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Abstract

Algal toxins can have a significant impact on human and ecological health as the
toxins accumulate in the food chain and are consumed by both humans and marine
organisms. This study focussed on the following marine algal toxins that were present
at the study sites: okadaic acid (OA), domoic acid (DA), gymnodimine (GD),
pectenotoxin-e (PTX-2) and PTX-2 seco acid (PTX-2SA).

The study sites investigated for potential algal toxin exposure were selected from the
waters around North Stradbroke Island, Queensland, Australia, where shellfish are
harvested by the local population, and where dugongs are known to feed on seagrass.
Samples were collected monthly for two consecutive years. The species of toxin-
producing algae present at the sites studied were Pseudo-nizschia sp., Dinophysis
caudata, D. acuminata and Prorocentrum lima. The occurrence of Dinophysis species
was observed to be dependent on the season while Pseudo-nitzschia sp was present

both in colder and warmer months.

Data on the dose-response analysis were extracted from published literature. This data
was categorised into whole organisms, human and animal cell lines, and compared to
one another. For further toxicodynamic studies, human cell lines were dosed with
known concentrations of the toxins: OA, DA and GD. These cytotoxicity and
microarray analyses were performed to observe the effects of toxins on gene
regulation. A more extensive analysis was performed using GD alone. Expression of
numerous genes was affected, and real time polymerase chain reaction reactions were
performed to confirm the regulation of those genes. Gymnodimine was demonstrated
to affect genes within pathways relating to oxidative phosphorylation, apoptosis,

MAPK and Wnt signalling pathways.

The cytotoxicity and microarray data and the data accumulated from the published
literature were combined to form a comprehensive database of both chronic and acute
effects. The database was then referred to for the dose-response analysis for the risk
assessment. The exposure data attained from field sampling in the current study was
analysed against the doses for any shown effects. Total daily intake for humans and
dugongs sourcing food from around the island were calculated and health risks were



estimated by incorporating tolerable daily intake, guideline values and total daily
intake.

The risk characteristics of algal toxins on the health of humans (consuming shellfish)
and dugongs (consuming seagrass) indicated that acute health risks were unlikely,
unless an outbreak of toxic algae (algal bloom) were to occur. Since there were no
occurrences of algal blooms during the study period, high levels of toxins were not
detected in any of the collected shellfish, phytoplankton or seagrass samples.
However, if such blooms were to occur around the island, the phytoplankton could
potentially produce algal toxins at high enough concentrations to cause acute toxic

effects in the consumers.

The current study has also demonstrated that there is a potential for chronic, long term
health effects from consuming shellfish and seagrass around the island. The presence
of low-level concentrations of algal toxins in the food sources can lead to chronic
effects. Toxins such as OA are known tumour promoters. For dugongs, which feed on
seagrass on daily basis, the potential for chronic effects is high. It was demonstrated
that GD also possesses toxicological characteristics that may enhance the possibility
of tumour promotion because of its effect of down-regulating parts of the apoptosis
pathway, which may prevent cell death and as a consequence, lead to uncontrolled cell

growth.

VI
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Chapter 1

1.1 Algal toxins

Human knowledge and avoidance of toxic seafood was recognised and practiced in
pre-Columbus America (Gestal-Otero 2000). In Europe, there are descriptions of
paralytic shellfish poisoning (PSP) outbreaks dating back to 1689 (Gestal-Otero 2000).
Since then, various incidences of shellfish poisoning have been studied in different
parts of the world (Hallegraeff 1993a). The increased awareness of these toxins
among environmental monitoring groups and the increased usage of coastal areas may
be responsible for an increase in the reporting of algal toxin-related outbreaks
(Hallegraeff 1993a, Sellner & Doucette 2003).

Toxic algae, together with parasites, viruses and bacteria, are known agents for
seafood poisoning. On a worldwide basis, marine algal toxins are estimated to be
responsible for more than 60,000 intoxication incidents per year (Van Dolah 2000a).
Although there are an estimated 3,400 to 4,000 known species of phytoplankton, only
60 to 80, (~2%), of the species are harmful (Smayda 1990). Diatoms and
dinoflagellates can produce toxins that impact on human and ecological health; the
persistent toxins they produce accumulate in organisms that consume the algae, such
as shellfish, which are in turn consumed by organisms of a higher trophic level.
Although a variety of marine taxa are known to accumulate biotoxins, approximately
90% of all known poisoning incidents from seafood are associated with molluscs
(Soames-Mraci 1995) and the best known examples of such toxin-vector organisms

are filter feeding bivalves.

Safety guideline levels for different algal toxins have been established by government
regulators of various countries. These guidelines are based on acute effects established
from laboratory experiments. However, studies on the effects of chronic exposure to
algal toxins are limited (Van Dolah et al. 2001) and further studies are required to

further understand the effects of long-term, low-level exposure to algal toxins.

Shellfish toxins may exceed government set safety levels in the water when toxic
dinoflagellates are present at a density as low as 200 cells L™ (Yasumoto et al. 1985).
The unpredictable incidence of toxicity has resulted in severe economic consequences

for shellfish producers (Carmody 1996). Toxic marine phytoplankton blooms can
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cause massive economic impacts and threaten both public health and shellfish
industries (Lee et al. 1989, Pillet et al. 1995). In 1997 a Pfiesteria piscicida bloom in
Chesapeake Bay caused a $40 million loss for the seafood industry (Morris 1999).
Between 2002 and 2003 there was a forced cessation to razor clam harvesting due to
high levels of domoic acid (DA) that resulted in a $10.4 million loss in Washington
state (WDFW 1998). Some shellfish toxins, such as DA has also caused deaths in both

humans and marine organisms(Perl et al. 1990).

1.1.1 Environmental aspects
Although harmful algal blooms are a natural phenomenon that have been reported in

recorded history, in the past two decades, the public health and economic impacts of
such events appear to have increased in frequency and intensity. There also appears to
be a biogeographical expansion of toxin yielding alga species (Morris 1999). For
example, between 1978 and 1982, paralytic shellfish poisoning-affected areas in
Japan increased from two to ten sites (Anraku 1984). These global reports of increase
in harmful algal blooms may reflect real increase in incidence, or simply better
recognition and reporting (Morris 1999). There are four explanations given for such
increases: increased scientific awareness, increased utilization of coastal waters,
stimulation of plankton blooms by cultural eutrophication and climatological
conditions, and transport by ballast water (Morris 1999, Van Dolah 2000a).

Nutrient enrichment is an international concern. Globally, between 7-35 million
metric tons of nitrogen and 1-4 million metric tons of phosphorous are added to the
environment each year (Tibbetts 1998, Glibert et al. 2004). Inorganic inputs such as
phosphorous stimulate algal growths (Jones et al. 1995) and organic inputs from the
food industry, such as carbohydrates, lipids and proteins increase biochemical oxygen
demand, and produce ammonia and hydrogen sulphide (Jones et al. 1995). With
increasing nutrient input into the water, it is likely that there will be an increasing
trend in algal bloom outbreak frequencies and intensities. Intensity and occurrence of
algal blooms are difficult to predict due to the nature of complex environmental and
ecological influences that affect the growth and production of the toxins (Morton &
Norris 1990, Sellner & Doucette 2003).
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1.1.2 Types of toxins
Historically, incidences of poisoning related to dinoflagellate and diatom toxins were

classified under the main categories of diarrhoetic shellfish poisoning (DSP), amnesic
shellfish poisoning (ASP), paralytic shellfish poisoning (PSP), neurotoxic shellfish
poisoning (NSP) and ciguatera fish poisoning or ciguatera toxins (CTX) (Table 1.1).
However at the FAO/IOC/WHO workshop on biotoxins in bivalve molluscs in Dublin
March 2004, it was decided to classify the toxins according to chemical structures
(Toyofuku 2006). The toxins are now grouped into: Azaspiracid, brevetoxin, cyclic
immines, domoic acid, okadaic acid, pectenotoxin, saxitoxin and yessotoxin (Table
1.2)

The domoic acid (DA) group, consisting of DA and its isomers are produced by
diatoms of the genus Pseudo-nitzschia (Todd 1993, Van Dolah et al. 1997). As
outlined in the recent review by Jeffery et al (2004), DA is a neurotoxin, causing
neuronal damage in the hippocampal regions leading to permanent loss of short term
memory, and formally classified in the ASP group. Recent studies have found eight
new isomers of DA, most of which are found in, and isolated from New Zealand
mussels (Seki et al. 1995, Jeffery et al. 2004).

The okadaic acid (OA) group, consisting of OA and Dinophysis toxins (DTXs) is
produced by dinoflagellates Dinophysis and Prorocentrum. They are characterised by
rapid onset of gastrointestinal symptoms such as vomiting and diarrhoea, generally
resolving within 2-3 days, and formally belonged DSP (Van Dolah et al. 2003).
Although there has not been any recorded incidences of death due to OA poisoning,
OA is a known tumour promoter (Suganuma et al. 1988).

Toxins in the pectenotoxin (PTX) group were formally classified as DSP, along with
OA group, but are now considered as a group of its own as they do not cause
diarrhoea (Yasumoto 2000). They are produced by dinoflagellates from the genus
Dinophysis (Draisci et al. 1996, Miles et al. 2004b).
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Table 1.2 New classification of marine algal toxins found in molluscs.

Toxin Group Genus producing toxins
Azaspiracid (AZA) Protoperidium
Brevetoxin (BTX) Karenia

Cyclic immines Karenia
Domoic acid (DA) Pseudo-nitzschia

Okadaic acid (OA) Dinophysis, Prorcentrum

Pectenotoxin (PTX) Dinophysis
Saxitoxin (STX) Alexandrium,Gonyaulax
Yessotoxin (YTX) Protoceratium

The cyclic imines group are comprised of gymnodimine (GD), spiroloides,
pinnatoxins, prorocentrolide and spirocentrimmine (Toyofuku 2006). This group has a
high acute toxicity in mice upon intraperitoneally (i.p.) injections, however, have low
toxicity when administered orally (Munday et al. 2004). Gymnodimine is produced by
dinoflagellate Karenia selliformis (Mackenzie & Beuzenberg 2003, Miles et al. 2003).

The azaspiracid (AZA) group of toxins is a relatively new group of toxins, reported
for the first time in 1995 in Netherlands (Toyofuku 2006). The AZA group of toxins
has similar symptoms to the OA group, as they cause diarrhoea. Azaspiracid is
produced by dinoflagellate Protoperidium and have only been detected in Europe to
date (James et al. 2003, Toyofuku 2006).

The brevetoxin (BTX) group is known to be responsible for NSP. This group of toxin
is produced by the unarmoured dinoflagellate Karenia breve, that has been linked to



Chapter 1

red tide outbreaks in the Gulf of Mexico, New Zealand and Japan (Baden & Adams
2000, Van Dolah 2000a). Due to the lack of armour in K. breve, its cells can easily
lyse open, releasing toxin into the water column. Free toxin can be absorbed by fish
through their gills and can lead to fish kills (Van Dolah 2000a).

The saxitoxin (STX) group of toxins are a family of water-soluble neurotoxins
(Holmes & Teo 2002), produced by both dinoflagellates such as Alexandrium spp,
Gonyaulax spp and Pyrodinium spp and cyanobacteria (Yasumoto et al. 1985, Van
Dolah 2000a, Prati et al. 2002). STX is responsible for PSP and is the most
widespread algae-derived toxin on a worldwide basis. It has been detected in both the
North and the South American continents, Europe, Asia and Australasia (Van Dolah
2000a). On a global basis, 2000 cases of STX poisoning are reported each year with a
15% mortality rate (Hallegraeff 1993).

The yessotoxin (YTX) group, comprised of YTX and its analogues is produced by
Protoceratium retuculatum (de la Rosa et al. 2001, Ciminiello et al. 2003). This group
of toxins was also formally classified as DSP, however was removed from the DSP
group as they do not cause diarrhoea (de la Rosa et al. 2001).

Ciguatera toxins (CTXs) have not been included in the eight categories addressed by
the workshop, probably due to the fact that ciguatera poisoning occurs in fish rather
than in molluscs. Several toxins can be responsible for CTX (Guzman-Perez & Park
2000). Like many other shellfish toxins, CTX presents with gastrointestinal and
neurological symptoms. It causes sensory disorders in relation to temperature that
may last for several months (Yasumoto 2000). These toxins are produced by the
dinoflagellate Gambierdiscus toxicus, known to bloom in the Indian Ocean, Pacific
Ocean and Caribbean Sea (Hamilton et al. 2002a, Hamilton et al. 2002b, Yasumoto
2000).

1.2 Risk Assessment
As marine phytoplankton toxins are frequently involved in human poisoning events

through the consumption of seafood products, the increase of contamination of

seafood by marine biotoxins imposes a specific risk factor (Sierra-Beltran et al. 1996).
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A risk assessment can be used to assess the human health risk and natural ecological

health risk from such toxins.

“Risk” is defined as the chance or probability of damage and a quantitative measure
of probability for certain harmful effects to occur as a result of exposure (Burmaster
1996, WHO 1999). The risk assessment could then be defined as the scientific
characterisation of potential adverse health effects resulting from the probability of
exposures to toxins (Faustman & Omenn 1995). Risk assessment has four major
components: hazard identification, exposure assessment, dose-response assessment

and risk characterisation (Dalefield et al. 2001).

