phototactic nauplii were concentrated to a suitable density, by 

using a point light source, and 400 µL of SW containing approximately 27 (mean 26.6, 

n = 275, SE 0.53) nauplii were transferred by pipette to the each well of the 48 well 

tissue culture plates for immediate use in bioassay. 

 

5.3.6 Artemia nauplii bioassay 

To investigate the ability of antioxidants vitamin E and Trolox to block the toxic effect 

of MSB, MC-LR and CE, the bioassay was conducted in two stages, with 1) 12 h time 

course with mortality monitored hourly and 2) LC50 determination for 12 and 24 h 

exposures.  For the LC50 determination, a six-step 50% serial dilution series (using SW), 

was prepared from each stock giving the starting concentrations of 160 µg/mL for MSB 

and MC-LR and 40 dw mg/mL for CE.  Anti-oxidant pre-treatment involved adding 200 

µL of either vitamin E or Trolox to the wells of a 48 well plate containing 400 µL of 

SW and A. franciscana nauplii.  After 4 h, 200 µL of each of the appropriate toxin 

dilutions were added to the wells bringing the total volume to 800 µL.  Thus, the final 
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concentrations in the bioassay were 100 µg/mL for the antioxidants with the maximum 

concentration of 40 µg/mL for MSB and MC-LR and 10 dw mg/mL for CE.  (Note: the 

maximum concentration of methanol in the antioxidant treatments was 2%.  Previous 

studies in our laboratory (unpublished results) determined that 24 h toxicity of this 

solvent, above SW controls, occurs at a concentration of > 5%). 

 

Toxin only (control), treatments consisted of the addition of 200 µL of SW instead of 

antioxidant pre-treatment, followed 4h later by the addition of 200 µL of the toxin 

dilutions.  All tests were performed in at least triplicate. At least one negative control 

consisting of 200 µL SW, SW plus vitamin E, and SW plus Trolox, followed by the 

addition of 200 µL after 4 h, was also run in at least triplicate for each plate.  

Methodology was identical for the 12 h time course study with the exception that only 

one toxin concentration was used.  The single concentrations in the bioassay were MSB 

20 µg/mL, MC-LR 40 µg/mL and 10 dw mg/mL CE.  Conditions during the treatment 

period were 25°C ± 2°C with continuous artificial light 500 Lux (2 × 36 Watt cool 

white fluorescent tubes).   

 

For the LC50 determination, the wells were examined at 12 and 24 h post treatment.  For 

the 12 h time course, wells were examined hourly.  The number of dead and moribund 

(no movement detected over 10 second period) nauplii were counted using an Olympus 

SZ40 stereo zoom microscope (Olympus Co. Ltd., Japan).  After the final exposure 

period, all nauplii were sacrificed using 100 µL of 10% glacial acetic acid solution (v/v 

in distilled water) and counted to determine the total number per well. 

 

5.3.7 Statistics 

LC50 values, with ± 95% confidence limits, were calculated by Probit analysis (Finney 

1971) using the software package XLSTAT Version 7.5.2 (Addinsoft, USA).  The 

Paired T-Test was used to calculate statistical significance between control and treated 

groups with a P value < 0.05 considered to be statistically significant. 

 

5.4 Results and discussion 

 

All treatments resulted in sigmoidal concentration-response curves with the 12 and 24 h 

LC50 values obtained by Probit analysis (Table 12).  Sensitivity (24 h) to the reference 

toxin MSB of LC50 11.0 (10.1-12.1) µg/mL compared well with that reported by 
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Matthews (1995) of IC50 7.2 (5.8-9.1) µg/mL.  The 24 h LC50 of 9.5 (8.8-10.4) µg/mL 

for MC-LR was also in general agreement with previously reported values, over a 

similar exposure period, with 6.8 (Akin-Oriola and Lawton 2006) and 5.7 µg/mL (Chen 

et al. 2006b).  Comparison of these values indicated that the Artemia nauplii bioassay is 

quite reproducible despite variations in methods, laboratories and analysts.  

Spontaneous mortality (mean %) at 24 h in the negative controls of synthetic seawater 

(n = 24) and synthetic seawater plus vitamin E (n = 12) and synthetic seawater plus 

Trolox (n = 12) was ≤ 0.5%, which is well within the < 3% recommended by Meriluoto 

et al. (2000).  Regarding the source of Artemia; the studies cited state their test species 

as Artemia salina.  However, there is a common taxonomic discrepancy in citing the 

identity of brine shrimp nauplii used for bioassay as A. salina, when the material of 

North American origin is invariably A. franciscana (Ruebhart et al. 2008a). 

 

Table 12.  LC50 values for A. franciscana nauplii treated with MSB, MC-LR and CE 

individually and with 100 µg/mL antioxidant pre-treatment (4 h exposure).  All 

bioassays were performed in at least triplicate.   

 

Treatment LC50 (± 95% confidence intervals) 

value at time (h) 

12 24 

MSB (µg/mL)
 
  

 

16.1 (14.9-17.5) 11.0 (10.1-12.1) 

Vitamin E + MSB (µg/mL
 
) 

 

21.2 (20.0-22.7) 12.7 (11.9-13.6) 

Trolox + MSB (µg/mL
 
) 

 

17.8 (17.0-18.7) 10.5 (9.9-11.2) 

MC-LR (µg/mL)
 
  

 

30.3 (28.0-33.0) 9.5 (8.8-10.4) 

Vitamin E + MC-LR (µg/mL
 
) 

 

33.7 (30.7-37.6) 9.0 (8.2-9.9) 

Trolox + MC-LR (µg/mL
 
) 

 

32.5 (29.4-36.4) 7.8 (7.1-8.6) 

CE (dw mg/mL) 

 

2.6 (2.4-2.7) 0.95 (0.89-1.0) 

Vitamin E + CE (dw mg/mL) 

 

3.2 (3.0-3.5) 0.99 (0.91-1.1) 

Trolox + CE (dw mg/mL) 4.0 (3.7-4.4) 1.0 (0.92-1.1) 

 

 

Time course studies (Figure 9) for A. franciscana exposed to 20 µg/mL MSB, 40 µg/mL 

MC-LR and 10 dw mg/mL CE produced > 70% mortality for all treatments at 12 h.  

Hourly monitoring was conducted as the effects of antioxidants can be overcome by 



 73  

pro-oxidants over relatively short time frames.  Indeed, 12 h LC50 values indicated that 

antioxidant pre-treatment plus toxin values were similar to toxin only values, while at 

24 h there was considerable overlap between the confidence intervals for each set of 

results (Table 12).  Nevertheless, statistically significant (P < 0.05) reductions in 

mortality due to antioxidant pre-treatment were obtained during the time course for 

MSB with vitamin E at 7-12 h and with Trolox at 8-11 h, MC-LR with vitamin E at 7-9 

h and with Trolox at 9 h, and CE with vitamin E at 9 h.  For comparison across 

treatments, the 9 h exposure time was chosen (Figure 10).  At this exposure time, the 

protective efficacy of 100 µg/mL vitamin E pre-treatment resulted in a statistically 

significant (P < 0.05) reduction in mortality of A. franciscana nauplii of approximately 

50% when challenged by either 20 µg/mL MSB or 40 µg/mL MC-LR (Figure 10 (A) 

and (B)).  Similarly, pre-treatment with 100 µg/mL Trolox against MC-LR exposure 

also resulted in a statistically significant (P < 0.05) reduction in mortality of A. 

franciscana nauplii by approximately 50% (Figure 10 (B)). 

 

Toxicity of the reference toxin, the quinone-containing compound MSB, is attributed to 

the formation of several reactive oxygen species (Boelsterli 2003; Chiou et al. 2003).  

These are superoxide anions, hydrogen peroxide and hydroxyl radicals; hence, the value 

of this toxin in the screening of chemo-protectants of oxidative stress (Abe and Saito 

1996; Chen and Cederbaum 1997).  Interestingly, the 24 h LC50 values for MSB 13.5 

(12.7-14.3) and MC-LR 9.5 (8.8-10.4) (Table 12) were similar on a weight basis, with 

the protective efficacy of vitamin E and Trolox against both these challenges, 

significant and of a comparable magnitude (Figure 10 (A) and (B)).  However, as the 

molecular weight of MSB (276.24 Dalton) is approximately three and a half fold less 

than that of MC-LR (995.17 Dalton), the actual number of MSB molecules was about 

three and a half fold greater.  Therefore, on a molar basis, the toxicity of MSB to A. 

franciscana is considerably less than that of MC-LR.  Nevertheless, this result raises the 

prospect of using MSB as a surrogate for MC-LR in the preliminary testing of potential 

chemo-protectants; although the mechanisms of action of both toxins require further 

study.  This is an attractive option because there is a limited commercial supply of MC 

standards, with their availability complicated by strict national and international 

controls governing production, through to transportation of cyanotoxins (Metcalf et al. 

2006; Phelan and Downing 2007).  In contrast, MSB is readily available and relatively 

inexpensive.   
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Figure 9.  Time course of mean (n ≥ 3, ± SE) mortality for A. franciscana nauplii 

exposed to (A) MSB 20 µg/mL, (B) MC-LR 40 µg/mL and (C) CE 10 dw mg/mL over 

12 h.  Toxin (control) (▲), toxin with vitamin E 100 µg/mL 4 h pre-treatment (■) and 

toxin with Trolox 100 µg/mL 4 h pre-treatment (□). 
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Figure 10.  Protective efficacy of 4 h pre-treatment with antioxidants on mean (n ≥ 3, ± 

SE) mortality after 9 h exposure to (A) MSB 20 µg/mL, (B) MC-LR 40 µg/mL and (C) 

CE 10 dw mg/mL.  A. franciscana nauplii were (1) treated with toxin (control), (2) toxin 

with vitamin E 100 µg/mL pre-treatment and (3) toxin with Trolox 100 µg/mL pre-
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treatment.  Paired T-Tests were carried out on antioxidant pre-treatment groups (2) and 

(3) versus toxin only group (1) with significant differences shown (**P < 0.05). 

 

The mouse bioassay has also been used to test the efficacy of vitamin E and Trolox pre-

treatment against MC-LR toxicity.  For example, pre-treatment with vitamin E 48 h 

prior to an intraperitoneally injected lethal dose of MC-LR resulted in 50% survival 

(Hermansky et al. 1991).  Similarly, 24 h Trolox pre-treatment to a lethal MC-LR dose 

was found to protect 25% of the test subjects (Lakshmana Rao et al. 2004).  Thus, the 

protective efficacy of both vitamin E and Trolox against MC-LR toxicity is common to 

both mice and A. franciscana nauplii.  Investigation into the role of vitamin E in 

protecting against MC-LR toxicity in mice by Gehringer et al. (2003) demonstrated a 

significant reduction in lipid peroxidation, presumably by its ability to quench free 

radicals.  The aforementioned study also revealed that vitamin E supplementation 

significantly reduced the MC-LR induced decrease in glutathione S-transferase (sGST) 

levels when compared to MC-LR only groups.  This suggests that cellular enzymatic 

defence mechanisms were supported by the antioxidant action of vitamin E pre-

treatment. 

 

The degree of toxicity for the cell-free aqueous M. aeruginosa extract (CE) of 24 h LC50 

of 0.95 (0.89-1.0) dw mg/mL (Table 12) was high as per the guidelines (< 2 mg/mL) by 

Meriluoto et al. (2000) for the interpretation of sample toxicity using the Artemia 

nauplii bioassay.  The HPLC-MS/MS analysis determined the CE contained a total of 

30.67 µg/mL MCs, with MC-LR 20 µg/mL, MC-LA 8.4 µg/mL and other minor MCs 

2.27 µg/mL.  Thus, it contained approximately half as much MC-LR and three quarters 

the total MCs as the pure cyanotoxin treatment of 40 µg/mL.  As for the toxicity of MC-

LA, it appears that there are no reports on the sensitivity of Artemia to this isoform; 

however, in mice the LD50 for MC-LR is similar to that of MC-LA (Kuiper-Goodman et 

al. 1999).  The CE treatment of 10 dw mg/mL resulted in resulted > 80% mortality 9 h 

post-exposure to all of the three treatments (Figure 10 (C)).  Although statistically 

significant (P < 0.05), protection against CE by vitamin E was marginal while there was 

no significant (P < 0.05) protection by Trolox. 

 

The relatively greater toxicity of CE compared to pure MC-LR in this study is 

consistent with previous studies.  For example, environmental bloom material 

dominated by M. aeruginosa, containing microcystins, has been found to exert greater 
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toxicity than pure cyanobacterial toxins at equivalent concentrations across a variety of 

organisms (Pietsch et al. 2001).  This is likely due to Microcystis cell extracts 

containing other, as yet uncharacterised, bioactive compounds that contribute to overall 

toxicity (Falconer 2007); possibly acting either independently, additively or 

synergistically with MCs.  To explain the comparatively potent toxicity of Microcystis 

cell extract, Pietsch et al. (2001) postulated that cyanobacterial lipopolysaccharides 

(LPS), present in extracts, may be involved in inhibiting soluble sGST activity, thereby, 

blocking the detoxification of MCs.  Since then, it has been demonstrated that 

cyanobacterial LPS is of low toxicity (LC50 > 1000 µg/mL) to Artemia nauplii and, 

when used at a sub-lethal dose in a pre-treatment, it actually confers protection against 

MC-LR toxicity as evidenced by significantly increased LC50 values (Lindsay et al. 

2006). 

 

Cyanobacterial extracts may also contain other toxins that are not commonly 

characterised in toxicity studies.  For instance, new antibacterial metabolites have been 

isolated from Nostoc commune including an anthraquinone (1,8-dihydroxy-4-

methylanthraquinone) (Jaki et al. 2000).  Studies conducted in our laboratory 

(unpublished results) show that a closely related compound, aloe emodin (1,8-

dihydroxy-3-methylanthraquinone) is toxic to A. franciscana (72 h LC50 62 µg/mL).  

With synthesis of 1,8-dihydroxy-4-methylanthraquinone now possible (Wang et al. 

2002), future studies are likely to involve screening studies for the occurrence of this 

compound in other species of cyanobacteria as well as invertebrate toxicity studies.  

Another novel toxin, isolated from cyanobacteria that has been shown to be toxic to 

Artemia sp., includes malyngamide-type secondary metablolites (hermitamides) from 

Lyngbya majuscula (Tan et al. 2000).  Thus, bioassay guided search for new compounds 

in cyanobacteria is likely to reveal a host of new toxins that are not currently tested for 

using present HPLC-MS/MS methods. 

  

In addition to possibly containing uncharacterised toxins, it is likely that the Microcystis 

cell extract also contained antioxidants.  While it appears that a profile of antioxidants is 

unavailable for M. aeruginosa, it is known that the cyanobacterial dietary supplement 

Spirulina contains several antioxidant phenolic compounds, β-carotine and α-tocopherol 

(Miranda et al. 1998).  Thus, it is possible that other cyanobacteria, including the genus 

Microcystis may also contain these antioxidants.  If so, the antioxidants present in the 

Microcystis cell extract, in combination with the antioxidant pre-treatments of vitamin E 
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or Trolox may have acted additively to produce a pro-oxidant effect.  Indeed, evidence 

suggests that α-tocopherol does not function as a classic antioxidant but may develop 

into a pro-oxidant when co-antioxidants are exhausted (Bowry et al. 1992; Bowry and 

Stocker 1993; Kontush et al. 1996). 

 

In conclusion, this study demonstrated that the antioxidants vitamin E and Trolox 

provided protection against MSB, a commonly used compound that produces oxidative 

stress.  These antioxidants also protected against MC-LR toxicity in a similar manner, 

providing further evidence that this cyanotoxin induces oxidative stress.  The described 

bioassay is easily accessible, inexpensive, rapid and complies with animal ethics 

guidelines (e.g. NHMRC 2004).  It is envisaged that its use may provide an alternative 

to the mouse bioassay for the initial screening for chemo-protectants of MC-LR 

toxicity.  This bioassay technique may also provide a tool for investigating the 

antioxidant and pro-oxidant effects of other bioactive substances. 
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6 Sensitivity of the speckled cockroach (Nauphoeta 

cinerea) to saxitoxin and Anabaena circinalis: An 

alternative bioassay for the detection of cyanobacterial 

neurotoxins 

 

6.1 Abstract  

 

PSP toxins are produced by some species of cyanobacteria and pose a risk to public 

health as they are present in drinking water reservoirs, recreational lakes and also 

accumulate in the food chain.  These toxins are highly potent.  For instance, saxitoxin 

(STX) is one of the most toxic non-protein substances known. Accordingly, there is a 

requirement to monitor for these toxins.  The standard bioassay used to detect these 

toxins is the mouse bioassay; however, its use is constrained by animal ethics guidelines 

and other practical considerations. Reported here is the use of the globally distributed 

speckled cockroach Nauphoeta cinerea as a bioassay test organism for the selective 

detection of PSP toxicity of Anabaena circinalis aqueous extract and STX.  This 

cockroach species was found to be tolerant to pure cylindrospermopsin (CYN) and 

microcystin-LR (MC-LR) at doses 10 fold greater than the mouse LD50 values while 

being sensitive to STX.  Likewise, it was found to be tolerant of toxin containing 

aqueous extracts of Cylindrospermopsis raciborskii, Microcystis aeruginosa and 

Nodularia spumigena while being sensitive A. circinalis.  Peak sensitivity to STX was 

60 min post injection with an ED50 of 31.2 ng/g body weight.  While this is 

approximately 3.3 fold less sensitive than the mouse bioassay, the insect test organism 

was around 34 times smaller in mass than a mouse (20 g); thus 1/10 the amount of toxin 

in absolute quantity was required to treat to an ED50 level.  The N. cinerea bioassay 

presents a selective test for PSP toxicity that is rapid, economical, efficient and simple 

to perform. 

 

6.2 Introduction   

 

Paralytic Shellfish Poisoning (PSP) is commonly associated with the consumption of 

seafood from marine environments, where neurotoxins, such as saxitoxin (STX) 

produced by dinoflagellates, are accumulated in primary (e.g. filter feeding molluscs) 
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and secondary consumers (e.g. crabs) (Daranas et al. 2001; Oikawa et al. 2002; Sagou et 

al. 2005; Sobel and Painter 2005).  Indeed, the name saxitoxin is derived from the 

original discovery and isolation of this toxin from the butter clam Saxidomus giganteus 

(Hall 2001).  Intoxication may become apparent within 30 min of ingestion, with the 

initial symptoms of tingling or numbness progressing to headache, nausea, vomiting and 

diarrhoea; if poisoning is severe, death may occur due to respiratory muscle failure 

(Sobel and Painter 2005).  The commonly accepted mode of action for STX is blockage 

of voltage-gated Na
+ 

channels (e.g. Cestele and Catterall 2000; Sobel and Painter 2005).  

However, in vitro studies using cardiac myocytes indicate that this toxin’s mode of 

action to be somewhat more complex with the findings that it can also modify K
+ 

channel gating (Wang et al. 2003) and partially block Ca
2+

 channels (Su et al. 2004).  Of 

the 22 known PSP toxin derivatives, STX is the most potent (Turrell et al. 2007).  

Indeed, it one of the most toxic non-protein substances known (Wang et al. 2003), with 

and an estimated lethal dose in humans of approximately 0.5 mg (Patockaa and Stredab 

2002).  Accordingly, STX is listed as a Schedule 1a Toxic Chemical by the 

Organisation for the Prohibition of Chemical Weapons (OPC) (http://www.opcw.org). 

 

In more recent times, the production of PSP toxins by cyanobacteria in the freshwater 

environment has been an area of growing interest.  Cyanobacterial PSP toxins in 

freshwater present a public health risk as they are known to occur in drinking water 

reservoirs (Molica et al. 2002; Molica et al. 2005), recreational lakes (Kaas and 

Henriksen 2000; Rapala et al. 2005) and to accumulate in second trophic level 

organisms such as mussels (Negri and Jones 1995; Pereira et al. 2004a).   

 

The production of PSP toxins has been reported in a number of freshwater 

cyanobacteria species as shown in Table 13.  This diverse list of species capable of 

synthesizing PSP toxins, and their varied geographic locations, suggests that future 

studies will detect more such species. 
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Table 13.  Cyanobacteria species reported to produce PSP toxins. 

 

Cyanobacterial Species 

 

Origin Citation 

Anabaena circinalis 

 

Australia (Humpage et al. 1994; Negri et al. 

1997) 

Anabaena lemmermannii 

 

Finland (Rapala et al. 2005) 

Aphanizomenon flos-aquae 

 

Portugal (Ferreira et al. 2001; Pereira et al. 

2000) 

Aphanizomenon gracile  

 

Portugal 

& USA 

(Pereira et al. 2004b) 

Aphanizomenon issatschenkoi 

 

Portugal (Dias et al. 2002; Nogueira et al. 

2004a) 

Aphanizomenon sp. (strain DC-1) 

 

China (Liu et al. 2006) 

Cylindrospermopsis raciborskii 

 

Brazil  (Lagos et al. 1999; Molica et al. 

2002) 

Lyngbya wollei 

 

USA (Carmichael et al. 1997; Onodera 

et al. 1997) 

Planktothrix sp. (strain FP1) Italy (Pomati et al. 2000) 

 

The most common bloom forming cyanobacterial genus occurring in Australian riverine 

and wetland habitats is Anabaena, of which A. circinalis is the most abundant (Baker 

and Humpage 1994a).   In 1991, a neurotoxic bloom dominated by A. circinalis affected  

almost 1 000 km of the Barwon-Darling River in New South Wales (Bowling and Baker 

1996) to which the deaths of 1600 sheep and cattle were attributed [reported in (Howard 

and McGregor 2000)].  The first characterisation and identification of neurotoxins in 

Australian isolates of A. circinalis by Humpage et al. (1994) reported all three groups of 

PSP toxins: saxitoxins (STXs), gonyautoxins (GTXs) and C-toxins (e.g. C1). 

Interestingly, while A. circinalis is a cosmopolitan species, there is geographical 

segregation in terms of neurotoxin production; American and European isolates produce 

only anatoxin-a, whereas Australian isolates exclusively produce STXs (Beltran and 

Neilan 2000).  The structure of STX and its analogues produced by some examples of 

freshwater cyanobacteria are shown in Figure 11 and Table 14 along with their relative 

mouse toxicities.   
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Figure 11.  General structure of PSP toxins (Oshima et al. 1989).  

 

Table 14.  Relative mouse toxicities of PSP toxins (Oshima 1995) and reports of their 

production in cyanobacteria. 

 

PSP 

toxin 

R1* R2* R3* R4 * 

 

Relative 

toxicity 

(MU**) 

Reported PSP toxin 

production in freshwater 

cyanobacteria 

STX H H H CONH2 1 A. circinalis (1-2) 

A. lemmermannii (3) 

A. flos-aquae (4) 

A. gracile (5) 

A. issatschenkoi (6-7) 

C. raciborskii (8-10) 

Planktothrix sp. (FP1) (11) 

neoSTX OH H H CONH2 0.924 A. flos-aquae (4) 

A. gracile (5) 

A. issatschenkoi (6-7) 

Aphanizomenon sp. 

(DC-1) (12) 

C. raciborskii (8-10) 

GTX1 OH H OSO3
-
 CONH2 0.994 A. circinalis (1) 

A. flos-aquae (13) 

GTX2 H H OSO3
-
 CONH2 0.359 A. circinalis (1-2) 

C. raciborskii (8) 

GTX3 H OSO3
-
 H CONH2 0.638 A. circinalis (1-2) 

A. flos-aquae (13) 

C. raciborskii (8) 

GTX4 OH OSO3
-
 H CONH2 0.726 A. circinalis (1) 

A. flos-aquae (13) 

Aphanizomenon sp.  

(DC-1) (12) 

C1 H OSO3
-
 H CONHSO3

-
 0.006 A. circinalis (1-2) 

C2 H H OSO3
-
 CONHSO3

-
 0.096 A. circinalis (1-2) 

 

* From Figure 11, **MU = mouse units. 
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(1) (Humpage et al. 1994), (2) (Negri et al. 1997), (3) (Rapala et al. 2005), (4) (Pereira 

et al. 2000), (5) (Pereira et al. 2004b), (6) (Dias et al. 2002), (7) (Nogueira et al. 2004a), 

(8) (Lagos et al. 1999), (9) (Molica et al. 2002), (10) (Molica et al. 2005), (11) (Pomati 

et al. 2000), (12) (Liu et al. 2006), (13)  (Ferreira et al. 2001). 

 

The standard bioassay for the detection of freshwater cyanobacterial PSP toxins is the 

mouse bioassay in Australia (NHMRC and NRMMC 2004) and Brazil (e.g. Lagos et al. 

1999; Molica et al. 2002; Molica et al. 2005).  This method is adapted directly from the 

Association of Official Analytical Chemists mouse bioassay used in the shellfish 

industry of many countries, such as Japan (Okumura et al. 2005) and the UK (Turrell et 

al. 2007).  This bioassay is a quantitative test based on a death time/dose standard curve 

constructed with pure STX values reported as STX equivalents (STX-eq) (Jellett et al. 

2002).  Toxicity is expressed in mouse units (MU) (Figure 11), where 1 MU is defined 

as the toxin dose required to kill a 20 g mouse within 15 minutes of administering an 

intraperitoneal injection (i.p.) (Molica et al. 2002).  Due to insufficient animal toxicity 

data, there is no official guideline value for PSP toxins for Australian drinking water 

(NHMRC and NRMMC 2004).  An alert concentration of 3 µg STX-eq/L,  

corresponding to A. circinalis 20 000 cells/mL, has been suggested for acute exposure,  

however, in practical terms it is likely that cell densities well below this value will 

render drinking water unpalatable (Fitzgerald et al. 1999).   

While the mouse bioassay is the standard bioassay for the detection of PSP toxins in 

both freshwater and shellfish samples, there is increasing pressure to refine, reduce and 

replace the use of animals used in bioassays and scientific experiments in several 

countries including Australia (NHMRC 2004) and those of Europe (Matthiessen et al. 

2003).  In addition to constraints associated with the ethics and politics of animal 

experimentation, there are also practical shortcomings associated with the mouse 

bioassay, including the inconvenience of maintaining large stocks of animals, lack of 

specificity, high variability of results and low sensitivity (Micheli et al. 2002; Okumura 

et al. 2005; Oshima 1995; Usup et al. 2004).  

Accordingly, researchers and regulatory bodies have been developing and investigating 

alternatives methods to the mouse bioassay for the detection of PSP toxins.  Analytical 

chemical methods have been developed to specifically identify and quantify individual 

toxin analogues (Dell'Aversano et al. 2004; Oshima 1995).  For the purposes of toxicity 

screening, however, this approach is limited by the availability of toxin standards and 
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the potential presence of, as yet unidentified, bioactive analogues (Humpage et al. 

2007).  Thus, the need for biological techniques is still required as they are ideal for 

assimilating toxicity from multiple toxin analogues into a single average result 

(Humpage et al. 2007).  These methods include in vitro assays that are based on 

antibodies against PSP toxins  (Jellett et al. 2002; Usleber et al. 2001), cell viability 

(Humpage et al. 2007; Okumura et al. 2005) and the binding of PSP toxins to specific 

receptors (Llewellyn et al. 2001; Usup et al. 2004).  While immunological methods are 

promising, there are still limitations in terms of the commercial availability of 

antibodies that can detect all toxic PSP toxin analogues (Micheli et al. 2002).  The 

maintenance of cell cultures and use of radioisotopes also requires specialised 

laboratory facilities that are expensive to establish and maintain.    