Hazard identification is a process which conducts if the compound of concern can be
related to occurrence of an adverse health effect. It is defined as the set of inherent
properties of a substance or a process involving substances that is capable of causing
adverse effects (WHO 1999). It answers questions such as what are the substances of

concern and what are their adverse effects.

Exposure assessment involves determining the routes of the exposure and the
magnitude or the frequency and the duration of the exposure (Dalefield et al. 2001). It
is the dosage of a particular agent that reaches the target (WHO 1999). This is usually
expressed in numerical values to measure the intensity, duration or frequency of the
exposure to the agent (WHO 1999).

Dose-response assessment defines the relationship between the dose of the chemical
and the potential to development adverse health effects (Dalefield et al. 2001). With
the dose-response relationship, a variety of approaches are used: human observation,
animal toxicology studies and assessment of structure-activity relationship (WHO
1999). In regards to human-based dose-response studies, data is mostly derived from
either accidental exposures, or limits are established from conducting human
equivalent calculations from data derived from animal studies. Therefore, animal

testing is usually essential but there are several disadvantages.

There is uncertainty associated with the extrapolation of results from one species to

another. Additionally, chronic and long-term effects are difficult to study perform and
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typically, bioassays are typically limited to a small number of test animal and
consequently, high doses are used, doses which far exceed typical levels of accidental
human exposure (WHO 1999). It is therefore important to acquire and compile

information from published material when conducting a risk assessment.

Risk characterisation examines the probability of adverse effects in humans that may
arise from actual or hypothetical exposure conditions. This step involves the
quantification of the risk following consideration of the exposure and dose-response
relationships (WHO 1999).

Risk assessment, especially probabilistic risk assessment has been successfully used
as a tool to study toxin-associated risk in different situations. For example, the
probability of toxins affecting the breeding success in Ardeids in Hong Kong has been
examined. The average concentration of heavy metals were obtained and transformed
into a probabilistic form and then plotted as a cumulative probabilistic distribution
(Connell 2003). Furthermore, probabilistic risk assessment has also been used to

assess the risk posed by benzylchloride in household goods to humans (Djohan 2002).

1.3 Thesis overview

In the current project, the risks associated with the consumption of algal toxin affected
shellfish and seagrasses (by humans and dugongs, respectively) were investigated.
Waters around North Stradbroke Island that forms the eastern perimeter of Moreton
Bay (Queensland, Australia) were chosen as the study site. Indigenous groups and the
local community on the island consume a variety of shellfish found around the island.
Moreton Bay is also known to accommodate dugongs and turtles, making it a suitable
site for risk assessment study. The algal toxins included in the study were OA, DA,
GD and some aspects of PTX-2s. A flow chart is presented that outlines the risk
assessment framework used for this study (Figure 1.1). Discrete chapters will address

each of these steps.
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Hazard ldentification
e Potential hazard of the toxins

v

Exposure Assessment
o Field work to test for presence of algal toxins

v

Hazard ldentification
e Presence of algal toxins present hazardous
materials for shellfish and seaarass consumers

v
Exposure Assessment: Exposure Assessment:
Dugongs Humans
e Toxins found e Toxins found
Mean toxin levels on seagrass |e Mean toxin levels in shellfish
e Daily seagrass consumption e Daily shellfish consumption
N
Dose-response: Dose-response:
Acute effects Chronic effects
¢ Information extrapolated from e |Cy levels on cells
literature ¢ Gene expression
e Information extrapolated from
N

Risk Characterization
o Tolerable daily intake
e Calculating risk to humans and dugongs
e Guideline values

Figure 1.1 Strategy of risk assessment of algal toxins in this study.

The literature reviewed for the four toxins is discussed in Chapter 2. Those literature
pertaining to PTX-2SA and GD was scarce compared to OA and DA because the
toxicity of PTX-2SA is not as acute (and is therefore considered a lower risk and
consequently less researched), and GD is a relatively new toxin and the known effects
are not as severe as those for PTX-2SA and GD.

The third and the fourth chapters address the exposure data collected from the study

sites around North Stradbroke Island. Chapter 3 discusses the exposure assessment of

10
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algal toxins on humans consuming shellfish. In this chapter, the sampling sites,
methods of sample collection, toxin extraction are discussed. The species of toxic
algae and the class of toxins detected are presented. In Chapter 4, the risks posed on
dugongs from consumption of seagrass with toxic epiphytes are assessed. The daily
intakes are calculated and compared to the tolerable daily intakes. The same dose-
response data as Chapter 2, obtained from the literature, were used.

Chapter 5 addresses the dose-response analysis. Data incorporated into the dose-
response analysis are accumulated from the published literature. In Chapter 6,
additional dose-response data were obtained for the cytotoxicity and mechanistic

toxicity study from the microarray analysis conducted on human cell lines.

The seventh chapter presents work on the risk assessment and characterisation. For
human risk assessment, the dose-response analysis from the previous chapter was
used to compare the amount of toxins present in the exposure assessment, from the
field data. Similarly, health risk assessment was conducted for dugongs from the

seagrass data and the associated dose-response information.

Overall conclusions are presented in Chapter 8. This chapter summarises each of the

other chapters of the thesis and draws conclusions on the results.

1.4 Aims and Objectives
The aim of this project was to investigate the health risks involved for both humans

and dugongs, in regards to the consumption of foods contaminated with OA, DA, GD
and PTX-2s. For the exposure aspect of the risk assessment, North Stradbroke Island

was chosen as the study site.

To assess the risk, following objectives were considered:
e To evaluate the types, levels and distribution patterns of marine algal toxins in
shellfish, seagrass and phytoplankton;
e To evaluate the potential relationships between the presence of toxins in
shellfish and the abundance of toxin producing phytoplankton in the study

sites;

11
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e To evaluate the exposure assessment of humans and dugongs to marine toxins;

e To determine the dose-response relationships for algal toxins in humans and
other animals from data in published literature;

e To determine the cytotoxicity levels;

e To obtain data relevant to mechanistic toxicity that may assist in investigating
the long term chronic effects of the toxins;

e To conduct a risk assessment for the human health and that of dugongs.

12
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2.1 Characteristics and occurrences

2.1.1 Okadaic acid group
This group of toxins contain okadaic acid (OA), Dinophysis toxin-1 (DTX-1), DTX-2

and their esters, such as DTX-3, DTX-4 and DTX-5 (Murata et al. 1982). These
toxins are known to be responsible for causing diarrhetic shellfish poisoning (DSP) in
humans. Toxins in this group are differentiated by their unique chemical
characteristics (Lee et al. 1989, Yasumoto & Murata 1990, Draisci et al. 1996, Draisci
et al. 1998, James et al. 1999a). Toxins related to OA and Dinophysis toxins (DTXs)
are acidic polyether toxins. Algae that produce these toxins are dinoflagellates of the
genuses Dinophysis and Prorocentrum.

Toxins in the OA group are accumulated in the digestive tracts of filter feeding
shellfish (Amzil et al. 1992, James et al. 1999a, Souto et al. 2001) and are a serious
threat to aquaculture industries (Fernandez et al. 2000). The consumption of
contaminated shellfish can cause gastroenteritis in humans (Carmody 1996). The
gastrointestinal symptoms normally begin within 30 minutes to a few hours after
consumption of toxic shellfish (Holmes et al. 1999a, Klopper et al. 2003). Symptoms
include abdominal pain and cramps, diarrhoea, nausea and vomiting (Tubaro et al.
1996). Generally the ailment clears up within three days with or without medical
treatment and there have been no reported deaths caused by DSPs (Yasumoto et al.
1978, Hallegraeff 1993a).

Although incidences of diarrhoea from consuming mussels have been reported in
Norway since the 1960°s (Aase & Rogstad 1997), DSP was formally recognised by
Yasumoto and his colleagues in Japan in 1976 when they noticed frequent occurrence
of gastroenteritis that coincided with the ingestion of shellfish during spring and
summer. The presence of acetone-soluble toxins in the digestive glands of the
implicated shellfish, together with the negative results for known pathogenic bacteria
confirmed that it was caused by poisons in shellfish (Yasumoto et al. 1985). The toxin
causing diarrhoea in Japan and Norway was later confirmed to have come from the
dinoflagellates species Dinophysis fortii (Yasumoto et al. 1980). The toxin first
detected in the hepatopancreas of toxic mussels was named Dinophysis toxin-1 (DTX-

1) after its biogenetic origin (Yasumoto 2000). In 1982, Murakami and his colleagues

14
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used the dinoflagellates species Prorocentrum lima to isolate the toxin thought to have
caused diarrhetic effects. This toxin was found to be identical to OA isolated from
sponges Halichondria okadaic and H. melandocia by Tachibana in 1981 (‘YYasumoto et
al. 1985). There are numerous OA related incidences in various parts of the world,

some of which are listed in Table 2.1.

Table 2.1 Recorded incidences of breakouts and poisoning of OA group

Location Year Notes References
Japan 1976 DTX-1 first identified as cause of DSP Yasumoto et al. 1985
Japan 1117;2 More than 1300 human poisoning cases Hallegraeff 1993
Spain 1981 More than 5000 human poisoning cases Hallegraeff 1993
France 1983 More than 3300 human poisoning cases  Van Edmond et al 1983

Algal bloom causes mussel industry to
Sweden 1984 Hallegraeff 1993
close for 1 year

N. America 1990 First incidence of DSP in this continent (Quilliam et al. 1990)

Canada 1992 OA group found in P. lima Marr and Jackson 1992
) 50 cases of human poisoning by OA
Australia 1997 o Burgess 2003
acyl esters - pipis
Portugal 1998 19 cases of human poisoning - clams Sampayo et al. 2000
) First incidence of DSP in SE Asia —
SE Asia 1999 Holmes et al. 1999a

green mussels

Another group of toxins with similar structures to the OA group, formally associated
with DSP is the pectenotoxins (PTXs). PTXs are polyether-lactones (Yasumoto et al.
1985), formally placed in the DSPs. Although no longer classified in the same group,
because PTXs do not cause diarrhoea, they resembles OA in molecular weight and in
having cyclic ethers and carboxyl groups, and are produced by Dinophysis spp.
(Yasumoto 2000, Miles et al. 2004c) and for this purpose, PTXs will be included in
the OA section in this review. Again, there are several PTXs, the most toxic one being
PTX-2, which is converted into a less toxic form, pectenotoxin-2 seco acid (PTX-
2SA) within the shellfish (Miles et al. 2004b).

The toxin PTX2-SA was first identified in New Zealand shellfish in 1997, when it was
categorised as a new toxin present in shellfish foods (Daiguiji et al. 1998). A shellfish-

15
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related outbreak of diarrhoea in Australia occurred in December 1997, where 50 cases
of illness were reported from the consumption of pipis (Donax deltoides) taken from
Ballina, New South Wales (Zantiotis-Linton 1998). After several other reports of
shellfish poisoning along the nearby beaches, state-wide closure of beaches for pipi
harvesters was instituted until a food safety plan for biotoxins for bivalve molluscs
was developed (Zantiotis-Linton 1998). The toxin responsible for this outbreak was
suspected to be PTX2-SA but was later confirmed to be OA acyl esters (Burgess
2003).

2.1.2 Domoic acid
Domoic acid (DA) was originally isolated from the macroalgae Chondria armata,

locally known as “domoi” in Japan where it was commonly used as an anthelmintic
for children and also as a pesticide (lverson et al. 1990). It was not until a toxic
outbreak in Canada, in 1989, that this toxin was studied and identified as the source of
amnesic shellfish poisoning (ASP) (Perl et al. 1990). During this incident, 107 people
were affected including three people in their 70°s and 80’s that died after eating
contaminated blue mussels harvested from Prince Edward Island (Perl et al. 1990,
Lefebvre et al. 1999, Kerr et al. 2002). Between 1987 and 1991, detection of DA was
reported in eastern North America. Domoic acid has also been detected in Scottish

crabs in Europe (Hess 2001).

Known effects of domoic acid in animals include abdominal cramps, vomiting,
diarrhoea, disorientation, short term memory loss, amnesia and even death (Perl et al.
1990, Cendes et al. 1995, Peng et al. 1997). According to the results of a survey
performed on the exposed individuals, the first symptoms appeared between 15
minutes to 38 hours post-ingestion (Perl et al. 1990). Eighteen of these patients
experienced a range of severe symptoms including agitation, seizures and coma
(Teitelbaum et al. 1990). From these observations, it was apparent that young people
were more likely to be afflicted with diarrhoea while older patients were more likely

to suffer from memory loss (Perl et al. 1990).

There have been numerous DA-related events recorded since 1990, causing mass

mortalities of marine mammals and birds (Table 2.2). For example, the next major
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incident occurred in 1991 when more than a hundred brown pelicans (Pelicanus
occidentalis) and Brand’s cormorants (Phalacrocorax penicillatus) died after eating
northern anchovies (Engralis mordax) contaminated with DA off the coasts of
Monterey Bay and Santa Cruz, California (Todd 1993, Work et al. 1993, Gulland et al.
2002). Effects on seabirds included head swinging, scratching, vomiting, loss of
righting reflex, clenching toes, loss of awareness, decreased responsiveness to stimuli
and death (Gulland et al. 2002). Analysis of the toxin in whole anchovies showed DA
concentrations ranging between 45 ug g™ and 100 pg g™ with the source of the toxin
found to be the marine diatom Pseudo-nitzschia australis (Todd 1993). For other
incidences in Baja California, it was suspected that stranded pelicans were eating
mackerel (Scomberomus japonicus) containing toxic P. australis and P. pungens
(Sierra-Beltran et al. 1997, Fladmark et al. 1998).

Table 2.2 Recorded incidences of outbreaks and poisoning by domoic acid.

Location Year Notes References
Canada 1989 107 human victims: 3 deaths Perl et al. 1990
California, USA 1991  More than 100 seabirds died Todd 1993
Baja California 1996  More than 10 pelicans died  Sierra-Beltran et al. 1997
California, USA 1998 81 sea lions stranded Scholin et al. 2000
California, USA 2000 184 sea lions stranded Gulland 2002

In 1998, 81 Californian sea lions (Zalophus californianus) became stranded along the
coast of California (Scholin et al. 2000, Gulland et al. 2002). The intoxicated sea lions
showed similar signs to those observed previously, such as head weaving, scratching,
ataxia, seizures, decreased responsiveness to stimuli and death (Lefebvre et al. 1999).
This event coincided with blooms of P. australis (Gulland et al. 2002). A similar
incident occurred again in 2000 where 184 sea lions were stranded off the Californian

coast with similar clinical signs (Gulland et al. 2002).

Symptoms observed in laboratory rats exposed to DA were similar to those in the field,
and include hind-limb scratching, wet dog shakes, head jerks and seizures (Todd 1993,
Sobotka et al. 1996). In primates, symptoms also include vomiting and gagging

(Tryphonas et al. 1990). These symptoms can occur within 30 minutes to 24 hours
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post- consumption of toxic seafood. Domoic acid mostly affect the CA3 regions in the
rodent hippocampus while it affects regions CA1-4 in primates (Tryphonas et al.
1990, Jeffery et al. 2004). No significant genotoxic effects have been found (Rogers &
Boyes 1989).

2.1.3 Gymnodimine
Gymnodimine (GD) was first isolated in 1994, from Tiostrea chilensis (oyster), found

in New Zealand (Seki et al. 1995). To date, reports on the presence of GD in shellfish
has only been reported in New Zealand and Tunisia (Bire et al. 2002). The relatively
recent discovery of GD in Tunisia may have resulted from ballast water exchanges,
climate change and the increase in abundance of toxic algae, or an increased in

awareness of this toxin (Bire et al. 2002).

There has been no recorded human intoxication from GD, as it has a very low toxicity
when introduced orally, however it is a fast acting toxin when introduced
intraperitoneally (i.p.) into mice (Stirling 2001). This causes problems during animal
bioassays as the presence of GD can give false positive results when monitoring for

other algal toxins.

2.2 Sources of toxins
Different types of algal toxins can be produced by several genera of algae. Table 2.3

summarises the toxic marine microalgae and their related toxins.

2.2.1 Okadaic acid group
Pyrrophyta (Dinoflagellates) are flagellated unicellular phytoplankton, ranging in size

from 20 to 200 um in diameter. Of the 60-80 classes of toxic algae, 75% are
dinoflagellate species (Tibbetts 1998). The OA group of toxins are produced by the
dinoflagellate genera Dinophysis and Prorocentrum, whilst the PTX group is
exclusive to Dinophysis (Yasumoto & Murata 1990, Carmody 1996, James et al.
1999a, Souto et al. 2001) (Table 2.3). Although most of the OA poisoning incidents
have been from temperate regions, Dinophysis genera are found in waters of many

different climatic zones around the world (Holmes et al. 1999b). Outbreaks of the OA
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group of toxins caused by Dinophysis have been reported from many regions of the
world (Table 2.3).

Determining the involvement of Dinophysis species in toxic events can cause
problems since they are very difficult to culture. Lee et al. (1989) tested seven species
of dinoflagellates from the wild for OA group production and found that they all
produce toxins (Table 2.3). In Australia, at least four species of this genera are known
to produce toxins: D. acuminata, D. acuta, D. fortii and D. rotundata (Table 2.3)
(Hallegraeff 2002). D. caudata, also found in Australia, are known to produce
pectenotoxins (PTXs) but not OA or DTXs (Burgess 2003). A cell concentration as
low as 200 cells L™ can produce enough toxins to cause intoxication for shellfish

consumers (Yasumoto et al. 1985).
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Chapter 2

Prorocentrum are benthic dinoflagellates found growing on the surface of seagrass
and macroalgae (Koike et al. 1998). Prorocentrum lima can be found in both cold and
warm waters (McLachlan et al. 1994) as different strains have evolved and adapted to
survive in different temperatures (Koike et al. 1998). For example, the Florida strain
has been reported not to grow in conditions where the temperature drop below 19°C
(Morton 1990), while the strains in Canada can grow in environments with varying
temperature between 5°C and 25°C (Jackson et al. 1993 in Koike et al. 1998). Growth
of P. lima has been shown to be directly related to nitrate concentrations and inversely
related to phosphate concentrations (Sierra-Beltran et al. 1996).

Although P. lima is the main species of this genus to produce OA group, other species
such as P. maculosum, P. concavum and P. hoffmanianum are also known to produce
OA and DTXs (Morton & Tindall 1995, Van Dolah 2000a). Toxin production by these
phytoplankton may vary with seasons. In addition, the presence of nutrients in
seawater had a significant correlation to the observed variations in toxin production
by P. lima isolates (Boland et al. 1993). In south west Ireland, the toxicity level was
seen to vary not only between seasons but also vertically and horizontally within the
water column (Boland et al. 1993, Carmody 1996). Additionally, DTX-2 levels in
mussels sampled from Banty Bay in Ireland increased with depth, while OA levels
decreased with depth (Carmody 1996).

Toxins in dinoflagellates have been reported to vary intraspecifically that may be
related to geographical differences (Lee et al. 1989). For example, P. lima found in the
Sanriku coast, Japan, was reported to produce DTX-1 but not OA, while those in
Nova Scotia, Canada, were found to produce both toxins (Marr et al. 1992, Koike et al.
1998). Production levels may vary even within the same country, for example, D.
fortii in northern Japan were found to produce DTX-1 while those in southern areas
did not (Lee et al. 1989).

The correlation between the dinoflagellate concentration in the water and toxin
concentration in shellfish has been a controversial point of discussion (Klopper et al.
2003). In both France and Norway, there was no correlation between the abundance of

algae and the presence of toxins (Lassus & Bardouil 1991). However, the DSP
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concentration in blue mussels in Norwegian waters, and in Germany showed a

positive correlation with the abundance of Dinophysis spp. (Klopper et al. 2003).

Toxin production is also related to growth of the dinoflagellates (McLachlan et al.
1994). The ratio of OA:DTX-1 in mussels found in Europe was low when the cells
were growing and increased as the cells entered the stationary growth phase
(McLachlan et al. 1994). Imai and his colleagues (2003) have suggested that
dinoflagellate species are originally non-toxic and may only become toxic seasonally
through the ingestion of toxic small-sized phytoplankton. This may explain the
inconsistency of toxicity within dinoflagellates (Imai et al. 2003).

The biological function of OA production in dinoflagellates is not understood, but OA,
produced by P. lima has been observed to inhibit the growth of other dinoflagellates,
which may help some this species compete with other species of dinoflagellates
(Aguilera et al. 1997) for a common resource. In contrast, dinoflagellates can tolerate
high levels of protein phosphatase inhibitory toxins due to up-regulation of protein
phosphatase expression (Boland et al. 1993). With other toxins, it has also been
observed that copepods avoid feeding on dinoflagellates which produce saxitoxin
(Holmes & Teo 2002), suggesting that the purpose of toxins is to assist in avoiding

predation.

2.2.2 Domoic acid
Bacillariophyta (diatoms) are unicellular organisms with unique shells that serve as

their cell wall and consist of silica skeletons called frustules (Smithsonian-Institution
2003). They can be found in both fresh and marine waters. This group is divided into
two main classes; centric diatoms, which are radially symmetrical, and pennate, or

elongated diatoms.

Domoic acid is produced by the marine pennate diatoms belonging to the genus
Pseudo-nitzschia, within which there are over 20 species found in both estuarine and
oceanic habitats around the world (Hasle 2002). This genus was initially split from
Nitzschia in the 1994 by Hasle (Bates 2000). Species such as P. australis, P. calliantha,
P. cuspidate, P. galaxiae, P. multiseries, P. multistriata, P. pseudodelicatissima, P.
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pungens, and P. seriata are known DA producers (Table 2.3) (Hallegraff 1993, Hasle
2002, Lundholm et al. 2003, Cerino et al. 2005, Bates in press). Some other species,
such as P. delicatissima, P. fraudulenta, and P. turgidula, have been reported to be
weakly toxic (Hallegraeff 2002).

Although the outbreak of ASP on humans has been limited to Canada, the reporting of
Pseudo-nitzschia, the main causative agent, is more widely spread, and includes
Australasia, Europe and America. The species of this genus may be toxic in one area
while not in others (Hallegraeff 2002).

At least eight species of this genus has been detected in Australian waters: P. australis,
P.americana, P.lineola, P.multiseries, P. pseudodelicatissima, P. subpacifica,
P. turgidula but DA has only been detected in low concentration in P. pungens,
P. pseudodelicatissima and P. australis within Australia (Lapworth et al. 2000,
Hallegraeff 2002, Takahashi et al. 2003).

The distribution of these diatoms may change as it has been hypothesised that the shift
in dominance in diatom species may be related to physiochemical conditions, such as
decrease in phosphate and warmer water temperature (Ajani et al. 2000). This shift
may explain the first record of this potentially toxic diatom P. australis in Australian
waters (Ajani et al. 2000).

Two other genera of diatom have been reported to produce DA. Amphora
coffeaeiformis was reported to have produced DA during the 1989 outbreak in Canada.
However, since it was the only reported incidence of this species to produce the toxins,
and this species has often being misidentified in the past, A. coffeaeiformis is not used
for DA monitoring (Maranda et al. 1990, Bates 2000). Recently a new benthic species
of diatom, Nitzschia navis-varingica was reported to produce DA in shrimp which are
being cultured in Vietham (Bates 2000). Since then, this species has been observed in
brackish water in other Asian countries, but so far has not been a health threat (Kotaki
et al. 2000).
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2.2.3 Gymnodimine
Dinoflagellates Karenia selliforme have been associated with the presence of GD in

shellfish (Mackenzie & Beuzenberg 2003). The species was founded when the genus
Gymnodinium_was separated into four genus: Gymnodinium, Akashiwo, Karlodinium
and Karenia_(de Salas et al. 2003) Other species from the genus, such as K. brevis, are
known to produce brevetoxins, which are more potent than gymnodimine, and causes
NSPs (Leblond & Chapman 2002).

2.3 Structure and properties

2.3.1 Okadaic acid group
Among the OA group of toxins, some contain a monocarboxylic acid and belong to

the class of compounds known as ionophoric polyether (Shibata et al. 1982), which
makes them lipid soluble. OA, DTX-1 and 3 share the same basic polyether structure
(Figure 2.1). DTX-1 is a predominant DSP in Japan. Its structure was determined by
Murata and his colleagues (1982) and was later found to be a methyl derivative of OA
(Yasumoto 2000). DTX-2 is an isomer of OA isolated from Irish mussels and it is the
predominant toxin along the Irish coast (Carmody 1996, Pavela et al. 2001) while
DTX3 is a complex mixture of 7-O-acyl derivatives of OA and DTX-1 (Pavela et al.
2001). Okadaic acid, DTX-1,2 and 3 are lipophilic while DTX-4 and 5 are water-
soluble sulphate derivatives of OA. While the latter two are weakly toxic, they are
readily hydrolysed to form OA (Vieytes et al. 2000), hence they still pose a threat to

consumers. PTXs also share a similar chemical make up to OA (Figure 2.2).

2.3.2 Domoic acid
Domoic acid is an amino acid which is a water soluble white powder resembling

kainic acid, a neurotoxic excitatory amino acid (EAA), in both structure and
behaviour (Figure 2.3) (Iverson et al. 1990, Kerr et al. 2002). It is a potent agonist of
AMPA (2-amino-3-hydroxy-5-methylisoxazole-4-propionic acid) and kainic acid
sensitive glutamate receptors (Kerr et al. 2002) and this is responsible for epileptic
symptoms. There are ten naturally occurring isomers of DA: seven iso-DA, two
domoilactones and a 5-epi DA (Quilliam 2003).
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In live shellfish, the rates of accumulation and elimination of DA also tend to differ
between the shellfish types. The rate of elimination varies with season, water
temperature and toxin storage within the shellfish (Van Apeldoorn et al. 1999). As the
water temperature decreases, so does the toxin loss from the animal. Additionally,
toxin in the gastrointestinal tract eliminates rapidly, in matter of days, as compared to
toxins bound in tissues, which may take months (Van Apeldoorn et al. 1999).
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2.3.3 Gymnodimine
Gymnodimine is a cyclic immine (Figure 2.4), functionally related to spiroloides,

pinnatoxins and prorocentrolides, all of which are known as “fast-acting toxins” as
they are highly toxic when injected into mice (Seki et al. 1995, Stewart et al. 1997,
Bire et al. 2002). There are five isomers of and analogue of gymnodimine isolated
from the algae Karenia selliformis (Miles et al. 2000, 2003)

Figure 2.2 Structure of pectenotoxin-2

COOH

Figure 2.3 Structure of domoic acid

OH

Figure 2.4 Structure of gymnodimine
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2.4  Toxicity and toxic mechanisms

2.4.1 Health effects and toxicity of okadaic acid group
Okadaic acid group can cause severe gastrointestinal symptoms in victims. Although

OA have been detected in the lung, liver, heart, kidney and the large intestine of
laboratory mice, the major effects are seen in the small intestine (Edebo et al. 1988,
Ito et al. 2002). The livers accumulate OA the most, as it is the first route of organs
connected to the small intestine. The first recorded DSP incidence was in Japan where
a dose of 48 ug per person of OA was enough to cause mild poisoning in humans
(Holmes et al. 1999b). Reports on effect of OA contaminated shellfish, consumed
orally by people have been documented. In most cases, the effects were mild
poisoning or mild diarrhoea (YYasumoto et al. 1978, Lee et al. 1987, Holmes et al.
1999a, Ramstad 2001) and the concentration ranged from 40 ug to 48 ug per 60 kg
person (Scoging & Bahl 1998). There is one report on OA where concentration, as
high as 32 pg 100 g was detected , using the HPLC-MS technique. This was found
in the remnants of food consumed by victims who suffered from profuse diarrhoea
(Vale & Sampayo 2002).The maximum tolerable level for OA is 24 pg 100g™
shellfish meat (Stabell et al. 1992). The doses and effects of OA group on humans and

other animals are summarised in Table 2.4.