To provide an alternative bioassay for regulatory shellfish PSP toxin monitoring 

programmes without these limitations, Cook et al. (2006) have developed a whole 

organism bioassay that complies with animal ethics guidelines using the desert locust 

(Schistocerca gregaria).  This study was based primarily on the earlier work of  

McElhiney et al. (1998) which also considered this test subject for a bioassay to detect  

cyanobacterial PSP toxins.  Despite the successful use of S. gregaria as a bioassay test 

organism for the detection of PSP toxins, it is not suitable for monitoring work in 

Australia.  This is because this species, a type of plague locust, is not native to this 

country (Song 2004).  Thus, it represents a biosecurity threat with its importation 

subject to strict Australian Quarantine and Inspection guidelines, with regulations for its 

use likely to require expensive specialised laboratory facilities.    

 

Thus, as an alternative to the mouse bioassay, we describe an insect bioassay using the 

speckled cockroach (Nauphoeta cinerea Oliver) as a test organism for the selective 

detection of cyanobacterial PSP toxins.  The decision to test this organism was primarily 

based on its wide global distribution (Robinson 2005), including Australia (Roach and 

Rentz 1998), ease of animal husbandry, adult lifespan of 1 year and sufficient size to 

allow ease of handling and use of basic equipment to perform dosing via injection. 
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6.3 Materials and methods  

 

6.3.1 Test solutions 

Sterile physiological saline 0.9% NaCl (w/v) (AstraZeneca Pty Ltd, Australia) was used 

to make up all test solutions unless otherwise stated.   For all treatments, the working 

solution was freshly prepared before use.   

 

The concentrations of all the pure cyanotoxins and reference toxins were prepared to 

approximately 5-10 fold greater than mammalian lethal dose concentrations (Table 15) 

for the initial screening of sensitivity to these agents.  The cyanobacterial aqueous 

extracts were also prepared at concentrations exceeding mammalian lethal dose 

concentrations reported in the literature (Table 15). 

 

6.3.2 Pure cyanotoxins 

Cylindrospermopsin (CYN) (purity > 98%) was obtained from the Australian Water 

Quality Centre, Bolivar, South Australia (AWQC).  Extraction and purification was 

undertaken as described in Humpage et al.  (2005).  Microcystin-LR (MC-LR) (purity > 

95%), produced using the general method described by Lawton et al. (1994), was kindly 

supplied by Dr Wasa Wickramsinghe, National Research Centre for Environmental 

Toxicology, Coopers Plains, Queensland (EnTox).  MC-LR (500 µg) was first dissolved 

in 200 µL of methanol after which 800 µL physiological saline was added, bringing the 

stock solution to 500 µg/mL in 80% aqueous methanol.  Saxitoxin (STX) was kindly 

supplied by Geoff Eaglesham, Queensland Health and Scientific Services, Coopers 

Plains, Queensland (QHSS).  The pure cyanotoxins were prepared as stock solutions at 

the following concentrations: CYN 440 µg/mL, MC-LR, 11 µg/mL and STX 1 µg/mL. 

 

6.3.3 Cyanobacteria culture, environmental bloom material and 

preparation of aqueous extracts 

Cylindrospermopsis raciborskii (Woloszynska) Seenaya and Subba Raju (Strain AWT 

205) was originally isolated by Hawkins et al.  (1997).  For this study, it was cultured in 

1 L of sterile Jaworski’s growth medium (Thompson et al. 1988) in a 3 L Erlenmeyer 

flask.  All apparatus and equipment involved in culturing were sterilised by either 

autoclaving or with sodium metabisulphite.  Light was provided by two 36 Watt cool-

white fluorescent tubes with a 14:10 h light/dark cycle.  The ambient temperature was 

maintained at 25 ± 2
o
C.  The culture was gently sparged (60-80 bubbles/min) with 
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filtered (0.45 µm Millipore® filter) air.  The cultured C. raciborskii was harvested in 

late exponential, or stationary, phase at cell densities greater than 10 
6 

cells/mL. 

 

An environmental bloom sample dominated by Microcystis aeruginosa (Kützing) 

Kützing (taxonomic authority as per Guiry and Guiry (2008) and identification as per 

Baker and Fabbro (1999)) was collected from Lake Samsonvale (North Pine Dam) (in 

the vicinity of McGavin View 27° 15' 51.6888'' S, 152° 56' 4.488'' E), southeast 

Queensland in August 2005.  The bloom material was concentrated by standing the 

sample overnight, causing the buoyant cells to accumulate at the top of the water 

column forming a dense scum, which was extracted.   

 

A sample of freeze-dried bloom material dominated by Anabaena circinalis Rabenhorst 

was kindly supplied by Dr Andrew Humpage, AWQC.  This sample was collected form 

Lake Torrens, South Australia in March/April 2005.  Environmental bloom material 

dominated by Nodularia spumigena Mertens ex Bornet and Flahault was kindly 

supplied by Em Prof Ian R. Falconer, The University of Adelaide, South Australia.  

This sample was collected from a prawn farm, near Darwin, Northern Territory in 

November 1990 and was supplied dried (convection oven 40 to 50°C).  All samples 

were stored at -20°C.   

 

The dried cyanobacteria samples were ground to a uniformly sized fine powder using a 

one minute treatment in a swing mill (TEMA Engineering Ltd, UK).  Aqueous cell-free 

cyanobacterial extract stocks were prepared by suspending 80 mg of dried material in 4 

mL of physiological saline to produce 0.20% w/v suspensions.  These were vortex 

mixed, freeze-thawed (4 cycles), steeped overnight at 4°C, centrifuged (5 500 G, 15 

min) and the supernatant syringe filtered (0.45 and 0.22 µm).  This same method was 

used to prepare these samples for quantitative HPLC-MS/MS analysis by Geoff 

Eaglesham, QHSS, with the modification of using Milli-Q® water and 0.10% w/v 

suspensions.   
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6.3.4 Calculation of STX equivalent (STX-eq) 

The STX-eq concentration of the A. circinalis aqueous extract was calculated from the 

concentration of the PSP toxins from the HPLC-MS/MS analysis, on which a relative 

toxicity coefficient based on mouse toxicity (Oshima 1995) was applied.  The STX-eq 

concentration was calculated using the following formula: 

 

STX-eq = Σ[PSP toxins] × (toxicity PSP toxin variant)/(toxicity STX) 

 

[PSP toxins] = PSP toxin variant concentration determined from HPLC-MS/MS 

analysis (ng/mL). 

 

toxicity PSP toxin variant = specific toxicity of PSP toxin variant (MU/µmol) 

from Oshima (1995). 

 

toxicity STX = specific toxicity of STX  (2483 MU/µmol) (Oshima 1995). 

 

(toxicity PSP toxin variant)/(toxicity STX) = relative toxicity coefficient of the 

PSP toxin variant, referring to STX.  STX-eq concentration expressed STX-eq 

ng/mL. 

 

6.3.5 Reference toxin (positive control) 

The organophosphate pesticide mevinphos (2-methoxycarbonyl-1-methylvinyl 

dimethylphosphate) was obtained from Sigma-Aldrich as a mixture of cis (76.6%) and 

trans (23.0%) isomers.  This toxin is a broad spectrum insecticide (cholinesterase 

inhibitor) that is miscible in water [reported in (EXTOXNET 1993)].  It was prepared as 

a 333.5 µg/mL stock.   

 

6.3.6 Test organism and animal husbandry  

The test organism employed in this study was the speckled cockroach Nauphoeta 

cinerea Olivier.  This species, probably native to East Africa, is now widely distributed 

across the tropical regions of the world, including Australia, Brazil and Indonesia 

(Robinson 2005).   In Australia, it is extensively cultured for use as reptile food (Roach 

and Rentz 1998).  N. cinerea were obtained from a herpetology supplier (The HERP 

Shop, Ardeer, Victoria) at 55 days old and shipped via Australia Post to our Brisbane 

laboratory.   
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The cockroaches were held for an acclimatisation period of 2 weeks in an insectivory at 

25°C ± 2°C prior to testing.  The insectivory was of simple construction consisting of a 

food grade plastic bucket fitted (13.6 L) with a lid, from which a large portion was cut 

out and replaced with steel mesh to allow for ventilation.  To prevent the cockroaches 

from walking up the vertical sides of the container, and possibly escaping when the lid 

was removed, the walls were painted with Fluon AD-1 (The HERP Shop, Ardeer, 

Victoria) to produce a slippery surface.  As this species exhibits distinct negative 

phototaxis, cardboard hiding trays (fruit divider trays cut to size) were stacked upon 

each other in the insectivory to provide cover and increased habitable living surface 

area.  Commercial dry dog food (Supercoat Petcare Pty Ltd, Australia) and water in the 

form of hydrated crosslinked polyacrylamide crystals (Water-Guard Crystals, Aristopet 

Pty Ltd, Australia) were provided ad libitum.   

 

6.3.7 Speckled cockroach bioassay 

On the day preceding the bioassay, the insects were removed from the insectivory, 

weighed, and divided into groups of 10 and transferred to food grade plastic containers 

(700 mL) with a single cardboard hiding tray and provided with food and water.  The 

test subjects were mixed sex with a typical weight of 0.585 g (n = 820, SE 0.003) at the 

time (approximately 70 days old) of testing.  Only specimens of healthy appearance, 

(i.e. ‘plump’ without any apparent body damage) were used for testing.  Body weight 

was recorded for all individuals to allow for dose/gm to be calculated for all treatments. 

 

6.3.8 Anaesthetisation 

Prior to injection, the insects were anesthetised by inducing a state of torpor (chill-

coma) by cooling for 60 minutes at 4°C.  This time period and temperature was well 

outside of the range where chill-injury (cold temperature induced disturbance of ion 

homeostasis causing defects in crawling, uncoordinated movements and death) can 

occur in this species (Kostal et al. 2006).  The anaesthetisation period lasted for 4-5 

minutes, after which the insects resumed movement.  This allowed for the injection of 

N. cinerea in batches of 10 which typically took about 4.4 min (n = 20, SE 0.196). 
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6.3.9 Injection 

Administration of the injection was adapted from Smith (1994).  A luer tip 50 µL 

syringe (Part Number 80901, Hamilton, USA) fitted with a disposable 30 G precision 

glide needle (Becton Dickinson and Company (BD), USA) was used to administer the 

dose.  Preliminary experiments using volumes of 5 to 30 µL (physiological saline 0.9% 

NaCl (w/v)) verified that these injection volumes were well tolerated by this age class of 

N. cinerea as demonstrated by 100% survival (unpublished results).   Thus, to minimise 

variation across injections, the largest volume of 30 µL was selected for injection of the 

test solutions.   

 

Using one hand, the cockroach was held in position between the thumb and fingertips, 

ventral side up, with the posterior facing towards the analyst.  The other hand was used 

to manipulate the syringe freely, without support of a block. The test solution was 

administered into the abdominal haemocoel by inserting the needle (to a depth of 

approximately 5 mm) between the last two abdominal sternites close to the lateral 

margin and depressing the plunger smoothly over about 5 seconds.  The needle was kept 

more or less parallel to the long axis of the insect with its tip just below the cuticle in 

order to avoid the puncturing internal organs. (The injection site was not sterilised prior 

to injection, nor was the needle changed across individuals or replicates within a single 

concentration of a treatment, as acute (≤ 2 h) sensitivity to the test solutions was of 

primary interest.  Furthermore, the time constraint of performing 5 injections within 4 

minutes precluded these procedures).   

 

The test solutions were injected at the concentrations described previously.  The initial 

screening experiment was at the stock concentrations only.  Ten insects were tested 

against each of these test solutions with the mean weight of each test group used to 

calculate dose per mg of insect weight.  The insects tested in the initial screening 

experiment were examined at 2, 24, 48 and 72 h intervals and the number of effected 

individuals recorded.  Where a response was recorded at 2 h, either a 4 or 5 step 50% 

dilution series was made from the stock to determine dose-response.  Each 

concentration of the dilution series was tested against 5 replicates of 10 insects with the 

mean weight of all dilutions tested within a treatment used to calculate the effective 

dose per mg of insect weight.  For the dose-response the determinations, the negative 

control also consisted of 5 replicates of 10 insects.  
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6.3.10 Test response 

The endpoint assessed in the cockroach bioassay was ‘knock down’ (KD).  To assess 

this, cockroaches were inverted and touched on the abdomen with a pair of forceps; 

those unable to right themselves to a normal posture (within 10 sec) were recorded as 

KD (Choo et al. 2000).  This endpoint, of inability to regain normal posture, 

corresponds to the work done by Cook et al. (2006) with the desert locust.  To allow 

further comparison to the sensitivity of the desert locust, the present also involved 

assessment of the insects at the same time intervals of 30, 60, 90 and 120 minutes.  

Behavioural symptoms immediately following treatment were also noted. 

 

6.3.11 Data analysis 

KD50, with ± 95% confidence limits, were calculated by Probit analysis (Finney 1971) 

using the software package XLSTAT Version 7.5.2 (Addinsoft, USA) for each of the 

four intervals post injection (30, 60, 90 and 120 min).  To ensure a high level of 

precision for KD50 values, the minimum number of test subjects was < 240 individuals 

for each experiment (test solution) as proposed by Robertson et al. (1984).  KD20 and 

KD80 values are also reported using the same method for KD50 determination.  