The LDs, in mice injected intravenously (iv) has been reported to be 192 pg kg™
(Matias & Creppy 1996b). The time lag from injection to death was directly
dependant on weight of the animal (Stabell et al. 1992). OA has also been reported to
cause epileptic seizure at a concentration of 525ug kg™ (150uM per 230g rat) when
injected into hippocampus of rats (Ramirez-Munguia et al. 2003). In another study,
effects of OA on rats were compared to that on salmon. Surprisingly, salmon
hepatocytes were 10-20 fold more sensitive to OA and DTX-1 than rat hepatocytes
(Fladmark et al. 1998). This suggests that salmon, a marine organism which would
have been expected to be exposed to these toxins have not developed resistance to

these toxins.

The OA and DTX-1 and DTX-2 are potent and selective inhibitors of three of the four
protein serine/threonine phosphatases; type 1, 2A and 2B (PP1, PP2A, PP2B)
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(Bialojan & Takai 1988, Arias et al. 1993). They inhibit PP2A completely at 1nM
while inhibiting PP1 at 10-15nM. The sensitivity of PP1A and PP2A to OA is similar
in many organisms ranging from mammals to fruit flies (Orgad 1989). Their relative
toxicity is related to their affinity for protein phosphatases (Holmes & Teo 2002). It
has been reported that the structure of type 1 protein phosphatase has been
evolutionary conserved as it is biochemically indistinguishable in P. lima and in rabbit
skeletal muscle (Cohen 1988).

Although very different in their chemical structures, OA and microcystins have the
same targets as they inhibit protein phosphatases type 1 and 2A (Puiseux-Dao 1995).
The binding site for OA is on the catalytic subunit of protein phosphatase at the active
site of the enzyme. Serine/threonine protein phosphatases are critical components of
signalling in eukaryotic cells that regulate a diverse array of cellular processes

involved in metabolism (Werra 1995).
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The PTX-2 and PTX-2SA concentrations of 5000 nug kg™, dosed via gavage, showed
no effect on mice (Miles et al. 2004b). The LDso of PTX-2 when injected (i.p.) into
mice was 219 pg kg™, however, PTX-2SA had no effect at a level of 5000 pg kg™
(Burgess 2003, Miles et al. 2004b).

The current monitoring for algal toxins, adopted internationally, only screens for high
levels of toxins which cause acute intoxication. This method of screening does not
screen for low levels of toxins, which have the potential to cause chronic effects such
as carcinogenesis (Puiseux-Dao 1995). It remains to be determined if there are any
long term effects on humans caused by chronic exposure to persistent low
concentrations (Holmes et al. 1999a). Carcinogenesis is a multiple step process which
may involve a genotoxic event, followed by tumour promotion which is usually
reversible and proceeds slowly. Cells then start to express a new phenotype to the
advantage of highly proliferating cells, and the last stage is irreversible tumour

progression with chromosome abnormalities (Puiseux-Dao 1995).

First marine natural tumour promoter was isolated from a cyanobacterium, Lyngbya
majuscula (Fujiki 1984). Since then a number of other marine toxins have been shown
to be tumour promoters, with OA being one of the most common promoters
(Suganuma et al. 1988). After treating mice with 100 ng of DMBA (7, 12-
dimethylbenzanthracene), OA was applied to the skin and within 16 weeks, 93% of
the mice developed tumours (Suganuma et al. 1988). This toxin is a non TPA-type
tumour promoter, which means it does not bind to phorbol ester receptors in cell

membranes (Suganuma et al. 1988).

Along the French coast, 59 coastal areas were studied for a correlation between
shellfish consumers and digestive tract cancer rates. After allowing for possible
confounding by alcohol consumption, the only statistically significant results that
remained involved colon cancer (Cordier et al. 2000). This study was based on
population surveys, and further investigation involving carcinogenesis research will

be required for establishing the relationship between OA and cancer.
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Okadaic acid induces DNA adducts and is therefore, suggested to be a carcinogen
(Creppy et al. 2002). Even without changing or mutating DNA base sequences
epigenetic alterations in DNA methylation can occur (Creppy et al. 2002). Such
changes in DNA methylation patterns can strongly affect the regulation of expression
of many genes (Cerda 1997). Low concentrations of OA increase DNA methylation
(Matias & Creppy 1996b), hence OA may interfere with gene regulation expression
and cellular proliferation and participate in epigenetically-induced tumours by gap
junction communication (GJIC) inhibition (Creppy et al. 2002). This inhibition of
GJIC is believed to be important in the promotion stage of carcinogenesis (Budunova
1996).

Other studies have shown the OA group to be an apoptosis inducer in several cell
systems (Leira et al. 2001). Mitochondria membrane potential, DNA content and
phospholipid asymmetry in plasma membranes have been evaluated (Leira et al.
2001). OA is also able to transfer Na*, K*, Mg®* and Ca®* from aqueous solution to an
organic medium and to facilitate the transport of these cations through the chloroform
liqguid membrane model (Blaghen et al. 1997). Puiseux-Dao (1995) has shown that
OA inhibits the phosphatase involved in the dephosphorylation of gene cdc25 product
which is itself a phosphatase crucial for entry into mitosis. It also inhibits
phohsphatase coded by nim2, which is important for inter control between S phase

and mitosis (Puiseux-Dao 1995).

2.4.2 Health effects and toxicity of domoic acid
Victims of the 1989 ASP outbreak in Prince Edward Island, Canada, suffered from

nausea and vomiting from consuming up to 1.1mg kg DA (Table 2.5). In severe
cases, DA has been known to cause anterograde memory deficit (Peng et al. 1997).
This lasting neurological deficit could be due to the lesions in the hippocampus,
amygdala and limbic pathways (Kerr et al. 2002). The poor memory may result from
biochemical changes or structural level effects at synaptic contacts (Clayton et al.
1999). One of the victims of ASP in the 1989 incidence was an 84-year old male
(Cendes et al. 1995). Seizure occurred after the second day, but he improved slowly
after the third week and was released from the hospital on the fourth month (Cendes et

al. 1995). Although he was seizure free, he had a severe memory anterograde. After a
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year, he had partial seizure. This recurrence of seizure is similar to those suffering
from temporal lobe epilepsy (TLE) (Cendes et al. 1995). He died from pneumonia
after three and a half years and autopsy showed that there was total neuronal loss in
CAL and CA3 regions of the hippocampus (Cendes et al. 1995).

Although ASP may cause long term memory defects, repeated exposure does not
enhance toxicity beyond the effects observed with a single dose (Peng et al. 1997).
This suggests that low doses over prolong periods will not necessarily produce more
harmful effects than a single dose. This is in contrast to OA which is suspected of
having chronic effects after exposure to persistent low concentrations (Holmes et al.
1999a).

The LDsy, injected intraperineally (i.p) for mouse is 3.6mg kg™, and the LDs; (i.p) for
both rats and primates is 4mg kg™ (Iverson et al. 1990, Todd 1993). The lethal dose of
DA is similar in mice and primates, but the rate of neuron degeneration differs
between the two groups (Schmued et al. 1995). Research with DA has also been
performed on pregnant mice, which has shown it to be more toxic to newborns since it
could penetrate through the incomplete blood-brain barriers of the offspring (Mayer
2000).

Glutamate receptors in the hippocampus is a region responsible for functional memory,
and these receptors have been determined to be damaged by DA (Cendes et al. 1995,
Sari & Kerr 2001). This may explain the head jerking and seizures seen in the patients
and laboratory animals (Truelove et al. 1997). As the glutamate receptors open the
sodium channels in the postsynaptic membrane, the cells depolarises (Sierra-Beltran
et al. 1997). This in turn increases the calcium permeability in the brain where it
causes nerve cells to transmit impulses continuously until cells die (Sierra-Beltran et
al. 1997). Ross and colleagues (2000) showed that DA, at a concentration of 10uM
elevated glutamate uptake by 64%, and then decreased the uptake to 48% after 60
minutes when tested on newborn rats. This suggests that DA induced neurotoxicity
may be related to failure of astrocytes to remove extracellular glutamate, which then
leads to excitotoxicity injury (Ross et al. 2000).
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The histological study on the brains from three patients who died from ASP, revealed
that neuronal necrosis and cell loss of astrocytes were most prominent in the
hippocampus (Perl et al. 1990). In laboratory animals where rats were treated with DA
via intraperitoneal (i.p.) injection, degeneration of neurons in the hippocampal CA1
and CA3 regions was seen (Sobotka et al. 1996). The study conducted on the brains of
the sea lions which died from ASP also showed hippocampal neuropile and high
activities of serum creatine kinase (Scholin et al. 2000, Gulland et al. 2002). As
Scholin and colleagues (2000) pointed out, this was similar to other studies on mice
and primates (Smayda 1990, Strain 1991, Dakshinamurti et al. 1993).

Although DA is known to cause damage in the hippocampus, it also produces
degeneration in the limbic structure including the cortex, lateral septum and dorsal

nucleus of the thalamus (Schmued et al. 1995).

2.4.3 Health effects and toxicity of gymnodimine
Although GD showed no oral toxicity on mice (Stirling 2001, Munday et al. 2004), it

Is neurotoxic to mice when injected, and it has been suspected to be affiliated with
fish kill (Okaichi 1988). Another concerning factor is that GD has been shown to be
highly toxic when orally dosed to mice via gavage (Table 2.6) (Munday et al. 2004).
Munday concludes that when GD is administered with food such as shellfish it loses
its toxicity. Since for humans, GD will normally be consumed in seafood, there will

be little health risk involved with the consumption.
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Chapter 2

2.5 Uptake of toxins in shellfish and mammals

2.5.1 OAgroup of toxins
Shellfish accumulate toxins, which are then transformed by hydrolysis, oxidation or

acylation and eliminated (Morono et al. 2003). The accumulation and depuration rates
vary according to the shellfish and the toxins (Shumway et al. 1995). In one study,
when mussels (Mytilus galloprovincialis) were fed with toxic Dinophysis acuminata,
a maximum OA level of 10ug g™ was reached in 16 days and this fell to below 2pg
g™ in 45 days (Morono et al. 2003). There has been an indication that shellfish, such
as Pacific oysters (Crassostrea gigas) can be affected by Prorocentrum rhathymym,
which shares the same genus as a DSP- producing P. lima (Pearce et al. 2005).
Although, the authors do not specify which toxin these oysters were affected by,
oyster spat mortalities increased up to 40% as the cell numbers increased (Pearce et al.
2005).

Crabs have previously been known to pose the threat of paralytic shellfish poisoning
(PSP) but it was not until 2002, with the outbreak of DSP poisoning in Aveiro, that
crabs (Carcinus maenas) were associated with DSP (Vale & Sampayo 2002). It was
suspected that crabs became contaminated from consuming DSP containing shellfish.
In larger crabs, only the muscle tissue is consumed by people, hence it is unlikely for
the toxins to be consumed since they are accumulated in the digestive glands.
However in smaller, soft shelled crabs, the whole crab is consumed (Vale & Sampayo
2002), thus seafood which are higher up in the food chain could potentially be a

source for DSPs.

When 25 pg OA kg™ body weight Was injected into mice, OA was found in bile and
intestine after 1 hour (Matias & Creppy 1996a). This elimination patterns showed
biliary excretion and enterohepatic circulation. Not much of OA is metabolised as it
was found mostly in intestinal tissue (49%) and urine (11.6%) after 24hours when 50-

90mg OA kg™ body weight Was administered by gavage.

Derivatives of OA and DTX-1, such as DTX-3, has been detected in shellfish but not
in dinoflagellates (Quilliam et al. 1996). It has therefore been proposed that such

toxins are produced within the digestive glands of shellfish (Yasumoto et al. 1989).
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Okadaic acid, DTX-1 and PTX-2 are found in D. fortii but acyl esters of OA, DTX
and PTX-2 are not, hence other analogues found in scallop has been assumed to be
results of acylation of DTX-1 and oxidation of PTX-2 in scallop hepatopancreas (Lee
et al. 1989, Draisci et al. 1996, James et al. 1999b). PTX-2SA and 7-epi-PTX-2SA are
commonly found in Perna cnalicus (green mussels) in NZ coasts, and are thought to be
converted from PTX-2, within the mussels. When non-toxic mussels were fed DTX-1
containing D. fortii, both DTX-1 and 7-O-acyl DTX-1 (DTX-3) were also found in
the mussels (Suzuki et al. 2000). This showed that OA diol-esters, observed in P. lima,
may not phosphatase inhibitors but have the potential to be hydrolysed in the digestive
tract of shellfish to yield active parent OA and pose a threat to shellfish consumers
(Quilliam et al. 1996).

2.5.2 Domoic acid
The depuration of DA has been reviewed by Appeldoorn et al. (1999). It was

mentioned that the rate and the amount of toxin accumulation by the shellfish are
dependent on the number of diatom cells available. The depuration of toxin within the
shellfish is highly variable and may vary with season and water temperature, as low
water temperature delays the depuration rate (Van Apeldoorn et al. 1999). Mussels
tend to take up and depurate toxins rapidly while razor clams have slow depuration
rates (Todd 1993). When scallop (Pecten maximus) samples were frozen, overall toxin
level decreased, but, DA was observed to seep out of the hepatopancreas, into the rest
of the body tissues, therefore increasing the DA level in the edible tissues (Van
Apeldoorn et al. 1999). Stewart et al. (1998) showed that the DA level remained stable
for up to 19 months in the digestive gland of sea scallops (Placopecten magellanicus)
and red mussel (Modilus modiolus) (Apeldoorn 1999, Van Apeldoorn et al. 1999).
This implies that evaluating the safety level of consumption of shellfish on the

abundance of Pseudo-nitzschia alone may not provide a satisfactory result.

Jones and his colleagues (1995) studied the effects of DA on Pacific oysters
(Crassostrea gigas) which are known to accumulate toxins. After being exposed to the
toxic algae for four hours, animals showed an increase in haemocyte activity. The
toxin increased in the oysters in the 48 hour exposure, but the activity of haemocytes

declined after 24 hour clearance, and after 48 hour clearance, the concentration of DA
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declined to a trace level.

Lefebvre and colleagues (2001) tested the affects of DA on anchovies (Lefebvre KA
2001). Fish showed severe neurotoxic behaviour at doses ranging between 1-4 pg g™
of body weight. This finding is different from the effects on rainbow trout (Hardy et al.
1995). Rainbow trout were fed with 58 ug g* DA for 15 weeks and there were no
signs of intoxication nor were any traces of DA found in the fillet of the fish (Hardy et
al. 1995). Results from these two studies suggest that the uptake of toxin by marine

fish may be species dependant.

In mammals, DA does not seem to be as persistent as in fish. In previous studies, the
average half life of DA in laboratory animals such as rats was 0.5 hours, and in
primates, it was 2 hours (Truelove & lverson 1994, Truelove et al. 1997). Thus with
fish, DA persists long enough to affect the predations which feed on the fish, while it

seems to have short half lives in mammals.

2.5.3 Gymnodimine
Gymnodimine has shown to have slow depuration rate in oysters, which has the

potential to remain in the ecosystem for a prolong time (Stirling 2001). There have not
been much studies performed on uptake and metabolism related to GD.

2.6 Guidelines and monitoring for human health

2.6.1 Okadaic acid group
Anderson et al. (2001) has summarised the guidelines levels for OA group from

different countries, as shown in Table 2.7. The guidelines for OA vary between
countries but most do not exceed 200 ng g™ edible tissue (Quilliam & Wright 1995).
For example in Japan, Norway and Korea, value of 5MU 100g™ of tissue is used
(Yasumoto & Murata 1990, Fernandez 2000, Anderson et al. 2001), where “MU”
stands for mouse unit which is the minimal amount required to kill a mouse of 20g
body weight within 24 hours (Yasumoto et al. 1980).

Some countries have adopted monitoring methods to avoid intoxication. For example,
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along the Norwegian coast, 24 sites are monitored for OA group producing
dinoflagellates (Dahl & Tangen 1999). In Norway, the accepted levels of Dinophysis
species in seawater (cells L) are as follows: 900 D. acuminata, 900 D. acuta, 1200

D. norvegica and 1200 total Dinophysis species (Dahl & Tangen 1999).

In Yasumoto et al. (1978), the mouse bioassay was used to calculate the concentration
of OA. It is said that 12 MU (15-20 g mouse) OA causes mild diarrhoea in adult
human while 20 to 70 MU causes severe diarrhoea (Yasumoto et al. 1978). This can
be calculated as 0.8 pg kg™ (48 pg 60 kg™ person) OA for mild diarrhoea and 1.3
and 4.6 pug kg™ (78 — 276 pug 60 kg™ person) OA for severe diarrhoea. This study
was conducted after poisoning incidences and the samples were taken from actual
shellfish which were consumed. The concentration of OA determined by Yasumoto
and his colleagues in 1978 may not be as precise as the later work, since they had
used mouse bioassay to determine the toxin concentration, which does not provide
readings of the toxins as some of more recent techniques, such as HPLC-MS. Another
problem with these data is that the toxin was not purified, hence it is difficult to be
certain if OA was the sole toxin responsible for the diarrhetic effect.

These allowable levels of OA may be low enough for preventing DSP outbreaks, but
they may be enough for tumour promotion or other chronic health effects over a
longer time frame. As previously mentioned, OA is a known tumour promoter and
there have not been long term studies on the effects of OA which would allow the

development of a safe level of consumption.

2.6.2 Domoic acid
Studies on humans after accidental consumption of shellfish, contaminated with DA,

have been recorded in several papers (Perl et al. 1990, Todd 1993, Marien 1996). In
1959 Daigo reported that DA has been used on children as an anthelmintic in Japan,
without any ill effects, at a concentration of 0.5 mg kg™ (Iverson et al. 1990). This
study cannot be considered to be accurate for exposure analysis since it dates back to

the 1950s and the method used to measure the toxin concentration is not clear.

Concentrations of DA from shellfish consumed by patients suffering from ASP were
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measured by HPLC (Todd 1993). At an average of 1.1 mg kg™ body weight, patients
suffered from nausea and vomiting, while those consumed up to 4.2mg kg™ suffered
from memory loss, disorientation and confusion (Todd 1993). The level allowed for
human consumption is 20 pg g™ shellfish (Sierra-Beltran et al. 1997, WDFW 1998,
Leira et al. 1999). In crabs, the allowable DA level was changed from 20 ug g™ in
1992, to 30 pg g* in 1993 (Hatfield et al. 1995). The tolerable daily intake of DA has
been calculated by Marien (1996) using the highest no-effect level on cynomolgus
monkeys, lowered an order of a magnitude to 0.075 mg kg™ for safety factor. This
was then used to estimate the tolerable DA concentrations; 30 ug g™ in crabs (Marien

1996), which supports the guidelines.

2.6.3 Gymnodimine
Although gymnodimine has an acute toxicity when injected into mice, it has not

shown to be toxic when orally dosed (Munday et al. 2004), hence there are no

guidelines for human consumption at this stage.
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2.7 Effects on marine organisms

Dispersal of toxic algae and occurrences in toxic blooms can affect marine organisms in
many adverse ways. Domoic acid from Pseudo-nitzschia has been known to cause mass
mortalities of marine mammals and birds as they are passed down in the food chain
through pelagic fish (Work et al. 1993). The mass stranding of birds in 1991 and 1992 in
California and between 1994 and 1996 in Baja California were both found to be caused
by DA (Sierra-Beltran et al. 1997). These birds were thought to have been eating
contaminated anchovies and mackerels containing P. australis and P. pungnus, as empty
Pseudo-nitzschia frustules were found in both birds and fish (Sierra-Beltran et al. 1997).
This was the first time P. australis was associated with the production of DA (Walz et al.
1994).

In the case of poisonings of sea lions in 1998, the animals showed clinical signs of head
weaving, scratching and seizures, which are typical of ASP (Gulland et al. 2002).
Although some of the animals recovered and were released, 11 out of 129 released re-
stranded again within four months of release (Gulland et al. 2002). Again, the source of
toxins were anchovies contaminated with DA from P. australis (Lefebvre et al. 1999).
DA was detected from both sea lion faeces and tissues of anchovies as well as from P.
australis (Lefebvre et al. 1999). In the 1998 outbreak, humans may not have been
threatened for two reasons. During this bloom, very little DA was found in the blue
mussels (Mytilus edulus) (Scholin et al. 2000). Also, in a study conducted by Lefebvre
and colleagues (2002), DA was found in viscera of sardines and anchovies, but very

little were found in edible tissues which are normally consumed by humans.

Domoic acid has been suggested to cause disoriented behaviour for some sea mammals,
perhaps leading to beaching phenomenon of some whale species (Fritz et al. 1992), and
it should be considered as a potential cause of marine vertebrate deaths of unknown
origin (Work et al. 1993). In the wild, between 10 and 207 ug g DA was found in
whale faecal samples, while it ranged between 136 and 152 ug g’ in faeces of
intoxicated sea lions (Lefebvre et al. 1999, Lefebvre et al. 2002b). Domoic acid can

accumulate in food sources, such as krill and fish consumed by marine mammals (Bargu
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et al. 2002) which could explain how traces of DA were reported to be found in the
tissue samples from mass stranding of humpback whales off Georges Banks, Maine, in
July 2003 (Fraser 2003). Although it has not been proven that DA was the main cause of
their deaths, the possibility cannot be ruled out. As Work et al. (1993) suggests, this may
be difficult to prove especially when DA causes vomiting which makes it difficult to
analyse the stomach content of possibly intoxicated animals (Work et al. 1993). It may,
however, be possible to observe the neuronal degeneration in the CA1 and CA3 region
of the hippocampus regions, where it is known to cause the most irreversible damage
(Tryphonas et al., Appel et al. 1997, Sari & Kerr 2001).

Fish such as anchovies are used for human consumption and are an essential component
of the marine food web (Work et al. 1993). Atlantic sardines (Saedina pilchards) are
known to accumulate up to 128.5 pg g™* DA in their guts (Costa & Garrido 2004). Other
toxins such as brevetoxins have been known to cause deaths of manatees in the
southwest coast of Florida (Bossart et al. 1998) and bottle nose dolphins (Geraci et al.
1989). Saxitoxin was also found in stranded humpback whales (Geraci et al. 1989) and
in monk seals (Costas 1998). In some animals, such as sea otters and sea gulls, it is
believed that they can test and sense for the presence of toxins, such as saxitoxin, and
avoid being poisoned (Kvitek 1991a, Kvitek & Degange 1991b). When it comes to
consuming fish however, the predators do not have the chance to sense for toxins prior
to consumption, as it is in the case of bivalves, where animals can open the shells and

check prior to consumption.

During the 1988 bloom of Pseudo-nitzschia pseudodelicatissima and the 2000 bloom of
P. australis in Monterey Bay, krill were reported to be feeding on these toxic algae
(Bargu & Silver 2003). Although it is still not known if krill are affected by algal toxins,
they act as potential vectors to transfer DA to fish, squids, birds and baleen whales,
which prey on them (Bargu & Silver 2003).

Prorocentrum lima, an epiphytic dinoflagellate, known to produce OA, have been found
on seagrass blades (Bouaicha et al. 2001). Although no study has looked at the possible
affects of DSPs on dugongs and turtles, they feed on seagrass such as Halophila,

Halodule, Sytingodium and Zostera (Lanyon 1991, Bryden et al. 1998), hence there is a
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chance for dugongs to be affected by algal toxins.

Being a relatively new toxin, GD has so far not been reported to have any effects on the
marine organisms in the wild. This may be due to the fact that it is not toxic when orally
consumed with food (Munday et al. 2004).

2.8 Summary/ Conclusions
Toxins related to OA and DTX’s are produced by dinoflagellates from the genus

Dinophysis and Prorocentrum, and they are responsible for diarrhetic shellfish
poisoning. PTXs have similar chemical structures to the OA group, but do not cause
diarrhoea. The OA group causes gastrointestinal symptoms at a concentration of 40 ug
per person, and the LDsp for mice (i.v.) is 192 pg kg™ It is also known to inhibit
protein phosphatase (PP1A, PP2A) and promote tumours. LDsy for mice for PTX-2 and
PTX-2SA are 219 ug kg™ and 875 ug kg™ respectively.

Domoic acid is produced by diatoms Pseudo-nitzschia. It is responsible for amnesic
shellfish poisoning. It causes nausea and vomiting at a concentration of 1.1mg kg™. The
LDs, for mice (i.p.) is 3.6 mg kg™. This poisoning can result in memory loss as the

neurons in the CA1 and CAS3 regions of hippocampus are irreversibly damaged.

Gymnodimine is produced by dinoflagellate Karenia selliformis. It is highly toxic when
injected into mice (i.p.) with LDsoof 96 ug kg™ and when it is dosed via gavage with

LDso of 750 pg kg™. It is, however, not toxic when orally dosed.

Guidelines for OA group for human consumption of shellfish, are stated as not to
exceed 200 ng g™ tissue, but this value is based on the acute toxicity level and not the
long term chronic toxicity level. The allowable level of DA in shellfish determined by
US Federal Food and Drug Administration is 20 mg kg™. There are no guidelines for
GD at this stage.