 

6.3.12 Sacrifice of insects  

At the completion of the experiments, the cockroaches were humanely sacrificed by 

freezing at -20°C. 

 

6.4 Results 

 

6.4.1 Preliminary screening experiment 

In the preliminary screening experiment (Table 15), no effect (KD) was evident for any 

of the treatments at 2 h except for mevinphos 16.2 mg/kg, STX 52 µg/kg and the toxin 

containing A. circinalis aqueous extract (Table 16) 912 dw g/kg.  The treatments of 

mevinphos and A. circinalis aqueous extract lead to 100% (% n = 10) knock down at 2 

h from which there was no recovery at 72 h.  In contrast, the STX treated insects which 

were all KD at 2 h, appeared to recover from intoxication with 100% of the insects at 24 

to 72 h seemingly unaffected.   

 

The pure cyanotoxins CYN and MC-LR proved to be slower acting than STX with the 

first indication of CYN toxicity occurring at 24 h KD 10% and MC-LR at 48 h KD 
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20%.  Neither of these toxins resulted in 100% KD at 72 h.  Similarly, the aqueous 

extracts of toxin containing M. aeruginosa and N. spumigena (Table 16) also proved to 

be slower acting than the toxic A. circinalis aqueous extract.  No KD was recorded at 24 

h for N. spumigena, while KD was only at 10% for M. aeruginosa.  KD peaked for N. 

spumigena and M. aeruginosa at 72 h with 30% and 100% respectively.  Interestingly, 

the toxin containing extract of C. raciborskii (AWT 205) (Table 16) had no apparent 

effect at 72 h with all 10 insects appearing alive and well.   

 

Table 15.  Preliminary screening experiment.  Test solutions, reported mammalian 

acute toxicity, dose/kg insect body weight and % (n = 10) KD at time (h).  Injection 

volume 30 µL. 

 

Treatment  Reported 

mammalian  

acute toxicity  

Dose insect 

this study 

 

%  KD at time (h) 

2 24 48 72 

Mevinphos  

 

1.5 mg/kg (1) 16.2 mg/kg 100 

 

100 100 100 

CYN 

 

2.1 mg/kg (2) 

 

20.3 mg/kg 0 10 

 

20 

 

50 

 

MC-LR 

 

0.05 mg/kg (3) 0.49 mg/kg 0 0 20 

 

20 

 

STX  

 

10 µg/kg (4)   52.8 µg/kg 100 

 

0 0 0 

A. circinalis*  

 

<30-300 mg/kg (5) 912 dw g/kg 100 

 

100 

 

100 

 

100 

 

C. raciborskii  

(AWT 205) * 

50-110 mg/kg (6) 919 dw g/kg 0 0 0 0 

M. aeruginosa*  

 

25-<448 mg/kg (7) 923 dw g/kg 0 10 

 

80 

 

100 

 

N. spumigena*  

 

23-<310 mg/kg (8) 945 dw g/kg 0 0 20 

 

30 

 

Physiological saline (NaCl) - 487 mg/kg 0 0 0 0 

 

*crude extracts; toxin concentrations vary. 

(1) rat LD50 i.p. [reported in (HSB 2005)], (2) mouse 24 h LD50 i.p. (Ohtani et al. 1992), 

(3) mouse 4 h LD50 i.p. (Chen et al. 2006a), (4) mouse 4 h LD50 i.p. (Wiberg and 

Stephenson 1960), (5, 7-8) mouse 4 h minimum LD100 i.p. (Baker and Humpage 1994a), 

(6) mouse 24 h LD50 i.p. (Falconer et al. 1999). 
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Table 16.  HPLC-MS/MS toxin analyses of aqueous cyanobacterial extracts used in N. 

cinerea bioassay. 

 

Taxon 

 

Toxin concentration dw 20 mg/mL aqueous extract 

A. circinalis  STX-eq* 767 ng/mL: STX 272 ng/mL, dcSTX 910 ng/mL, C1 

272 ng/mL, C2 272 ng/mL (ANTX-a ND, CYN ND, deoxy-

CYN ND, MC ND) 

 

C. raciborskii  CYN  45.7 µg/mL , deoxy-CYN 12.2 µg/mL (ANTX-a ND) 

 

M. aeruginosa  Total MC 61.3 µg/mL: MC-LR 40 µg/mL, MC-LA 16.8 µg/mL, 

other minor MC 4.5 µg/mL 

 

N. spumigena  NOD 39 µg/mL 

 

 

STX = saxitoxins, STX-eq = saxitoxin equivalents calculated from relative toxicities as 

per Oshima (1995), dcSTX = decarbamoyl saxitoxin, C1 = C toxin 1, C2 = C toxin 2, 

ANTX-a = anatoxin-a, CYN = cylindrospermopsin, deoxy-CYN = deoxy-

cylindrospermopsin, MC = microcystins, MC-LR = microcystin-LR, MC-LA = 

microcystin-LA, NOD = nodularin, ND = not detected. 

 

The preliminary screening experiment results at 2 h clearly defined which test solutions 

the cockroaches were sensitive to (100% KD), or tolerant of (0% KD), for this time 

period.   

 

6.4.2 Mevinphos, STX and A. circinalis aqueous extract dose-response 

Mevinphos, STX and A. circinalis aqueous extract treatments resulted in sigmoidal 

dose-response curves with 30, 60, 90 and 120 min KD50 values obtained by Probit 

analysis shown in Table 17.  No KD was observed in the negative control insects (n = 

50).   The KD50 for mevinphos was quite stable across the post injection time intervals 

of 30, 60, 60 and 120 min.  In contrast, there was an obvious decrease in the KD50 for A. 

circinalis over time with an almost 3 fold decrease from 30 to 120 min.  The highest 

sensitivity of N. cinerea to STX was at 60 min with a KD50 31.2 ng/g.  The slight 

increases in KD50 from 60 to 120 min are likely due to the recovery of this species 

intoxication to STX which was complete at 24 h (Table 15).  Changes in the ED50, ED20 

and ED80 across time are plotted in Figure 12.   
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Comparison of sensitivity to pure STX and STX-eq (analogues listed in Table 16) 

suggests that the mixture of PSP toxins in the A. circinalis aqueous extract exerts a 

stronger effect than STX by almost 7 fold at 60 min (Table 17).  The toxicity of STX 

compared to mevinphos at 90 minutes post injection indicated that STX was 

approximately 134 fold more effective than the organophosphate pesticide as 

determined from KD50 values (Table 17).     

 

Table 17.  ED50 (95% confidence interval) values for N. cinerea (per gram body weight) 

tested against mevinphos, STX and A. circinalis aqueous extract (and STX-eq and dw 

mg/mL).   

 

 Treatment  ED50 (± 95% confidence intervals) at time (min) 

 

30 60 90 120 

 

Mevinphos 

(µg/g)
 
  

4.3 

(3.6-5.1) 

 

4.4 

(3.6-5.3) 

4.4 

(3.8-5.3) 

4.4 

(3.8-5.3) 

STX  

(ng/g) 

48.0 

(43.0-55.0) 

 

31.2 

(27.7-35.1) 

32.9 

(29.4-37.1) 

34.4 

(30.7-38.8) 

A. circinalis 

(STX-eq ng/g) 

9.1 

(8.1-10.5) 

 

4.6 

(3.9-5.1) 

3.7 

(3.3-4.2) 

3.5 

(3.2-4.0) 

(dw mg/g) 672 

(595-769) 

 

332 

(290-381) 

275 

(241-314) 

260 

(227-296) 
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Figure 12.  KD20, KD50 and KD80 STX ng/insect for N. cinerea over time period 30 to 

120 minutes with 95% confidence intervals.  (Note: maximum dose tested was 30 

ng/insect; values above this are based on the Probit model versus data). 

 

6.4.3 Observation of neurotoxic effect in N. cinerea 

Observations of N. cinerea post injection with A. circinalis aqueous extract (20 dw 

mg/mL) revealed that, while some individuals could still walk at 10 min, they exhibited 

erratic jerky movements.  At around 15 min, spasmodic paralytic extensions were 

evident in the hind (metathoracic) legs, which over time progressed to the mid 

(mesothoracic) and anterior (prothoracic) legs.  At 90 min there was very little 

movement of the legs or antennae.  In contrast, the cockroaches treated with mevinphos 

(e.g. 83.4 µg/mL at 30 min) exhibited paralytic contraction of the legs while the 

antennae were still capable of movement.  For the insects treated with STX, the 

progression of spasmodic paralysis from the posterior to the anterior legs was not as 

pronounced as in the insect treated with the A. circinalis aqueous extract.  Paralysis of 

all the limbs was, however, apparent as an extension rather than a contraction.  The 

inability of the cockroaches to right themselves from an inverted position (knock down) 

appeared to be primarily related to the degree of function of their hind legs.  Whether 

due to paralytic extensions, or contraction, once the normal operation of the hind legs 

was impeded, the cockroaches were invariably knocked down. 
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6.5 Discussion 

 

Investigation of an insect bioassay, as a potential replacement to the mouse bioassay for 

testing cyanobacterial toxicity, has been studied by McElhiney et al. (1998) and Hiripi 

et al. (1998), who both administered cyanobacterial test material via injection in locust 

species.   

 

McElhiney et al. (1998) found the desert locust (Schistocerca gregaria) to be very 

sensitive to STX, with the effective dose producing paralysis in 50% of the insects 

tested (ED50) of 8 ng/g at 90 min post injection.   Another outcome of this desert locust 

study was that MC-LR and anatoxin-a did not cause any observable toxicity in the test 

subjects (presumably at 90 min post injection as this was the maximum observation 

period reported for STX toxicity).  This apparent tolerance to MC-LR, over a short time 

frame, is consistent with a report that this cyanotoxin takes 24-48 h to exert its full 

lethal effect on insects (Delaney and Wilkins 1995).   

 

This apparent short term tolerance of MC-LR was also found for N. cinerea.  In 

addition, this species was found to be tolerant of CYN and toxin containing extracts of 

C. raciborskii (AWT 205), M. aeruginosa and N. spumigena.  The doses of CYN and 

MC-LR administered were approximately 10 fold greater than mammalian LD50 values, 

however, by 24 h there was little or no response apparent in the insects.  Thus, as a short 

term test of up to 2 h, positive responses for the N. cinerea bioassay were clearly 

selective only for pure STX and the A. circinalis aqueous extract containing this toxin, 

various analogues of it and possibly other unknown toxic compounds. 

 

A different species of locust, the African migratory locust (Locusta migratoria 

migratorioides), was used by Hiripi et al.  (1998) who found this insect to be sensitive 

to extracts of Aphanizomenon flos-aquae, Anabaena aphanizomenoides, C. raciborskii, 

M. aeruginosa and pure microcystin-LR.  Thus, it appeared that this insect was 

susceptible to a broad range of cyanotoxins. However, there were two main short 

comings in this study; the lack of HPLC cyanotoxins analysis of cyanobacterial extracts 

and the assessment of the insects only once at 48 h.  Consequently it is unknown to the 

reader, for example, if the extract of A. flos-aquae contained STX, or if responses to this 

treatment occurred at < 48 h. 
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Insect bioassays have also been investigated for the specific detection of PSP toxins 

produced by dinoflagellates (Dinophyceae) using the German cockroach (Blattella 

germanica) (Clemons et al. 1980) and cricket (Acheta domestica) (Bass 1986).  They 

have also been developed for the purpose of monitoring of PSP toxins in the shellfish 

industry with bioassays tested using the house fly (Musca domestica) (Ross et al. 1985) 

and the desert locust (Schistocerca gregaria) (Cook et al. 2006; McElhiney et al. 1998).  

The use of mosquito (Culex pipiens) has also been proposed as alternative to the mouse 

bioassay for toxicity testing in general, with sensitivities determined for a wide suite of 

toxins including STX (Turell and Middlebrook 1988).  STX sensitivity of these insect 

species is compared to N. cinerea in Table 18. 

 

Table 18.  Sensitivity of insect species to STX. 

 

Insect species 

 

STX sensitivity Endpoint Time  Citation 

Mosquito 

(C. pipiens) 

LD50 0.9 µg/g mortality 24 h (Turell and Middlebrook 

1988) 

German cockroach 

(B. germanica) 

LD50 0.7 µg/g mortality 24 h (Clemons et al. 1980) 

Desert locust 

(S. gregaria) 

ED50 8 ng/g paralysis 90 min (McElhiney et al. 1998) 

 

 

ED50 36.8 ng/g KD 90 min (Cook et al. 2006) 

Speckled cockroach 

(N. cinerea) 

ED50 32.9 ng/g KD 90 min present study 

House fly 

(M. domestica) 

ED50 *3.8 ng/g KD 10 min (Ross et al. 1985) 

 

*reported as 381 pg/fly; converted here to dose per gram based on an assumed body 

weight of 10 mg. 

 

The study by Clemons et al. (1980) demonstrated sensitivity of the German cockroach 

to a dinoflagellate (Dinophyceae) species associated with PSP toxin production and pure 

STX.  In insects tested against the dinoflagellate Gonyaulax monilata it was found that 

insects exhibited rapid paralytic extensions of the hind legs, spreading to the anterior 

limbs at higher doses, while this leg extension response was absent in insects treated 

with a lethal dose of STX (Clemons et al. 1980).  This finding was very similar to that 

of the present study.  N. cinerea also responded with leg extensions, in this case to the 

A. circinalis aqueous extract while the response to pure STX was somewhat more 

subdued prior to KD.  Unfortunately, a chemical profile of the toxins present in the 

http://www.itis.gov/servlet/SingleRpt/SingleRpt?search_topic=TSN&search_value=9874
http://www.itis.gov/servlet/SingleRpt/SingleRpt?search_topic=TSN&search_value=9874
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aqueous preparation of G. monilata was not reported by Clemons et al. (1980).  