Accumulation and depuration rates of toxins seem to vary between different types of

shellfish. Temperature and toxic cell availability may also play a role.
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Algal toxins have dramatic effect on human health and have lead to mass beaching of
marine organisms. There is also a rise in ecological concern as the occurrence of toxic
algal blooms seems to be increasing. For these reasons, health risks posed by such algal

toxins will be addressed in this thesis.
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Human Exposure Assessment: Occurrence and
seasonal variations of algal toxins in water,
phytoplankton and shellfish from North Stradbroke

Island

This chapter has been accepted for publication in Marine Environmental Research.
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Costanzo, Simon , Shaw, Glen R. Occurrence and seasonal variations of algal toxins in

water, phytoplankton and shellfish from North Stradbroke Island, Queensland, Australia.
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Abstract

A number of marine microalgae are known to produce toxins which causes shellfish
poisonings in humans. In this paper, the occurrence and seasonal variations of algal
toxins were studied in the water column, phytoplankton and shellfish from south-east
Queensland, Australia. Okadaic acid (OA), domoic acid (DA), gymnodimine (GD),
pectenotoxin-2 (PTX-2) and pectenotoxin-2-seco acid (PTX-2-SA) were detected in
shellfish using HPLC-MS/MS. Okadaic acid, PTX and GD were also detected in the
water column. This was the first occasion when DA and GD were detected in shellfish,
phytoplankton and the water column in Queensland waters. Phytoplankton tows
contained both the toxic Dinophysis and Pseudo-nitzschia species, most likely
producers of OA and DA found in shellfish in this area. The number of cells, however,
did not correlate with the amount of toxins present in either shellfish or phytoplankton,
indicating that toxin production by algae varies with time and the species present.
Okadaic acid and PTX-2s were detected more frequently in the summer, while DA and

GD were detected throughout the year, without any obvious seasonal patterns.

3.1 Introduction
Toxic shellfish poisonings occur when toxins are transferred through the food chain to

higher trophic levels, including humans. Diarrhetic shellfish poisoning (DSP), named
after the human symptom of gastroenteritis, is one such example (Yasumoto et al. 1987,
Carmody 1996). This group of toxins formally included okadaic acid (OA), Dinophysis
toxins (DTX’s) and its derivatives, pectenotoxins (PTX’s) and yessotoxins (YTX)
(Yasumoto et al. 1985). Yessotoxin was then removed from the group under EU
classification in 2002 (Fernandez et al. 2006). Recently a FAO/ICO/WHO Expert
Consultation group separated this group into three groups of lipophilic toxins (Toyofuku
2006) and Fernandez et al (2006) refers to the OA group and PTX group as lipophilic
shellfish toxins (LST). The LST group is harmful to humans and a serious threat to
aquaculture industries (Fernandez 2000). The toxins classified within LSTs are
produced by dinoflagellates and contain okadaic acid (OA), Dinophysis toxins (DTXs)
and derivatives (Yasumoto et al. 1987, Yasumoto & Murata 1990, Draisci et al. 1996,
James et al. 1999a). The OA group is responsible for causing diarrhea, inhibiting
protein-phosphatase enzymes and has the potential to be a tumor promoter (Fujiki 1990,
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Creppy et al. 2002). Although pectenotoxins (PTXs) do not cause such diarrhoea related
ilnesses, they were formally placed into this group since they are commonly found with
the OA (Fernandez 2000, Creppy et al. 2002, Miles et al. 2004b). To date, no records of

OA or DTXs have been recorded in the waters around south-eastern Queensland.

Domoic acid (DA) is a toxin produced by diatoms from the genus Pseudo-nitzschia, and
is known to cause amnesic shellfish poisoning (ASP) (Van Dolah 2000a, Jeffery et al.
2004). It causes abdominal cramps, vomiting, diarrhoea, disorientation, short term
memory loss and even death (Perl et al. 1990). It has been documented to affect not only
humans but also marine organisms such as marine mammals and sea birds (Lefebvre et
al. 1999, Gulland et al. 2002, Shumway et al. 2003). Although domoic acid has been
detected in Australia, there has not been any reported incidences of DA in Australia
(Lapworth et al. 2000).

Gymnodimine (GD) was first detected in New Zealand in 1994 (Seki et al. 1995,
Stirling 2001). It is a compound produced by dinoflagellates from the genus Karenia,
with Karenia selliforme being associate with the toxin in New Zealand (Seki et al. 1995,
Mackenzie & Beuzenberg 2003). Although this compound has low toxicity when
introduced orally, it is a fast acting toxin when it is injected intraperitoneally (ip) into
mice (Stirling 2001). Due to its high potency when injected into mice, GD can cause
false positive result during mouse bioassays designed to test for paralytic and
neurotoxic shellfish poisoning (Seki et al. 1995). This toxin can also be extracted with
the methanol extraction used for OA and DA (Miles et al. 2003), hence it was detected

in the preliminary study conducted for the current study.

This study was conducted to assess the occurrence and seasonal variations of marine
algal toxins in shellfish and phytoplankton collected from waters around North
Stradbroke Island. North Stradbroke Island is located in Moreton Bay, off the coast of
south-eastern Queensland. Waters around the island are inhabited by shellfish, some of
which are consumed by the local people. Although there have been no reported
incidences of algal toxin poisoning within the study sites, there have been algal blooms
seen around the island (Osborne et al. 2001). The dissolved lipophilic toxins in water

column were also measured by deploying a passive sampling device.

51



Chapter 3

3.2 Material and Methods

3.2.1 Sample collection
Total of six sampling sites were selected for shellfish and phytoplankton tows, three

within the bay and three along the beach (Figure 1). The first site within the bay was an
oyster lease in Palmer Passage (S27° 26’ 49.14” E153° 23’ 49.74), the second site was
a bank in between the Myora lights and the island (S27° 28’ 21.09”, E 153° 24’ 27.24"),
and the third site was Amity Jetty (S27° 24’ 5.53” E 153° 26’ 12.97”"). The three sites on
the open ocean beach side included two sites along Main Beach (S 27° 26’ E 153° 32’),
facing the Pacific Ocean, and one site on Flinders Beach (S27°25’ 15.15” E 153° 30’
17.67"), facing north. Monthly sampling was conducted at these sites, for 24
consecutive months. Pipis (Donax deltoides) were collected from three separate sites
along the ocean beaches. Mussels (Modiolus proclivis) and oysters (Saccostrea
glomerata) were collected from Palmer Passage and Myora, and oysters were also

collected from Amity Jetty.

At each of the six sites, a plankton net (diameter 30 cm, mesh size 30 um) was towed
behind the boat for 50 m at the depth of up to 1 m. A flow meter was attached to the net
to enable quantification of the water flow through the net, and was later used to
calculate the amount of cells per volume of water. A 15 mL aliquot of the captured
organisms was preserved immediately in Lugol’s iodine for microscopic observation.

The rest of the towed samples were on ice and brought back to the laboratory.

Solid phase adsorption toxin tracking (SPATT) bags (Cawthron Institute) containing
porous synthetic resin (Mackenzie & Beuzenberg 2003) are designed to accumulate
dissolved lipophilic toxins from the water column. To determine if any algal toxins were
present in the water column, SPATT bags were deployed at two sites within the bay,
Palmer Passage and Rous Channel (S27° 24’ 47.72”, E153°22’ 20.32”) for a duration of
one to two week periods (Figure 3.1).
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Sampling sites: \
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Figure 3.1 Map of sampling sites around North Stradbroke Island, off the southeastern
coast of Australia
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3.2.2  Microscopic observation of phytoplankton
Plankton net samples were examined by phase contrast microscopes (Nikon Labphot;

Graticules, UK) at 400x magnification. Prior to microscopy, the 15 mL aliquot of
phytoplankton tow sample was inverted 20 times to thoroughly mix the samples. One
mL of the 15 mL aliquot was placed on Sedgewick Slide. The number of OA, PTX-2
and DA-producing species from the genesis Dinophysis and Pseudo-nitzschia were
identified and recorded per one mL for each of the samples. This was then multiplied by

1000 to obtain the estimated cell number per L.

For speciation of the diatom of Pseudo-nitzschia, transmission electron microscope
(TEM) (JEOL model 100SX) was used for microscopic investigation (Fehling et al.
2004). Samples were acid cleaned (Villac & Fryxell 1998, Lundholm et al. 2002,
Fehling et al. 2004). Fifteen mL of each of the concentrates from the tows was left
overnight in 1 mL 10% HCL, 2 mL 30% H,SO,4, 10 mL saturated KMnQO,. Saturated
oxalic acid was added to remove the colour. Samples were centrifuged (1512 g) and
washed three times with distilled water. Acid cleaned samples were then mounted on
200 mesh copper grid (ProSciTech, Thuringowa, Australia) with polyethylenimine (PEI).
Specific taxonomic characters described in previously study (Skov et al. 1999) were

used for species identification.

For the samples in which GD were detected, 15 mL aliquot of the phytoplankton
samples were sent to Cawthrone Institute for DNA probe analysis for Karenia
selliformis (Rhodes et al. 2001).

3.2.3 Toxin extraction

3.2.3.1 Shellfish

Toxins were extracted from macerated shellfish, using the methods described in
previously studies (Lee et al. 1987, Marr et al. 1994). Shellfish flesh (4 g) were
homogenised with 16 ml 80% methanol. After separation by centrifugation (2690 g) for
ten minutes) the methanol extract was washed with an equal volume of hexane, and
filtered (0.45 um) for analysis. Esters of okadaic acid (DTX-3) were hydrolysed to
okadaic acid, DTX1 and/or DTX2 by using base hydrolysis (Mountfort et al. 2001). A
200 pL aliquot of methanol extract was hydrolysed in 2M NaOH at 75°C for 45 minutes
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and neutralised using HCI. These samples were then filtered (0.45 um) and analysed
using HPLC-MS/MS (3.2.3.4).

3.2.3.2 Plankton
For the extraction of toxins from plankton net tows, the protocol by Pan (Pan et al.

1999) was incorporated. Each sample was centrifuged at 2690 g for ten minutes. The
pellets were boiled in distilled water at 100°C for five minutes to release the toxins from
phytoplankton cells and to stop the enzymes from degrading the toxins. The water was
extracted in 80% methanol, evaporated under Ny, re-dissolved in 200 uL 80% methanol,

filtered (0.45 um) and analysed as detailed below (3.2.3.4).

3.2.3.3 SPATT Bags
Dissolved toxins in the water column were extracted from SPATT bags following the

methods described is previous study (Mackenzie et al. 2004). Each bag was rinsed twice
in fresh water for five minutes to remove any surface materials attached on the mesh.
The resin was emptied into 100% methanol for two hours. The solvent was then filtered
through glass wool and an anhydrous NaSO, column to remove any water. The sample
was rotary evaporated, re-suspended in 5 mL 80% methanol and dried under N,. This
was then re-suspended into 2 mL 80% methanol and filtered (0.45 um) and analysed as
detailed below (3.2.3.4).

3.2.3.4 HPLC-MS/MS Analysis
All extracts from shellfish, phytoplankton tows and SPATT bags were analysed by using

an AB/Sciex APl 300 mass spectrometer (Applied Biosystems, Concord, Canada)
coupled to a Perkin Elmer 200 series HPLC system (Perkin Elmer, Norwalk, USA) by a
high flow Electrospray interface (Turbo-lonspray). Analytes were separated on an
Alltima C18 column (150 x 4.6 mm, Alltech Associates, Deerfield, IL.) with a mobile
phase of acetonitrile, 2 mM ammonium formate and 0.1% formic acid gradient at a flow
rate of 0.8 mL min™. The mass spectrometer was operated in the positive ion mode for
PTX, gymnodimine and domoic acid and negative ion mode for okadaic acid, DTX1, 2
and 3.
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3.2.4 Statistics
Data collected from the beach and the bay was pooled separately. Field data on the

abundance of phytoplankton and the concentration of the toxins in phytoplankton tows
and in shellfish, collected between July 2003 and June 2005, were organized in
chronological order for analysis. Two analyses were conducted; one on the toxins
extracted from the phytoplankton and the other from the shellfish. Two models were run
for each of the analyses: logistic regression and linear mixed models. The logistic
regression model allowed the probability of presence of the toxins to be calculated. The
linear mixed model was used to incorporate time series correlation as all samples were
collected from specific sites, every month, for two consecutive years. These models also
partition variation, created by the hierarchical nature of the experimental design of

having three sites within the two separate locations, beach and bay.

For the first set of logistic regression models on phytoplankton data, the effects of
temperature, seasons, sampling sites within locations and phytoplankton genus on
presence or absence of toxins were investigated. This was then repeated for each of the
toxins separately. Linear mixed models were conducted on combined toxin data, and

then on each of the toxins individually.

3.2.5 Dissolved toxins in water column
For quantification of SPATT bag data, the n-octanol-water partition coefficient (Kow)

was estimated by graphing log HPLC-MS/MS retention times of similar chemicals with
known log Kow. The SPATT bags were spiked with a known amount of OA in 500 mL
beaker for duration of one week. Toxin concentration in the water was extrapolated
using the information on toxins extracted from the SPATT bags and the calculated spat-
water partition coefficient (Ks,) (Formula 1). To obtain Ky, for GD and PTX-2, the
relation between Ko, and K, for OA was used (Formula 2).

Toxin in SPATT
Ksw = —
Formula 3.1: Toxin in water

Kow toxin

Ksw toxin =
( Kow OA

]x Ksw OA
Formula 3.2:
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3.2.6 Exposure assessment
Estimates of potential exposure to algal toxins were based on average daily shellfish

intake of 250 g day™ and the calculated abundance of toxin shellfish. A survey
conducted on shellfish consumption for residents of North Stradbroke Island showed a
different daily consumption of 12 g day™ (Mathews pers. Comm.). Estimated human
daily exposure (DE) to toxin was calculated by multiplying the toxin concentration per
weight of shellfish tissue by the estimated aily consumption of shellfish (Formula 3).
For the toxins in shellfish around North Stradbroke Island, both mean concentrations of
toxins and maximum concentrations of the toxins from monthly field collection were
used. Additionally, information on abundance of dinoflagellates and levels of okadaic
acid were obtained from pipi harvesters in South Australia and was also incorporated

into this study.
These data were used to calculate the estimated toxin level in tissue by dividing the

value by the body weight (BW; Formula 4). For mean body weight of humans 70 kg

was estimated.

Formula 3.3: DE (ug.day™) =Toxinin food (zg.g ) x daily consumption (g.day ™)

DE (ug.day ' kg™)
mean BW (kg)

Formula 3.4: Toxin =

3.3 Results

3.3.1 Species identification
The abundance of Dinophysis and Pseudo-nitzschia are plotted (Figure 3.2a, b). This

indicates that Dinophysis genus was mostly seen in the open beaches compared to the
bay, and present during the warmer months (Figure 3.2a). D. caudata was most
abundant in November and January 2004, with the highest concentration of 15 cells L™
recorded at Main Beach. D. acuminata was also present between November 2004 and

January 2005, and only seen on the open beaches.
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Figure 3.2. Number of a) Dinophysis and b) Pseudo-nitzschia cells in the phytoplankton
samples collected from the beach and the bay of North Stradbroke Island between July
2003 and June 2005. Bars represent standard errors.
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Table 3.1. Transition Electron Microscope analysis on Pseudo-nitzschia collected from
Site 3: Amity Jetty, in February 2005

Length Width Central Poroids  Interstriae Fibulae )
Rows L L L Species
(Hm) (Hm) Interspace (Hm™) (Hm™) (Hm™)
63 2.3 Yes 1 5t0 6 27 12 P. lineola
90 1.7 No 2 3to4 13 15 P. pungens
123 4.2 Yes 2 5t0 6 24 16 P. fraudulenta
P. lineola &
87.5 2.3 Yes 1 4 39 15 .
P. cuspidata

Pseudo-nitzschia, was observed throughout the course of the investigation, with the
highest concentration of 340 cells L™ in February 2005 in the bay (Figure 2b). From the
TEM analysis (Table 3.1), several species of Pseudo-nitzschia; P. pungens,
P. pseudodelicatissima, P. lineola and P. fraudulenta were identified as potential

producers of DA during February 2005, when DA was present in the phytoplankton
samples. The DNA analysis showed the presence of Karenia selliformis from the field

collected samples containing GD.

3.3.2 Toxins from phytoplankton
All the toxins detected from both phytoplankton and shellfish are summarised (Table 3.

2). Total algal toxin concentration was analysed using logistic regression model
indicated that spring and summer were not different from one another while both were
significantly different to autumn (P<0.05). As for the sampling sites, none were
significantly different from one another in terms of the probability of observing toxins.
When using linear mixed models, combined toxin concentrations were positively related
to the rise in temperature (P<0.05). There was more variation between the two locations,
beach and the bay, than between the sites within the locations.

Overall, PTX-2 was most abundant toxin detected from phytoplankton in this area, with
maximum of 0.26 pg L™ (Figure 3.3a). Dinophysis. caudata was significantly related to
the presence of PTX-2 and PTX-2SA (P<0.05), and it was 2.8 and 1.3 times more likely
to see the toxins than not when this species was present, respectively. With the linear
mixed models, there were significantly more PTX-2s found in summer and spring than
in autumn (P<0.05) (Figure 3.3b).
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Table 3.2. Mean, maximum and sample size of toxins extracted from a) shellfish and
b) phytoplankton are divided into those collected from the bay side and the beach side

of the island.
a) Shellfish
Bay
OA DA GD PTX-2 PTX-2SA
Mean (ug kg™) 0 4 15 2.7 0
Max (ng kg™ 0 147 137 270 0
Sample size 120 120 120 120 120
Beach
Mean (ng kg™) 2.3 10 8 0.7 59
Max (ng kg™ 44,5 256 220 18 1940
Sample size 72 72 72 72 72
Detection limit 15 20 0.05 1 1
b) Phytoplankton
Bay
OA DA GD PTX-2 PTX-2SA
Mean (ug L™) 0 0.004 0.0003 0.0003 0.008
Max (ug L) 0 0.120 0.0060 0.0350 0.170
Sample size 69 69 69 69 69
Beach
Mean (ug L™) 0.0003 0.003 0.00003 0.03 0.0035
Max (ug L™) 0.0020 0.105 0.00040 0.26 0.0400

OA = okadaic acid; DA domoic acid; GD = gymnodimine; PTX-2 = pectenotoxin-2; PTX-2A = pectenotoxin-2 seco
acid.

Analyses with seasons as an explanatory variable in the logistic regression model
showed that Pseudo-nitzschia had significant effects on the presence of DA (P<0.05).
Although the relationship between DA and Pseudo-nitzschia was significant, it was only
1.06 times more likely for DA to be present than not when Pseudo-nitzschia were
detected. For example, in some samples, no DA was detected when more than 150 cells
L™ of Pseudo-nitzschia were present (Figure 3.3c). The high abundance in February
2005 did, however, correlate with the high levels of DA in the phytoplankton tows.
Overall, the occurrence of DA in the beach and the bay were low (sample size of four

and five per site), and on average the concentrations were higher in the beach.
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GD was detected for the first time in Australia with a maximum of 0.006 pg L™ from
plankton net samples (Table 3.2; Figure 3.3d). GD was present throughout the year with

higher amount of GD found in summer than in winter (P<0.05).

3.3.3 Toxins in shellfish
Using the logistic regression model, the presence of PTX-2SA was significantly higher

in summer and spring compared to autumn (P<0.05), and was correlated with the rise in
temperature (P<0.05) (Figure 3.3b). Linear mix model for PTX-2SA showed that there
was significant variation between two locations whilst not much variation between the
sites within the beach. The frequency of PTX-2, detected in shellfish, was too low for

any statistical analysis.

Domoic acid was found in all three types of shellfish, with maximum of 255 ug kg™, in
pipis in December 2004 (Table 3.2). While DA was related to decrease in temperature
(P<0.05), using the logistic regression model, there were no seasonal patterns in the
presence of the toxins (Figure 3.3c). Linear mix model for DA showed opposite of
PTX-2SA, as there was little variation between the beach and the bay, whilst high
variation between the three sites within each of the two locations.

Presence of GD was also significantly higher in summer and spring, as well as in winter,
when compared to autumn (P<0.05) (Figure 3.3d). Highest amounts of GD were found
in mussels with the maximum of 220 pg kg™ and lowest in oysters (P<0.05). The linear
mixed model for GD showed high variation between both locations and sites. It was

also positively related to the temperature of the water (P<0.05).

Detectable amounts of OA (maximum: 44.5 ug kg™) were found from pipis collected
from the open ocean side of the island, between November 2004 and February 2005
(Figure 3.3e), however, frequency of occurrence of OA were too low for statistical
analysis. Despite the presence of Dinophysis, no DTX’s were found in shellfish tows
from the sampled sites.
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3.3.4 Dissolved toxins in water column

Lipophilic toxins PTX-2, OA and GD were extracted from SPATT bags deployed within

the bay. PTX-2 was the most abundant toxin, with a maximum amount in November

2004 (Figure 3.4). The maximum OA was in February 2005 and maximum GD was in

August 2004. From plotting the log retention times obtained from HPLC column, log of
Kow for OA (3.4), PTX-2 (3.7) and GD (2.2) were calculated. From the laboratory
experiment with spiked SPATT bags, SPATT-water partition coefficient (Kg,) for OA

was determined and information K, for the other toxins was estimated. Using these Kgy,

the mean and maximum concentration in the water for PTX-2, GD and OA were

calculated (Table 3.3).

Table 3.3. Calculated mean and maximum dissolved toxin concentration in water

(derived from SPATT bags).

Toxin PTX-2 GD OA
Mean (ug L™ 0.3 0.06 0.04
Max (ug L™ 1.1 0.3 0.2
Sample size 16 16 16

PTX-2 = pectenotoxin-2; GD = gymnodimine; OA = okadaic acid.
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Toxins in shellfish (ug kg™)

Figure 3.3. Average algal toxins extracted from phytoplankton and shellfish samples
collected monthly from the bay and the beach of North Stradbroke Island between July
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Figure 3.4. Estimated dissolved algal toxins in water, extracted from SPATT bags
deployed within the bay side of North Stradbroke Island. N/A represents months when
samples were not available. Standard errors are shown with error bars. PTX-2 =

pectenotoxin-2; GD = gymnodimine OA = okadaic acid.

3.3.5 Exposure assessment
The daily expopsure (DE) of OA, DA, GD, PTXs to humans were calculated for each of

the toxins (Table 3.4). Both mean and maximum DE for each of the toxins from
Queensland and South Australia were calculated. The only data available from South
Australia were on OA and PTX-2, whilst OA, DA, GD and PTX2 were measured from
Queensland shellfish. Toxin levels were higher in South Australia than Queensland
samples. Toxins recorded from South Australia were up to 100 fold higher than those of

Queensland.
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Table 3.4. Estimated daily exposure (DE; (ug kg™ day™) values were calculated using
mean and maximum toxin levels in shellfish (ug kg™) from Queensland (QLD) and
South Australia (SA), and average shellfish consumption*. 70kg was used as the mean
body weight for the calculation of DE. OA = okadaic acid; DA domoic acid; GD =
gymnodimine; PTX-2 = pectenotoxin-2; PTX-2A = pectenotoxin-2 seco acid.

OA DA GD PTX-2 PTX-2SA

Mean toxin in shellfish QLD (ug kg™) 6.2 6.2 124 19 22
Max toxin in shellfish QLD (nug kg™) 45 256 220 270 1940
Mean toxin in shellfish SA (ug kg™) 31 N/A N/A 188 N/A
Max toxin in shellfish SA (ug kg™) 280 N/A N/A 9600 N/A
*Daily intake using 250 g day™
Mean DE QLD (ug kg™ day™) 0.02 0.02 0.04 0.01 0.02
Max DE QLD (ug kg™ day™?) 0.2 0.9 08 1.0 7
Mean DE SA (ug kg™ day™) 0.1 N/A N/A 0.7 N/A
Max DE SA (ug kg™ day™) 1 N/A N/A 342 N/A
*Daily intake using 12 g day™
Mean DE QLD (ug kg™ day™) 0.001  0.001  0.002 0.000 0.001
Max DE QLD (ug kg™ day™) 0.008  0.044 0.038 0046  0.083

* Two types of average shellfish consumption were used. Data obtained from FAO of 250 g day™
(Toyofuku 2006) and 12 g day obtained from North Stradbroke Island, QLD (Mathew pes. Com.)
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3.4  Discussion
Dinophysis detected around the North Stradbroke Island were most abundant in the

warmer months, showing similar trend to this genus, found in other geographical
locations (Hallegraeff 2002). Although D. acuminata was present in the second year
of sampling, they were seen in early spring to summer, similar to those in Portugal,
which are assumed to be related to organic nutrients (Vale & Sampayo 2003). Studies
conducted in Adriatic sea showed a difference in presence between D. caudata and D.
acuminata (France & Mozetic 2006), however, in this study, seasonal distinction
between the two species could not be made. Data on OA were limited, making it
difficult to perform any statistical analysis. However, the occurrence of OA coincided
with the presence of D. acuminata, making this species the most likely producer of
OA in this area. This is supported by other studies associating D. acuminata with OA
(Hallegraeff 1992, 2002, Madigan et al. 2005).

The maximum concentration of OA (44.5 pg kg™), found in pipis, is lower than the
recommended safety limit of 160 ug kg™ (FAO 2004), hence there are little risk of
any acute effects for OA, from consumption of pipis in the waters around North
Stradbroke Island. OA was not detected in mussels or oysters during the sampling
period, indicating that the OA-producing Dinophysis are found in the open ocean side
of the island, and not within the bay. It is possible that the East Australian Current
(EAC) running along the eastern coast of the island may be responsible for this effect.
The current runs all year around, but predominantly in summer, bringing south the
warmer water, which assists in algal growth. Toxin production by Dinophysis have
been documented to be related to water temperature, salinity, rainfall and nutrient
levels (France & Mozetic 2006, Vale 2006). The current study compared the
temperature to the presence of toxins, and future study on the relation between other
ecological influences on abundance of toxic algae and the toxins will assist in

understanding ecological effects on toxin production.

PTX-2s occurred in the warmer months, and was related to the presence of D. caudata,
making them the most likely producer of these toxins. This species has recently been
detected to produce PTX-2 in northwest Spain (Fernandez et al. 2006). Pectenotixin-

2SA are metabolites of PTX-2 and not known to be produced by phytoplankton
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directly (Miles et al. 2004b, Wilkins et al. 2006). The PTX-2SA seen in the
phytoplankton samples most probably had broken down from PTX-2 after either
being released into the water column or after the cells have died during the sampling
or transportation processes (MacKenzie et al. 2002), hence the significant relationship

may not be relevant in this case.