However, dcSTX is known to occur in dinoflagellates of the Order Gonyaulacales 

(Harada et al. 1983) and has also been found in A. circinalis samples by Negri et al. 

(1997) and in this study.  In contrast, this leg extension response was not observed by 

Bass (1986) who tested crickets against the same dinoflagellate species as Clemons et 

al. (1980).  In this case, the symptoms were found to be rather unremarkable with the 

insects becoming quiescent prior to death (Bass 1986).  Once again, a chemical profile 

of toxins was not reported, thus it remains unknown if this response reflects differences 

across bioassay test species or test materials.   

 

The observation of spontaneous recovery in N. cinerea injected with STX, even at the 

highest dose, is consistent with previous reports in the German cockroach (Clemons et 

al. 1980) and desert locust (Cook et al. 2006).  In mammals, the most life threatening 

component of STX poisoning is attributed primarily to the blockade of diaphragmatic 

neurotransmission   (Chang et al. 1997).  In some very small insects gaseous exchange 

occurs entirely by diffusion along a concentration gradient (Hickman et al. 1993), in 

larger insects, such as cockroaches, expiration is an active process while inspiration is 

passive (Jordan and Verma 2001). It was not known, however, if a respiratory collapse 

occurred in N. cinerea analogous to that in mammals. 

 

Extending from the work of McElhiney et al. (1998), the desert locust bioassay has 

undergone further testing and validation for the detection of PSP toxins in shellfish 

(Cook et al. 2006).  The endpoint in the earlier study was defined as paralysis, whereas 

the endpoint in the more recent study of, “whether it was able to right itself when placed 

on its back” corresponds to the definition of KD used in the current study.  The desert 

locust sensitivity to STX was ED50 of 36.8 ng/g at 90 min (Cook et al. 2006) which is 

very similar to that of N. cinerea with KD50 32.9 at 90 min.  The sensitivity reported by 

Cook et al. (2006) for their insect bioassay demonstrates that is capable of detecting and 

quantifying PSP toxins at levels required by legislation in Europe.  Thus, N. cinerea 

with its comparable sensitivity presents an alternative insect test organism for the 

detection of PSP toxins not only in cyanobacterial samples, but also for shellfish flesh.   

 

Of interest was the comparison of KD50 values for STX and STX-eq present in the A. 

circinalis aqueous extract.  At each of the assessment intervals ranging from 30 to 120 

min, the KD50 values for STX-eq were consistently lower by around 5-10 fold than that 
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for STX.  This finding of a cyanobacterial extract exerting greater toxicity than a pure 

cyanobacterial toxin appears to be a recurring theme in this field of research.  For 

instance, environmental bloom material dominated by M. aeruginosa containing MCs, 

has been found to be more toxic than pure toxins at equivalent concentrations in a 

number of organisms (Pietsch et al. 2001).  It is possible that STX and its analogues 

present in the A. circinalis aqueous extract may have acted synergistically and/or 

additively in an unexpected manner. 

 

Furthermore, it must be stressed that the calculation of STX-eq is based on the relative 

toxicity of PSP toxins to mice (Oshima 1995).  Thus, for each species used as a 

bioassay test organism, a specific relative toxicity of PSP toxins needs to be derived.    

Indeed, Cook et al. (2006) have worked towards calibrating their desert locust bioassay 

with neoSTX, dcSTX and a GTX2/GTX3 mixture.  This has revealed that there are 

differences in sensitivity of PSP toxins for the desert locust compared to the mouse.  For 

example, the desert locust is more sensitivity to GTX2/GTX3 mixture and less sensitive 

to dcSTX than mice (Cook et al. 2006).  The relative toxicity of neoSTX for both mice 

and desert locust was, however, very similar (Cook et al. 2006).  This calibration of an 

insect bioassay with commonly reported STX analogues would appear to be the next 

step in the development of the N. cinerea bioassay if it is to be used for regulatory 

purposes. 

 

Physiological difference in insects, compared to mice, may reduce the likelihood of 

interference in test results.  Compared to vertebrates, concentrations of amino acids, 

lipids and proteins in insect haemolymph are quite variable with physiological state and 

temperature (Cook et al. 2006).  This makes them less sensitive to rapid alterations in 

haemolymph composition (e.g. when dosed with test material) than vertebrates (Cook et 

al. 2006).  For example, the concentrating of freshwater cyanobacterial bloom material 

by 30 to 100 fold prior to administration to mice may cause interference (e.g. false 

positives) in the test subject even if no cyanotoxin is present due to salt toxicity 

(Eaglesham et al. 1999).  This effect did not appear in this study even in insects dosed 

with cyanobacterial extract at 919 dw mg/g (C. raciborskii AWT 205) and does not 

appear to be reported in the literature either. 

 

Before undertaking this study with N. cinerea as the test organism, several other insect 

species were considered.  The most fundamental criterion for selection of an insect test 
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organism was its availability.  Following this was its uniformity of physical condition, 

ease of handling and husbandry considerations.  The following account outlines the 

shortcomings of insect species which did not prove to be as practical for bioassay use as 

N. cinerea.   

 

Field observations have strongly linked the almost total mortality in honey bee (Apis 

mellifera) hives watering from a lake suffering an A. circinalis bloom in New South 

Wales (May and McBarron 1973).    This apparent sensitivity to cyanobacterial toxicity 

and use of this species for investigation of other neurotoxic natural products (e.g. 

Manzoli-Palma et al. 2003) prompted pilot bioassay experiments with honey bees.  It 

was found (unpublished results) that this test organism proved unsuitable for a number 

of reasons including, high (> 40%) knockdown in negative controls, environmental 

susceptibility (e.g. drought) and a short window of opportunity of 1-2 days after 

emergence to work with after which the sting hardened.  The use of pupal bees with 1 

µL injections into the head capsule (Wilson 1970) was also deemed unsuitable due the 

requirement of specialised injection equipment and difficulty in determining an 

endpoint pre-emergence.  Likewise, the use of small injection volumes and complicated 

inoculation apparatus (Turell and Middlebrook 1988), not to mention small physical 

size, precluded the injection of mosquitoes.  The use of larval mosquitoes, in an 

immersion type bioassay (Kiviranta and Abdelhameed 1994), was also discounted due 

to short window of opportunity due to developmental life stages in the mosquito. Pilot 

experiments were also conducted on mealworm (Tenebrio molitor) larvae, however, 

they too were deemed unsuitable due to their heat sensitivity during transport and short 

life stage before becoming adults, which where quite small.  Crickets, although 

available, proved to variable in size and were often physically damaged (e.g. missing 

limbs).  Although locusts were an obvious option, inquiries with the Australian Plague 

Locust Commission, Canberra (APLC) regarding captive colonies of the Australian 

plague locust (Chortoicetes terminefera) revealed that they were not kept by the APLC 

(personal communication, T. Deveson).   

 

Compared to the reported mouse STX LD50 10 µg/kg (Wiberg and Stephenson 1960), 

the N. cinerea bioassay was approximately 3.3 times less sensitive (ED50 32.9 µg/kg).  

However, as this insect test organism was around 34 times smaller in mass than a mouse 

(20 g), 1/10 the amount of toxin in absolute quantity was required to treat to an ED50 

level.  Similarly, the N. cinerea bioassay was approximately 3 times less sensitive to 
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mevinphos than the rat bioassay with values of ED50 4.4 mg/kg and LD50 1.5 mg/kg 

(HSB 2005) respectively.  In this case, the absolute quantity required to attain an ED50 

would be considerably less than 1/10, in view of rats being considerably larger than 

mice.  In terms of time efficiency, the N. cinerea bioassay is much more rapid than cell 

bioassays, such as the Neuro-2A neuroblastomo toxicity assay, which requires a 24 h 

exposure period (Humpage et al. 2007; Teste et al. 2002).  In this insect bioassay, 

reliable results could be attained in 30 min, with peak sensitivity for STX at 60 min.  

 

In addition to the aforementioned benefits associated with this insect bioassay for the 

detection of PSP toxins, it presents a number of other practical advantages.  These 

include its potential use for the identification of new toxic fractions from column 

chromatography, especially since these quantities are often insufficient for the mouse 

bioassay (Clemons et al. 1980).  As STX is included in Schedule 1 of the Chemical 

Weapons Convention (http://www.opcw.org) and recognised as a potential threat to 

potable water supplies (Burrows, 1999), there is a need for rapid screening methods in 

the event of possible terrorist threats to drinking water systems (Foran, 2000).  Thus in 

addition to the detection PSP toxins in water and food monitoring, this insect bioassay 

may also offer a rapid screening method in the event of intentional contamination of 

drinking water systems with STX.  There are also occupational health and safety 

benefits to the analyst by working with insects compared to mice, as much smaller 

injection volumes are required.  So if a needle-stick injury was to occur, the potential 

for illness resulting from intoxication would be much reduced.  The size of the test 

organism, its ability to be easily transported and environmental tolerance, allows for this 

insect bioassay to be adapted for use in the field.  The test is a non-commercial method 

and the cost and sophistication of materials and equipment is low.   
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7 General discussion, future research directions and 

conclusions 

 

7.1 Detection of cyanobacteria toxicity by whole organism 

bioassays: Current status of laboratory capacity 

 

In Australia, the public health surveillance of cyanobacteria in drinking water supplies 

primarily depends on the microscopic analysis of these species (Jones 1997).  When cell 

counts of known toxigenic cyanobacterial species exceed specific values, cyanotoxin 

analysis is usually carried out by HPLC (DNR&M 2005).  However, if there is a 

cyanobacteria bloom (e.g. > 100 000 cells/mL) of taxa not previously recorded as toxic, 

the recommended toxicity analysis is by “mouse bioassay or a comparative method” 

(DNR&M 2005).  Toxicity testing by the mouse bioassay, however, is faced by two 

main logistical constraints: a) the requirement for a further 2 L of water sample from the 

bloom affected water body (DNR&M 2005) for microscopic analysis prior to this 

sample being sent to a laboratory with specialised veterinary facilities and appropriately 

trained staff.  This may delay the final result by several days; and b) there are very few 

laboratories in Australia with the capacity to perform the mouse bioassay for this 

purpose.  Indeed, perusal of the National Association of Testing Authorities (NATA) 

(Australia's national laboratory accreditation authority) website http://www.nata.asn.au 

reveals that this organisation currently lists only one such facility accredited to perform 

the mouse bioassay.  While this is not an exhaustive search, it is clear that the provision 

of this service for public (commercial) testing is limited.    

 

An alternative toxicity analysis to the mouse bioassay, termed as a “comparative 

method” above, implies the use of other bioassay techniques.  Specialist commercial 

laboratories performing freshwater toxicity testing generally use non-sentient test 

organisms such as cladoceran microcrustaceans.  These laboratories are few in number 

and generally do not specialise in investigating cyanobacterial toxicity.  One such 

laboratory (Ecotox Services Australasia Pty Ltd, Sydney), however, has been contracted 

by Dr Marc Seifert (Seifert 2007) to investigate the toxicity of Cylindrospermopsis 

raciborskii extract and cylindrospermopsin against Ceriodaphnia dubia.   

 

http://www.nata.asn.au/
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In contrast, there are many more laboratories that hold NATA accreditation for the 

analysis (identification and enumeration) of planktonic cyanobacteria.  Currently there 

are 14 such facilities listed on the above mentioned NATA website.  The staff 

performing this analysis are typically tertiary qualified in biological science and have 

undertaken specialist training in cyanobacterial enumeration and taxonomy (e.g. Hotzel 

and Croome 1998).  In addition to the laboratory holding accreditation, the analyst is 

also is required to gain signatory status via assessment by an independent technical 

assessor and a NATA representative.  If admitted, the analyst is required to participate 

in proficiency testing to maintain their status.  In the course of day-to-day duties, the 

analyst will be in contact with the client (e.g. a water authority) to advise on various 

aspects relating to cyanobacterial occurrence including issues relating to potential 

toxicity.  

 

Ideally, these laboratories should be equipped with the capability to undertake 

cyanobacterial toxicity testing using alternative methods to the mouse bioassay.  Such 

methods would need to be amenable to basic laboratory facilities, as service providers 

for the analysis of cyanobacteria are generally not research facilities with AQIS 

certification and physical containment registration.  The economic cost of performing 

the bioassay is also a factor, as these laboratories are normally engaged on a contractual 

basis with their clients.  The benefits of this ‘in-house’ toxicity testing would include: 

an internal chain of custody (i.e. one facility involved in sample receipt to reporting), 

reduced turnaround time and reduced cost.   

 

7.2 Recommended bioassays for improving laboratory capacity 

in the detection of cyanobacterial toxicity 

 

The principal aim of this thesis was to investigate, optimise and validate a range of 

whole organism bioassays which can, as much as practicable, offer an alternative to the 

mouse bioassay for the detection of cyanobacterial toxicity in water.  This aim was 

achieved by presenting: 

1. An optimised and validated brine shrimp nauplii bioassay with the species 

identification correctly assigned to Artemia franciscana.  This bioassay was 

sensitive to pure cylindrospermopsin (CYN), microcystin-LR (MC-LR) and a 

variety of aqueous cyanobacteria extracts containing these cyanotoxins as well 
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as nodularin (NOD), saxitoxin (STX) and other microcystin analogues (Chapters 

3 and 4).    

2. An optimised and validated insect bioassay using the cockroach Nauphoeta 

cinerea that was selectively sensitive to the neurotoxic effect of STX and an 

Anabaena circinalis aqueous extract containing Paralytic Shellfish Poisoning 

toxins.  This bioassay was tolerant of CYN, MC-LR and a variety of aqueous 

cyanobacteria extracts containing these cyanotoxins as well as others (Chapter 

7). 

 

While the A. franciscana nauplii bioassay provided good broad spectrum sensitivity to 

CYN and MC-LR and a range of aqueous cyanobacterial extracts including A. circinalis 

(containing PSP toxins), the minimum time taken from incubation of the cysts to 

determination of 24 h LC50 values and reporting would be greater than 48 h.  In contrast, 

the test organism in the selectively sensitive (STX/A. circinalis) N. cinerea bioassay 

would be housed in the laboratory, at an appropriate developmental stage and available 

for immediate use, with a determination of ED50 values in ≤ 2 h.  Thus, for 

cyanobacterial blooms of taxa not previously recorded as toxic, it is recommended that 

these two complementary bioassays are used in tandem for toxicity screening.  

Moreover, as benthic cyanobacteria are also known to be associated with toxicity 

(Chapter 1), these populations should also be monitored and submitted to toxicity 

analysis.  At present, monitoring guidelines for cyanobacteria in drinking water supplies 

are generally confined to planktonic species only (e.g. DNR&M 2005).  As more 

research is reported on the potential public health risks of benthic cyanobacteria in 

drinking water supplies, it is likely that monitoring guidelines will be formalised.   

 

As discussed previously (Chapter 6), the sensitivity of the N. cinerea bioassay to STX 

and PSP toxins presents an alternative bioassay for the detection of these toxins in 

shellfish flesh.  In the UK, an insect bioassay has been developed using a species of 

plague locust, Schistocerca gregaria, for this purpose (Cook et al. 2006; McElhiney et 

al. 1998).  The work of these researchers may serve as a guideline for the future testing 

of the N. cinerea bioassay for the monitoring of PSP toxins in the Australian shellfish 

industry. 
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7.3 Considerations for limits of detection, cyanotoxin health 

alert values and sample concentration 

 

Compared to analyte specific techniques, such as HPLC and ELISA, the detection limits 

of whole organism bioassays for CYN and MC-LR in water are often considerably 

higher than the health alert values for these toxins (Table 19).   For instance, the mouse 

bioassay LD50 for MC-LR is 0.05 mg/kg (on a mouse weight basis), while the health 

alert value for this toxin is 1 µg/L (as the concentration in water).  Thus, the lethal dose 

per 20 g mouse is around 1 µg, requiring the concentration of a 1 L water sample to a 1 

mL for i.p. injection to produce a lethal response (Nicholson and Burch 2001).  It is 

worthwhile to note that in this example, from a thousand fold concentration of the water 

sample, interferences such as salt toxicity may occur (Nicholson and Burch 2001).    Of 

note is the very low Artemia nauplii bioassay 24 h LC50 value for STX of 9 ng/L 

reported by Rapala et al. (2005).  This sensitivity is approximately four orders of 

magnitude greater than the highest sensitivity achieved for MC-LR in this thesis.   In 

contrast, sensitivity in the mouse bioassay to STX is approximately five fold greater 

than that for MC-LR.  Due to restrictions in the available of STX, this toxin could not 

be tested in Artemia nauplii bioassay to allow for comparison with the result obtained 

by Rapala et al. (2005). 

 

Table 19.  Detection limits of selected chemical, immunological and whole organism 

assays for cylindrospermopsin (CYN), microcystin-LR (MC-LR) and saxitoxin (STX) 

with drinking water health alert values provided for comparison. 

 

Assay type Detection limit 

CYN MC-LR STX 

Chromatographic* 0.2 µg/L
(1)

 0.05 µg/L
(2)

 0.32 µg/L
(3)

 

ELISA* 0.05 µg/L
(4)

 0.10 µg/L
(5)

 0.02 µg/L
(6)

 

Mouse bioassay** 2.1 mg/kg
(7)

 0.05 mg/kg
(8)

 10 µg/kg
(9)

 

Artemia nauplii bioassay * 0.58 mg/L
(10) 

2.0 mg/L
(11) 

9.0 ng/L
(12) 

Nauphoeta cinerea bioassay** NS NS 31.2 µg/kg
 (13) 

Health alert value* 1 µg/L
(14) 

1 µg/L
(15) 

3 µg/L
(16) 

 

(1) Li et al. (2001) HPLC-MS/MS,  (2) Kemp and John (2006) HPLC, (3) He et al. 

(2005) HPLC with fluorescence, (4) Product Numbers 522011, (5) 520011 and (6) 
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52255B Abraxis LLC, USA, http://www.abraxiskits.com, (7) Ohtani et al. (1992) 24 h 

LD50 i.p., (8) Chen et al. (2006a) 4 h LD50 i.p., (9) Wiberg and Stephenson (1960) 4 h 

LD50 i.p., (10 and 11) this study (Chapter 4) 72 h LC50, (12) Rapala et al. (2005) 24 h 

LC50, (13) this study (Chapter 7) 60 min ED50, (14) Shaw et al. (2000) and Humpage 

and Falconer (2003) proposed guideline value, (15) WHO (1998), (16) Fitzgerald et al. 

(1999) suggested value for STX-eq, NS = not sensitive, *detection limit expressed as 

toxin concentration in water, **detection limit expressed as in vivo dose of toxin. 

 

One of the general limitations to the use of bioassays for evaluating acute toxicity in 

drinking water supplies is the low concentrations of toxins that may be present in such 

waters (Diaz-Baez et al. 2000).  Thus, it is necessary to concentrate bloom samples as a 

step prior to toxicity testing.  This may be achieved through several methods including: 

filtration, centrifugation, flotation and evaporation of water from the sample by either 

freeze-drying or air drying (e.g. convection oven 40-50°C) (Falconer 2005).  A 

commonly reported method of sample concentration is freeze-drying, or lyophilisation, 

with its application cited in a variety of bioassays including, Artemia nauplii (Meriluoto 

et al. 2000), insect (Hiripi et al. 1998) and mouse (Shaw et al. 2000).  In this thesis, the 

environmental blooms samples of cyanobacteria and cultures tested were predominantly 

freeze-dried samples.  The aqueous extracts prepared from these samples involved 

multiple freeze-thaw cycles to ensure the release of intracellular components from the 

lyophilised the cells.  As some species of cyanobacteria, such as M. aeruginosa 

primarily produce intracellular cyanotoxins, this process simulated toxin release due to 

bloom senescence and death (Rohrlack and Hyenstrand 2007).   

 

While the concentration of samples by freeze-drying is suitable for research purposes, it 

may not be practicable in the application of bioassays for routine toxicity testing 

because of the time required to process samples which, depending on sample volume, 

may take several days.  Another common method for concentrating cyanotoxins, 

occurring at low concentration in water, is by solid-phase extraction (SPE).  In brief, the 

sample is passed through a SPE cartridge which retains the toxin by adsorption 

(Nicholson and Burch 2001).  Depending on the nature of the analyte, a range of phases 

(sorbents) are used, for example graphitised carbon for CYN (Norris et al. 2001), C18 

for MC-LR and STX (He et al. 2005; Lawton et al. 1994).  This procedure is used to 

concentrate samples for subsequent HPLC analysis (e.g. Lawton et al. 1994) and as an 

initial enrichment step in the extraction and purification of cyanotoxins (e.g. Norris et 

http://www.abraxiskits.com/
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al. 2001).  SPE not only concentrates toxins present in a sample but can also effect a 

cleanup by selectively eliminating interferences (Nicholson and Burch 2001).  This 

technique has been used to remove interferences from M. aeruginosa extract to increase 

the specificity of the Artemia nauplii bioassay to microcystins (Chen et al. 2006b).   In 

this case, however, concentration of the sample was not achieved by SPE but by freeze-

drying (Chen et al. 2006b).    

 

7.4 Passive sampling techniques for cyanobacterial toxins 

 

Traditionally, the monitoring of cyanobacteria and their toxins in drinking water 

supplies has been based on the collection of individual samples at discrete times and 

locations (e.g. Jones 1997).  This conventional approach, termed as spot (bottle) 

sampling, is faced with several limitations adapted from Madrid and Zayas (2007) as 

follows: 

1. spot water samples represent a ‘snap shot in time’ and may fail to detect episodic 

contamination (e.g. cyanobacterial bloom and/or cyanotoxins);   

2. quality control and physical difficulties are often encountered when large 

volumes of water must be collected and extracted for quantifying and assessing 

toxins that occur at low concentrations; 

3. the spot water sampling program can be expensive and labour intensive. 

 

Thus, to a gain a more representative picture of water quality, a number of new 

approaches to water sampling and testing have been proposed.  These alternative tools 

for water monitoring are categorised by Greenwood et al. (2007) as: a) ‘in situ’ – a 

sensing device, or bioindicator organism, directly immersed in the water body from 

which continuous data are collected automatically; b) ‘on-line’ – analytical instruments, 

or bioindicator organism, located near the water body being monitored from which 

discrete and/or continuous data can be automatically obtained.  The sample can be pre-

treated (e.g. diluted or filtered) before analysis, reagents may also be added and 

temperature may be controlled; and c) ‘off-line’ – prolonged deployment of passive 

sampling devices which are collected and transported to the analytical system.    

 

Of these approaches, it has been suggested that passive sampling technology has the 

potential to become a reliable, robust and cost effective tool for water quality 

monitoring programmes (Madrid and Zayas 2007).  The obvious disadvantages of ‘in-
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situ’ and ‘on-line’ water quality monitoring approaches include their physical 

vulnerability, requirement for a secure site (often requiring a power supply) and cost 

(Greenwood et al. 2007).   

 

The use of passive sampling for monitoring various pollutants in water is finding 

growing acceptance (see reviews by Seethapathy et al. 2008; Vrana et al. 2005).  Its 

application, however, is almost entirely confined to anthropogenic contaminants.   

Nevertheless, there are two notable examples of passive sampling devices that can be 

used for toxins associated with harmful algal blooms.  The first example is the solid 

phase adsorption toxin tracking (SPATT) bag which was developed by MacKenzie et al. 

(2004) for the passive sampling of a variety of lipophilic toxins produced by marine 

dinoflagellates.  This passive sampler consists of an adsorbent resin phase housed in a 

polyester mesh bag.  The inventors of this passive sampler state that, with the selection 

of appropriate adsorption phases, their method could be used in sequestering freshwater 

cyanotoxins.  Recently, Kohoutek et al. (2008) have confirmed the use of passive 

samplers for this very application, in this case to accumulate microcystins.  The 

researchers in this study used a commercially available polar organic chemical 

integrative sampler (POCIS), originally reported by Alvarez et al. (2005) (US Patent 

#6,478,961 available at http://patft.uspto.gov) for the basis of their work.    

 

During the course of this PhD project, a passive sampling device and system were 

invented by the author, with a pilot laboratory experiment demonstrating sequestration 

and concentration of CYN and deoxy-CYN from C. raciborskii reported in Appendix C.    

 

In addition to overcoming the limitations already identified with traditional spot 

sampling, the potential application of passive sampling techniques for monitoring 

cyanotoxins associated with C. raciborskii appears to be especially pertinent in context 

of the mode of toxin production in this species.  As mentioned, MC production by M. 

aeruginosa is mainly intracellular, with toxin release corresponding with cellular decay 

(Rohrlack and Hyenstrand 2007).  In contrast, a considerable amount of the toxin 

produced by C. raciborskii is extracellular.  For example, laboratory experiments have 

shown that of total CYN production, the extracellular component may account for 

around 50-80% (Hawkins et al. 2001; Kinnear et al. 2007).  Additionally, analysis of the 

relative ratios of intracellular and extracellular CYN concentration produced by C. 

raciborskii in natural waters reveals that extracellular toxin is commonly >50% of total 
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toxin concentration (Chiswell et al. 1999).  Perhaps most importantly, the relationship 

between C. raciborskii abundance and CYN concentration in surface waters is not 

always linear (Chiswell et al. 1999; Eaglesham et al. 1999).  Thus, it appears that the 

determination of C. raciborskii abundance (cells or trichomes per mL) can not be 

reliably used as an indicator of CYN concentrations in drinking water supplies.   

 

The proposed passive sampling techniques would equally be applicable in monitoring 

source waters in which another planktonic species Aphanizomenon ovalisporum occurs, 

as it is also known to produce high levels of extracellular CYN (Shaw et al. 1999).  

Furthermore, production of CYN and deoxy-CYN have recently been confirmed in the 

benthic cyanobacterium Lyngbya wollei isolated from a stream in southeast Queensland 

(Seifert et al. 2007).  Although it appears that there is a paucity of knowledge on this 

species occurrence in Australia, it is well known that L. wollei inhabits lentic waters 

overseas (Carmichael et al. 1997; Joyner et al. 2008).  Thus, this species could 

potentially present an additional source of CYN toxins in drinking water supplies in this 

country.  If so, passive sampling techniques for this class of toxins would be especially 

valuable since benthic cyanobacteria are not normally monitored in public health 

surveillance programmes (DNR&M 2005; Jones 1997).   

 

Unlike passive samplers for non-polar compounds, much work remains to be done in 

validating techniques for monitoring polar pollutants (Greenwood et al. 2006).  

Currently, there appear to be two main samplers commercially available for polar 

compounds, the  POCIS (Alvarez et al. 2005) and Chemcatcher
®
 (Schafer et al. 2008).  

However, more work is also needed to widen the range of phases for these compounds 

and to tailor samplers for specific target classes of compounds (Greenwood et al. 2006).  

This is highly relevant in the application of this technique for sampling cyanotoxins as 

many of these toxins (e.g. ANTX-a, CYN, MC-LR and PSP toxins) are polar 

compounds (Dell'Aversano et al. 2004). 

 

It is envisaged that passive sampling techniques, as reported by Kohoutek et al. (2008) 

and the author in Appendix C  for monitoring cyanobacterial toxins in freshwater, will 

in the future be linked with toxicological assays.  This could involve the division of 

passive sampler extracts into two aliquots; one for analyte specific analysis (e.g. HPLC 

or ELISA) and the other for testing by bioassay (Greenwood et al. 2006).  Indeed, this 

approach has been reported for the detection of anthropogenic toxins by several research 
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teams (e.g. Alvarez et al. 2008; Escher et al. 2006; Petty et al. 2000).  Likewise, the 

research goal is to achieve similar for the detection of cyanobacterial toxicity through 

the use of both appropriate passive sampler technologies and bioassays.   

 

As suggested by MacKenzie et al. (2004), passive sampling techniques also have the 

potential to harvest valuable biotoxins from natural waters.  This is of special relevance 

to cyanotoxins which are expensive and in limited commercial supply.  For example, 

while the production of synthetic CYN is possible (Looper et al. 2006), it is a lengthy 

and inefficient process; thus the most common and efficient method to procure this 

toxin currently is through laboratory cultures of CYN producing cyanobacteria 

(personal communication, Dr Wasa Wickramasinghe, EnTox,).  Obtaining this toxin 

from natural waters would present an attractive alternative without the need for 

culturing facilities and associated labour costs. 

 

7.5 Invertebrate bioassays for toxicological screening studies 

of cyanobacterial toxicity 

 

It is important to note that central theme of this thesis is the investigation of alternative 

whole organism bioassays that may offer a replacement to the mouse bioassay for the 

detection (screening) of cyanobacterial toxicity.  This is in contrast to the use of the 

mouse bioassay for clinical, pathological and histological studies of cyanotoxins (e.g. 

Humpage and Falconer 2003; Seawright et al. 1999; Shaw et al. 2000; Stewart et al. 

2006), where it serves as a necessary tool for characterising the mode of action and 

potency of these toxins so that public health risk assessments can be formulated.  The 

use of invertebrate test organisms can, however, be used support or complement the use 

of the mouse bioassay in toxicological studies of cyanobacteria and their toxins.  This 

was demonstrated by evaluating the protective efficacy of antioxidants against the 

toxicity of MC-LR and an aqueous extract of M. aeruginosa using A. franciscana as a 

test model (Chapter 5).  The findings of this study corresponded to those using mice 

(Hermansky et al. 1991; Lakshmana Rao et al. 2004; Weng et al. 2007), showing that 

the A. franciscana nauplii bioassay could be used as an alternative method to the mouse 

bioassay for the screening of chemoprotectants of MC-LR toxicity.   

 

Compared to the mouse bioassay, there are several practical advantages of using this 

invertebrate model including the potential for higher throughput, reduced costs and 
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faster turnaround time.  For instance in a study by Xu et al. (2007a), a green tea 

preparation (Camellia sinensis) was reported as providing a protective effect against 

MC-LR toxicity in mice.  These researchers concluded that green tea polyphenols have 

the potential to be developed as preventative agents against MC-LR induced toxicity.  

However, as green contains at least 16 different flavonoids (USDA 2007), screening for 

the protective efficacy of these various compounds, singularly and in combination, 

would probably be best performed using the A. franciscana nauplii bioassay due to the 

potentially high number of tests.  This would not only reduce economic and time costs 

but would also alleviate animal ethics concerns by using a less sentient (or non-sentient) 

test organism.   

The Artemia nauplii bioassay can also be used in assigning toxicity to individual 

fractions isolated from natural product extracts by HPLC.  This method has been used to 

determine bioactivity of novel compounds isolated from the marine cyanobacterium 

Lyngbya majuscula in a number of studies (Han et al. 2005; Tan et al. 2008; Tan et al. 

2000).  While it was not possible to undertake bioassay-guided identification of toxic 

fractions from cyanobacterial extracts in this study, the A. franciscana nauplii bioassay 

tested in our laboratory has been used in the bioassay-guided identification of toxicity in 

fractions isolated by HPLC from a plant extract (Cock and Ruebhart 2008). 

 

7.6 Restrictions on the availability of A. franciscana cysts 

 

Along with the understanding of the importance of the correct taxonomic identification 

of the Artemia sp. commonly used in the brine shrimp bioassay (Ruebhart et al. 2008a), 

came the realisation that the unrestricted availability this exotic species, A. franciscana,  

may pose an environmental risk in Australia due to its invasive character (Ruebhart et 

al. 2008b).   

 

This finding (Ruebhart et al. 2008b) was communicated to the Australian Government 

agency Biosecurity Australia (BA) who forwarded these concerns to the Australian 

Government Department of the Environment, Water, Heritage and the Arts (DEWHA).  

As pointed out by the BA correspondent, the only species of Artemia on the list of 

specimens approved by DEWHA for importation at the time was Artemia salina (import 

permit not required).  However, subsequent to DEWHA receiving advice on the 

invasive character of A. franciscana, the List of Specimens taken to be Suitable for Live 

Import (Environment Protection and Biodiversity Conservation Act 1999) (available via 
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http://www.environment.gov.au) was updated on 11 August 2008 to include A. 

franciscana in the category of specimens requiring an import permit.   

 

At the time of writing, conditions for import of A. franciscana were yet to be specified.  

Thus, it is presently unknown to what conditions may be assigned to the importation of 

this species and how these conditions may affect the availability of this microcrustacean 

for bioassay use in commercial type laboratories.   

 

7.7 Alternatives to A. franciscana: Potential use of Australian 

microcrustacean species for bioassay development 

 

One of the main reasons for the popular use of A. franciscana in aquatic bioassays is the 

commercial availability of the dried cysts which can be hatched ‘on-demand” with no 

need to continuously culture and/or recruit live stocks of healthy test organisms in 

sufficient quantities (Brendonck and Persoone 1993).  This elimination of the need for 

continuous stock culturing, which may be subject to different maintenance and culturing 

conditions of laboratory reared species, also allows for improved standardisation of test 

methodologies (Van Steertegem and Persoone 1993).  Consequently, other cyst-based 

toxicity tests have been developed overseas using such species as the fairy shrimp 

Thamnocephalus platyurus (Thamnotoxkit F
TM

, MicroBioTests Inc, Belgium) and 

Streptocephalus proboscideus (Centeno et al. 1993).     

 

As all of the above species are not native to Australia, their use is constrained by issues 

relating to import permits, AQIS certification and physical containment registration.  

These issues could be avoided by using native Australian microcrustacean test 

organisms for bioassay.  For example, there are many endemic species of Australian 

anostracan crustaceans in the genera Parartemia (brine shrimp), Branchinella and 

Streptocephalus (freshwater fairy shrimp) which produce cysts (Timms et al. 2004).  

However, it may not be economically viable to commercially develop native test species 

as bioassay test kits due to a potentially small domestic market.  Rather, it is the wider 

application of such species in aquaculture that is likely to provide a readily available 

alternative test organism to A. franciscana.  Indeed, the recent global shortage of A. 

franciscana cysts has prompted the Australian aquaculture industry to pursue other food 

sources such as Parartemia spp. which are expected to be commercially available in the 

near future (McKinnon et al. 2008).       

http://www.environment.gov.au/
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7.8 Microbial bioassays for the detection of cyanobacterial 

toxicity  

 

All of the 14 tested bacteria species proved to be unsuitable for the detection of either 

CYN or MC-LR at concentrations of up to 800 µg/L (Chapter 2).  Of note, however, 

was the apparent tolerance of the bioluminescent test organism, Photobacterium 

leiognathi used in the ToxScreen-II Test (Checklight Ltd, Israel), to these cyanotoxins.  

The original version of this bioassay has been reported as being sensitive to a range of 

heavy metals and pesticides (Ulitzur et al. 2002) and the tested version (ToxScreen-II) 

has been independently verified with a range of other contaminants including various 

industrial chemicals, pharmaceuticals and biological toxins (Schrock et al. 2006).  Thus, 

this bioassay’s apparent tolerance of CYN and MC-LR benefits its application in 

detecting anthropogenic contaminants present in source waters experiencing blooms of 

cyanobacteria which produce these toxins. 

 

As previously discussed (Chapter 2), the apparent selective sensitivity of 

Saccharomyces cerevisiae to CYN and the aqueous C. raciborskii extract may hold 

promise for future bioassay development.  A growth inhibition bioassay utilising a 

liquid medium with the endpoint measured by photometric determination of turbidity 

was deemed as a suitable method for this testing.  This organism has been demonstrated 

as being sensitive to a variety of heavy metals and organic solvents (Schmitt et al. 2004) 

and its full potential for screening CYN remains to be explored.   

 

7.9 Compliance with animal ethics guidelines 

 

This research was conducted in accordance with the Australian Code of Practice for the 

Care and use of Animals for Scientific Purposes (2004) and the Animal Care and 

Protection Act 2001.  Under these Australian ethical guidelines (NHMRC 2004) an 

animal is defined as: “any live non-human vertebrate, that is, fish, amphibians, reptiles, 

birds and mammals, encompassing domestic animals, purpose-bred animals, livestock, 

wildlife, and also cephalopods such as octopus and squid.”  The bioassays conducted in 

this study using microbial and arthropod test organisms, therefore, comply with the 

primary aim of the Code by replacing the use of animals for scientific purposes 

(NHMRC 2004).   
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7.10 General conclusions 

 

This thesis makes the following contributions to the study of alternative methods to the 

mouse bioassay for the detection of cyanobacterial toxicity: 

1. Neither the ToxScreen-II Test (Checklight Ltd, Israel), nor the any of the panel 

of bacteria tested in the disc diffusion bioassay, were sensitive to the tested 

cyanotoxins and aqueous cyanobacterial extracts.  Thus, bacteria in general are 

not considered as good candidates for further investigation as tools for the 

detection cyanobacterial toxicity in drinking water supplies. 

2. The disc diffusion test using the yeast S. cerevisiae showed selective sensitivity 

to CYN and an aqueous extract C. raciborskii extract.  It is recommended, that 

future studies of the suitability of this organism for detecting CYN, utilise a 

growth inhibition bioassay utilising a liquid medium with the endpoint measured 

by photometric determination of turbidity.  

3. The correct taxonomic identification of the brine shrimp species most commonly 

used in bioassays was shown to be A. franciscana; not A. salina. 

4. A validated and optimised A. franciscana nauplii bioassay was reported for 

CYN, MC-LR and a range of aqueous cyanobacterial extracts. 

5. The unrestricted availability and use of A. franciscana in Australia was 

recognised as a potential environmental threat.  Publication of these concerns 

and communication with relevant government departments lead to this organism 

being listed as a species requiring an import permit. 

6. The recognition that the potentially restricted availability of A. franciscana 

provides an opportunity to explore the use of native Australian species, such as 

Parartemia spp., for bioassay development. 

7. A demonstration of the usefulness of the A. franciscana nauplii bioassay in 

toxicological screening studies of cyanobacterial toxicity.  Specifically, this 

bioassay was shown to be a suitable alternative method to the mouse bioassay 

for the initial screening for chemoprotectants of MC-LR toxicity. 

8. An insect bioassay was developed using the cockroach N. cinerea that was 

selectively sensitive to the neurotoxic effect of STX and an A. circinalis aqueous 

extract containing Paralytic Shellfish Poisoning toxins.  

9. The use of passive sampler technology was proposed for CYN and deoxy-CYN 

with the recommendation that future studies link this sampling approach with 

the use of laboratory bioassays. 
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10. Both the brine shrimp and insect bioassays were deemed as suitable methods for 

extending the laboratory capacity in commercial laboratories, normally 

contracted to undertake cyanobacterial monitoring (enumeration and 

identification), to include toxicity testing.  

 

Thus, this thesis provides alternative methods to the mouse bioassay for the detection of 

cyanobacterial toxicity in an Australian context.  This required consideration for the 

limitations associated with using imported test organisms.  It is proposed that the brine 

shrimp and insect bioassays be adopted by policy makers and implemented in water 

quality monitoring programs of cyanobacterial toxicity in drinking water supplies. 
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Appendix C 

 

1 Proof of concept for a passive sampling device and system 

for the sequestration and concentration of cylindrospermopsin 

and deoxy-cylindrospermopsin 

 

1.1 Introduction 

 

Cylindrospermopsin (CYN) is the primary toxin produced by a number of fresh water 

cyanobacteria, including Cylindrospermopsis raciborskii and Aphanizomenon 

ovalisporum which occur in Australia (Hawkins et al. 1997; Shaw et al. 1999).  It is a 

cytotoxin mainly affecting the liver (hepatotoxicity) but also involves other organs 

(Humpage and Falconer 2003; Shaw et al. 2000).  CYN is composed of tricyclic 

guanidine moiety combined with hydroxymethyl uracil and has a molecular weight of 

415 Dalton (Kubo et al. 2004).  The structure of CYN is shown in Figure 1.  This toxic 

alkaloid is highly soluble in water due to its zwitterionic character (Welker et al. 2002).  

The principal mode of action of this cyanobacterial toxin, or cyanotoxin, is inhibition of 

protein synthesis (Froscio et al. 2008).   

 

 
 

 

Figure 1.  Structure of cylindrospermopsin (CYN).   

 

The toxicity of CYN has been determined experimentally in mice via intraperitoneal 

injection with a 24 h LD50 of 2.1 mg/kg (Ohtani et al. 1992).  Investigations of livestock 

field deaths by Assoc Prof Glen Shaw and colleagues have determined that cattle are 

approximately 100 fold more susceptible to CYN than mice [reported in (Shaw and 

Lam 2007)].  Thus, the presence of CYN producing cyanobacteria in agricultural water 

supplies poses a risk to livestock.   
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The presence of this cyanotoxin in potable water supplies also poses a risk to public 

health.   It has been implicated in the human poisoning incident that occurred on Palm 

Island, Queensland, Australia in 1979 in which well over 100 children were hospitalised 

with symptoms of gastroenteritis after consuming water that had been treated with 

copper sulphate to control a dense cyanobacterial bloom (Griffiths and Saker 2003).  

Additionally, historical reports dating back over a century describe an illness occurring 

in outback northern and central Australia known variously as “Barcoo fever, Barcoo 

spews and Barcoo sickness” (Hayman 1992).  This illness, characterised by nausea and 

vomiting, has been attributed to poisoning by toxic cyanobacteria, with symptoms 

similar to those associated with CYN intoxication (Hayman 1992).  The current interim 

guideline for this toxin in drinking water is 1 µg/L (Humpage and Falconer 2003; Shaw 

et al. 2000).  

 

Structural variants of the CYN molecule, such as deoxycylindrospermopsin (deoxy-

CYN), have been identified (Norris et al. 1999).  In an experiment conducted by Norris 

et al (1999) investigating the toxicity of deoxy-CYN against mice, it was found that this 

analogue did not contribute significantly to the overall toxicity of C. raciborskii and that 

its toxicity was lower than that of CYN.  However, as CYN toxicology has been 

hampered by the lack of pure toxins (Norris et al. 2001) this in vivo work was conducted 

using only 3 mice (Norris et al. 1999).  An in vitro study conducted with a variety of 

cell lines investigating the comparative toxicology of these two analogues has found a 

contrasting result with both deoxy-CYN and CYN being of similar potency (Neumann 

et al. 2007).  Thus, to better understand the toxicity of deoxy-CYN in vivo, further 

toxicological research is in progress using the mouse model (Shaw and Lam 2007).   

This is of increasing importance since the recent report of CYN production in the 

benthic cyanobacterium Lyngbya wollei in Queensland (Seifert et al. 2007).  In this 

species, the primary compound produced is deoxy-CYN with its concentration generally 

one to two orders of magnitude higher than CYN (Seifert et al. 2007).   

 

The rationale and advantages of passive sampling techniques for monitoring 

cyanobacterial toxins are discussed in Chapter 7 (Section 7.4) of main document.  

Described here is proof of concept for the HydroTox
® 

(Australian Registered Trade 

Mark No. 1200727 owned by HydroTox Services Australia Pty Ltd) passive sampling 

device (PSD) and system for the sequestration and concentration of the cyanotoxins 

CYN and deoxy-CYN.   



 152  

1.2 Experimental 

 

1.2.1 Culture of cyanobacteria 

The CYN producing cyanobacterium Cylindrospermopsis raciborskii (Woloszynska) 

Seenaya and Subba Raju (Strain AWT 205) was cultured in 15 L of sterile Jaworski’s 

growth medium (Thompson et al. 1988) in a 20 L carboy.  The culture vessel and 

ancillary items were all sterilised prior to use with sodium metabisulphite.  Temperature 

was maintained at 27 ± 2
o
C using an aquarium heater and ambient light was provided 

by placing the culture near a laboratory window.  The culture was gently sparged (60-80 

bubbles/min) with air delivered through 0.45 µm Millipore
®
 filters.  The cultured C. 

raciborskii was harvested in late exponential, or stationary, phase at a cell density 

greater than 10 
6 

cells/mL. 

 

1.2.2 Test medium  

The harvested culture was subjected to a series of three freeze-thaw cycles.  A filtered 

(0.22 µm) sub-sample was submitted for CYN and deoxy-CYN analysis.  This batch 

contained 294 µg/L CYN and 51 µg/L deoxy-CYN.  The culture, containing the lysed 

cells, was split into approximately 500 mL batches and stored at -20°C until use.  All 

analyses of CYN and deoxy-CYN concentration were performed by Queensland Health, 

Pathology and Scientific Services using the method of Eaglesham et al. (1999).   

 

Prior to use, the required amount of frozen culture was thawed by standing in the 

temperature control room.  The culture was vacuum filtered through glass fibre filters 

(Whatman
® 

GF/A, Whatman, UK) to separate the cyanobacterial cells contained in the 

culture medium/water.  The filtrate was added to deionised water to make up the desired 

CYN concentration in this test medium.  The volume prepared was 15 L to ensure that 

the passive sampling devices (PSDs) were submerged.   

 

At the start of each trial, the test medium was added to the test tank and the pumps were 

run for at least 10 min before a sub-sample was taken for CYN and deoxy-CYN 

analysis.  To serve as a control, a sample of 200 mL was also taken and set aside in a 

conical flask next to the test tank.  At the completion of the exposure period, sub-

samples were taken from both the tank and the conical flask for CYN and deoxy-CYN 

analysis.   
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1.2.3 Passive sampler design 

The design of the PSD is shown in Figure 2.  The body of the device (component 2), 

made from polypropylene, serves as a reservoir for the solid receiving phase of 3 g of 

graphitised carbon (Part No. 1769, Alltech Associates Pty Ltd, Australia).  This phase is 

held between two stainless steel frits (component 3) 2.095" OD × 0.062" thickness, 40 

µm pore size (Applied Porous Technologies AB, Sweden) which are sealed top and 

bottom with a polytetrafluoroethylene (PTFE) ring (component 4) and locked down to 

the body, at both ends, by a screw thread clamp ring (componet 5) made from the same 

material as the body.  The PSD is sealed with two press on polyethylene caps 

(component 6). 

 

The holding bracket was made from a 10 mm polyethylene sheet in which three recesses 

of a depth equal to the thickness of component 5 were machined to accommodate the 

PSDs.  The size of each recesses at the front was equal to the outside diameter of 

component 5 and the back dimension was equal to the inside diameter of this 

component.  The tight machining tolerances ensured a snug fit for each of the three 

PSDs.  The holding bracket possessed a series six equidistant 10 mm holes around the 

location for each of the three PSDs to reduce drag (i.e. so the holding bracket would not 

function as a dam).     
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Figure 2.  Schematic diagram of the passive sampling device (PSD) showing 

components 1 to 6.   Size of assembled PSD: OD 62 mm × 17 mm high. 

 

1.2.4 Packing the phase, conditioning and elution of CYN from the PSD 

The method developed by Norris et al. (2001), for the solid-phase extraction of CYN 

using Carbograph Extract-Clean Columns 1000 mg/15 mL (Part Number 210121, 

Alltech Associates Australia), was adapted for the conditioning and elution of CYN 

from the PSDs.  The graphitised carbon was packed into the PSD at the same density as 

that used in the Carbographs, which was calculated to be 1 g per 3 cm
3
.  According to 

the Alltech Chromatography Catalogue 600 (2005), the surface area of graphitised 

carbon phase was 100 m 
2
/g.  As each PSD contained 3 g of this phase its total surface 

area was 300 m 
2
.  The approximate capacity for CYN accumulation was 2 mg of CYN 

per 1 g of graphitised carbon (personal communication, Dr Wasantha Wickramasinghe). 

 

1) Assembled PSD unit 

2) Threaded body 

3) Stainless steel frit (×2) 

4) PTFE ring (×2) 

 

5) Threaded clamp ring (×2) 

 

6) Cap (×2) 
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The inside diameter and depth of the PSD body provided a volume of 9 cm 
3
 into which 

3 g of graphitised carbon was transferred.  Gentle oscillation of the PSD on the bench 

top resulted in an even distribution of the phase.  A packing tool was manufactured to 

tamp the phase down, however, it was found that the process of putting the second frit 

on top it, followed by assembly of the remaining components, lead to an even packing 

of the phase.   

 

The conditioning of each PSD before use was achieved by first rinsing with 36 mL of 

5% formic acid (LR grade, Chem-Supply Pty Ltd, Australia) in methanol (Anhydrous-

ChromAR
®
, Mallinckrodt Chemicals, Australia) followed by a 36 mL distilled water 

rinse.  This was done under gravity using the purpose made filling reservoir and funnel, 

fitted on top of a conical flask.  The PSDs were then deployed in the test tank by placing 

them in the holding bracket.  This positioned the PSDs perpendicular to the water flow.   

 

At the completion of the 7 d exposure period, the PSDs were removed and the caps 

were fitted.  The PSDs were then held overnight at 4°C.  To desorb the CYN from the 

graphitised carbon and to elute this toxin, the PSD caps were removed and the apparatus 

was fitted with the filling reservoir and funnel, and again place on top of a conical flask 

for collection of the analyte.  The elution solvent used was 150 mL of 5% formic acid in 

methanol.  This was done under gravity, taking approximately 20 min to flow through 

the PSD.  A 2 mL sub-sample of the elution from each PSD was filtered (0.45 µm) was 

collected for analysis of CYN and deoxy-CYN concentration.  

 

For deployment in subsequent trials, the graphitised carbon was removed and all 

components were cleaned with detergent and water.  To ensure the stainless steel frits 

were thoroughly cleaned, distilled water was passed through them under vacuum 

followed by ethanol.  All components were oven dried (50-60°C) before re-packing.  In 

all trials, the condition of the phase was inspected upon removal of the stainless steel 

frit; in all instances, it appeared evenly spread with no sign of air pockets. 

 

1.2.5 Test tank 

The test tank was made from glass (5 mm thick) and its external dimensions were 

approximately 390 × 380 × 200 mm.  Pairs of aluminium strips were installed (adhered 

with silicon) to act as guide channels in which to insert a baffle and PSD bracket.   The 

baffle (360 × 120 × 10 mm) was made from the same material as the PSD bracket.  A 
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grid of 6 × 18 holes (10 mm) was machined into this sheet.  The purpose of the baffle 

was to diffuse the direct water flow from the pumps. 

 

The arrangement of components in the test tank was as follows: 

 three submersible pumps (Model AHJ-721, ProAqua, China) mounted 

equidistant at one end of the tank, 

 the baffle located 35 mm in front or the pump outlets, 

 the PSD bracket positioned 150 mm downstream of the baffle with a 60 mm 

space between this and the rear of the tank. 

 

The pumps were run with the output control valves in a fully open position.  The 

manufacturer’s specification for pump output was a maximum of 600 L/h. Current 

velocity was measured using a using a FlowTracker
®
 Handheld ADV® velocity meter 

(SonTek
®

, USA).  To take the measurements, the PSD bracket was removed and five 

measurements were taken at this distance parallel to each of the pumps while the baffle 

was in place.  The mean velocity was 16 cm/s (n = 15, SD 0.004) at the location of the 

PSDs.  Environmental conditions during the PSD test period were maintained at a 

temperature of 25
o
C ± 2

o
C with continuous artificial light (2 × 36 watt cool white 

fluorescent tubes) at 500 Lux.  To minimise the impact of any ‘edge effect’ that may 

have been apparent in trial 1, the position of the PSDs was swapped in trials 2 and 3 so 

that they spent equal time at middle, left and right positions during the exposure period. 
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1.3 Results  

 

Table 1.  Recovery of CYN from test medium over a 7 day period of PSD deployment 

and concentration of CYN eluted from PSDs. 

 

Trial Treatment CYN µg/L  

time (d) 

% 

change 

CYN µg/L  

PSD replicate  

0 7 1 2 3 Mean (SD) 

1 Tank 6.6 1.8 -73 22.0 11.0 40.0 24.3 (14.6) 

 Control 6.6 6.7 +1.5     

2 Tank 15.9 4.6 -71 36.9 39.8 45.9 40.9  (4.6) 

 Control 15.9 15.9 0     

3 Tank 20.0 9.9 -51 20.5 27.5 21.8 23.3  (3.7) 

 Control 20.0 15.2 -24     

 

Table 2.  Recovery of deoxy-CYN from test medium over a 7 day period of PSD 

deployment and concentration of deoxy-CYN eluted from PSDs. 

 

Trial Treatment deoxy-CYN µg/L  

time (d) 

% 

change 

deoxy-CYN µg/L  

PSD replicate  

0 7 1 2 3 Mean (SD) 

1 Tank 0.9 0.2 -78 4.1 1.6 7.5 4.4 (3.0) 

 Control 0.9 1.0 +11     

2 Tank 2.4 0.6 -75 8.0 8.9 9.0 8.6 (0.6) 

 Control 2.4 2.4 0     

3 Tank 2.7 1.4 -48 1.7 5.9 4.1 3.9 (2.1) 

 Control 2.7 1.9 -30     

 

1.4 Conclusion 

 

This trial demonstrated that the PSDs were capable of sequestering and concentrating 

CYN and deoxy-CYN.  Greater than 70% of cyanotoxin concentration was removed 

from the test medium over a period of 7 d.  The observed instances of a decrease of 

cyanotoxin concentration in the control conical flask was unexpected as CYN is quite 

stable, degrading slowly under the conditions of artificial light and 4 to 50°C (Chiswell 
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et al. 1999).  Bacterial degradation of the cyanotoxin may have been possible (personal 

communication, Dr Shiromi Wijesundara), however, the likelihood for a random 

occurrence of CYN degrading bacteria in the test environment was unlikely.  Another 

potential source for the apparent decrease in of cyanotoxin concentration in the control 

conical flasks could have been error associated with the HPLC- MS/MS analyses. 

 

This system using graphitised carbon could be used for other analytes as the intended 

purpose for Carbographs (containing the same phase) is for the extraction of pesticides 

and herbicides (Alltech 2005).  Alternatively, other phases such as C18 or the adsorbent 

resin used in the SPATT bag use by MacKenzie et al. (2004) could be packed into the 

PSDs.   

 

To overcome limitations related to the availability of sufficient quantities of CYN and 

deoxy-CYN in laboratory trials, and to further evaluate the reported PSD and system, 

field trials are required.  A greater number of PSD replicates and exposure trials would 

also be required in these field trials. 

 

To the best of the author’s knowledge, this is first reporting of the use of passive 

sampling techniques for cylindrospermopsin and deoxy-cylindrospermopsin. 
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