PTX-2 and PTX-2 SA were also detected in the summer months in shellfish samples,
collected from the bay and the beach side of the island. In pipis, the less toxic form of
PTX-2 SA was the most abundant. Both PTXs peaked in November 2004, and in
general were less abundant in the bay, and PTX-2-SA was only seen in the pipis. This
confirms that pipis are capable of converting PTX-2 into PTX-2-SA. As blue mussels
(Mytilus edulis) have been known to convert PTX-2 to PTX-2SA in New Zealand and
Ireland (MacKenzie et al. 2002, Wilkins et al. 2006), if PTX-2 were more abundant in
this area, the seco acid form may have been present in the mussels and oysters in this
area. Another explanation for less PTX-2SA seen in mussels and oysters may be that
they are more capable of rapidly eliminating the less toxic seco acid. The mussels
have been known to depurate 50% of OA within a month and the depuration rate may
be affected by food availability for the shellfish (Svensson 2003).

Pseudo-nitzschia population detected in this study were made of mix species. Among
which, P. pseudodelicatissima and P. fraudulenta have been known to produce DA in
other parts of the world (Lapworth et al. 2000, Hallegraeff 2002). Although, P.
pungens has been known to produce DA in Africa, Chile, Japan and NZ, this species
has not been recorded to be toxic in Australia (Hallegraeff 2002). However, P.
pungens cannot be ruled out as cause of DA present in Moreton Bay. Further studies
using the RNA probe to screen toxic species, may help clarify the causes of DA in this
area (Miller 1996, Scholin et al. 1997, Rhodes et al. 2001, Lundholm et al. 2002). In
this study, Pseudo-nitzschia did not correlate with the season, but their presence was
negatively related to the decreasing temperature, which is also seen in other studies
where they are known to bloom in winter, when other species are at the lowest (Mos
2001).

Although presence of DA and abundance of Pseudo-nitzschia was significant, their

relationship was low and there was no correlation between the presence of DA in
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phytoplankton and shellfish. Since plankton nets were towed on the same day as
shellfish collection, there may not have been enough exposure for the shellfish to have
accumulated the toxins in their organs, causing a time lag between the two samples.
This genus is known to produce toxins during the stationary phase of their population
growths, after the bloom (Bates et al. 1991). Since there were no blooms of this genus
during the study period, the population may never have reached this stationary phase
to produce vast amount of toxins. Another reason for lack of correlation between the
presence of the genus and DA could be related to the fact that all Pseudo-nitzschia
species were pooled together, but not all species are known to produce the toxins,
hence the samples without presence of DA may have been composed of non-toxic
species. Furthermore, the low levels of DA and number of cells may have been
insufficient for a concrete conclusion. For the duration of this study, DA posed no
threat of acute effects as the maximum level detected was below the guideline value
of 20 mg kg™ (FAO 2004).

Karenia selliformis is a known GD producer in New Zealand (Mackenzie &
Beuzenberg 2003, Miles et al. 2003), and this species was also present in Moreton
Bay when GD was detected in the phytoplankton samples. K. selliformis was not
monitored during the monthly sampling, however, the occurrence of GD correlated
with the presence of D. caudata. This implies that K. selliformis are most probably
found when other species of phytoplankton are present, as they were also more

abundant in summer than in winter.

Gymnodimine was reported for the first time in Australia. The levels detected in
shellfish are relatively low compared to the lethal level of 700 pg kg™ when injected
(i.p.) into mice (Stirling 2001). Since gymnodimine has very low toxicity when dosed
orally, these levels found around the island most probably would not cause risks to the
consumers. However, since GD is known to have a slow depuration rate in oysters
(Stirling 2001), there is a potential for the toxin to remain in the ecosystem for a

prolonged time.

Dissolved algal toxins were detected using the SPATT bags, indicating that algal
toxins can be released by the dinoflagellates into the water column. It is interesting

that OA was only detected in shellfish and phytoplankton tows from the beach and not
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from the bay, while it is extracted from the passive samplers deployed in the bay. This
may be due to the fact that there are other dinoflagellates, from the genus
Prorocentrum, that are known to produce OA (Murakami et al. 1982, Marr et al. 1992,
Koike et al. 1998, Ten Hage et al. 2000), and are present in Moreton Bay (Takahashi
et al. submitted). Since Prorocentrum are benthic, they would not have been caught in
the plankton net towed on the surface of the water. The chance of epiphytes
contaminating the SPATT extraction is minimal as the bags are rinsed with water prior
to extraction, and only the resins within the bags are used for toxin extraction. Work
conducted in New Zealand using the same passive samplers have also found PTXs,
OA, DTX-1 and YTX (Mackenzie et al. 2004). Domoic acid was not found in the
SPATT bags as unlike other algal toxins detected, this toxin is water soluble and
would not accumulate in the resin. Relationship between SPATT bags and the
concentration of toxins in water was estimated using laboratory experiment. However
this was assuming that the SPATT bags reached equilibrium within the 7 days of
deployment, hence further work is required to establish the duration it takes for the

SPATT bags to reach equilibrium.

Data obtained from South Australia were collected only when blooms of Dinophysis
were detected, whilst those from Queensland were collected all year round for two
years. Since there were no blooms seen during the two years of monthly collection in
Queensland, it is understandable that both mean and maximum toxin levels in
Queensland are up to 100 fold lower than that of South Australia. Data from South
Australia, however, gives an insight into how much toxin could be present in case of a
bloom in Queensland. With the global increase in harmful algae (Hallegraeff 1993b),
and the global warming and nutrient increase which are known to increase algal
blooms (Mos 2001), one cannot rule out the possibility of a sudden algal bloom in this
area. There has not been any blooms of DSP’s or ASP’s around North Stradbroke
Island, however toxic cyanobacteria, Lyngbya majuscula have been known to bloom
in this area (Osborne et al. 2001). It Future studies are required to monitor the levels

of toxins in shellfish during any future blooms.

The daily consumption of shellfish varied between the FAO (250 g day™) data and the
specific survey conducted for the sampling site (12 g day™). This proved to have

significant difference in the daily exposure of the algal toxins. Since the exposure
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study was site specific to North Stradbroke Island, it is important to use the

consumption rate obtained from the survey.
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Exposure Assessment: Occurrence of okadaic acid
in the feeding grounds of dugongs (Dugong dugon)
and green turtles (Chelonia mydas) in Moreton Bay

This chapter has been submitted for publication in Harmful Algae.

Takahashi, Eri M., Arthur, Karen E., Shaw, Glen R. Occurrence of okadaic acid in the
feeding grounds of dugongs (Dugong dugon) and green turtles (Chelonia mydas) in

Moreton Bay, Australia.
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Abstract
Okadaic acid (OA) is a diarrhetic shellfish poison (DSP) produced by a number of

marine organisms including the benthic dinoflagellate Prorocentrum lima, which are
often found on seagrass. As seagrass forms the basis of the diet of dugong (Dugong
dugon) and green turtle (Chelonia mydas), these herbivores may potentially be
exposed to OA through ingestion of P. lima found on the seagrass. In this study, the
abundance of epiphytic P. lima, on seagrass, and the concentration of OA produced by
these epiphytic dinoflagellates were measured in Moreton Bay, Queensland, Australia.
Prorocentrum lima and OA were found on all four species of seagrass collected. OA
was detected in epiphytic material collected from seagrass with a maximum of 460 ng
OA Kg wwisc) "I found on Halophila spinulosa. From this information, the estimated
maximum daily exposure of OA by an adult dugong consuming 40 Kguwisc) day™
was 18,400 ng day™, and an adult turtle consuming 2 kgwwsc) day™ was 920 ng day™.
Analysis by HPLC/MS/MS of 54 stranded dugongs and 19 stranded turtles did not
yield OA above the detection limit of 10,000 ng kg (animal tissue)™. OA was found on

seagrass, however it was not detected in the tissue samples of dugongs and turtles.
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4.1 Introduction
Okadaic acid (OA) is a lipophilic marine algal toxin, which was first extracted from

sponges Halichondria okadai and H. melanodocia (Tachibana & Scheuer 1981) and
was later found to be identical to the toxin isolated from the dinoflagellates genus
Prorocentrum and Dinophysis (Murakami et al. 1982, Yasumoto et al. 1985, Yasumoto
& Murata 1990, Carmody 1996). Okadaic acid is one of the main toxins responsible
for diarrhetic shellfish poisoning (DSP) (Murata et al. 1982), a term used to describe
the rapid onset of gastrointestinal symptoms such as vomiting and diarrhoea in people
who have consumed toxic shellfish (Amzil et al. 1992, James et al. 19993, Souto et al.
2001, Van Dolah et al. 2003). Prorocentrum spp. are single cell benthic (Takai et al.
1987, Bialojan & Takai 1988, Ishihara et al. 1989, Arias et al. 1993) epiphytes that are
often found on seagrass and macroalgae (Koike et al. 1998, Bouaicha et al. 2001).
Amongst the OA-producing Prorocentrum species, P. lima is the main species known
to produce OA (Morton & Tindall 1995, Van Dolah 2000a) and, being a
photosynthetic benthic organism, P. lima occurs on substrates such as seagrass and

macroalgae where it has access to light (Morton et al. 1998).

Although OA has not been known to cause death when orally consumed, the LDs, for
OA in mice injected intravenously (i.v.) has been reported to be 192 ug/kg (Matias &
Creppy 1996b). Chronic exposure to OA promotes tumor development on the skin of
laboratory animals by initiating hyper-phosphorylation (Fujiki 1992). This is achieved
by potently inhibiting three of the four protein serine/threonine phosphatases type 1,
2A and 2B (PP1, PP2A, PP2B) (Takai et al. 1987, Bialojan & Takai 1988, Ishihara et
al. 1989, Arias et al. 1993). Suganuma (1992) demonstrated that when 10 pg/day of
OA is administered in rat drinking water for nine weeks, it can cause neoplastic
changes in the glandular stomach. Another way in which OA could potentially lead to
tumour promotion is by DNA hypermethylation which may lead to silencing of
tumour suppressor genes (Creppy et al. 2002). Additionally, OA has also been shown
to induce ornithine decarboxylase (ODC) in mice, which is a significant step in

tumour promotion (Suganuma et al. 1992).

As seagrass is the primary food source of dugongs (Dugong dugon) and green turtles

(Chelonia mydas), it is hypothesised that these vertebrate herbivores may be exposed
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to OA produced by P. lima found epiphytically on seagrass. In Moreton Bay, Australia,
both green turtles and dugong are protected under the Australian Environmental
Protection and Biodiversity Act 1999 (Bryden et al. 1998, Read & Limpus 2002).
Halophila ovalis is the favoured species of seagrass by these herbivores, however,
they also feed on Halodule uninervis, Zostera muelleri and Halophila spinulosa
(Lanyon 1991, Read & Limpus 2002). The potential exposure of green turtles to OA
was assessed in a previous study through determination of P.lima and other
Prorocentrum species abundance on common macroalgal food sources in Hawaii
(Landsberg et al. 1999). The exposure to OA was investigated using the protein
phosphate inhibition assay and demonstrated that presumptive OA concentration in
kidneys of turtles ranged from 26 to 670 pg g™ (26,000 to 670,000 pg kg™). The
Hawaiian study examined the potential exposure of green turtles to OA in a region

where turtles feed predominantly on a macroalgal diet.

To date, no studies have assessed the potential exposure of dugongs to OA. Since
dugongs feed on seagrass, it is likely that dugongs are ingesting epiphytic microalgae
that are known to occur on the seagrass and may consequently be exposed to the
toxins they produce. Prorocentrum lima, P. micans and P. minimum have previously
been observed in Moreton Bay (Heil et al. 1998), however their toxicity has not been
tested. This study aims to assess the presence of P.lima on seagrass collected in
Moreton Bay and quantify the production of OA by these microalgae. The potential
exposure to OA will then be estimated in turtles and dugong based on known feeding
rates and the actual exposure assessed by measuring the OA concentration in tissues

from dead or moribund animals.

4.2 Materials and Methods

4.2.1 Seagrass collection

4.2.1.1 Field sites and seagrass collection

Four species of seagrass were collected from three separate sites within Moreton Bay
(Figure 1). The sites were selected based on the known high occurrence of dugong
and green turtle foraging in these areas (Limpus et al. 1994, Lanyon 2003). Site one
(Myora: S 27°28°.21.09”, E 153° 24°27.24”) is approximately 1 km west of North
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Stradbroke Island and receives terrigenous freshwater run-off from North Stradbroke
Is., but is also flushed daily on the tidal cycle with oceanic water entering from
Rainbow Channel. Site two (Palmer Passage: S27° 26°49.147835, E153° 23°49.74”) is
approximately 4 km west of North Stradbroke Is. and characterized by typically clear
water due to daily flushing with the tides. Site three (Rous Channel: S27° 24°47.72”,
E153° 22°20.32”) is located on a bank adjacent to the Rous Channel and is
characterized by clear water due to daily flushing with oceanic water. Dugongs have

been seen to aggregate in large numbers at this last site (pers. obs.).

Seagrass sampling was conducted on a monthly basis between February 2004 and
June 2005. Water temperature was recorded at each collection. Where available,
approximately 50 g seagrass wet weight wwis) Of each seagrass species were
collected from depths of 1-1.5 m at low tide. To avoid dislodging the epiphytic
microalgae, individual leaves were carefully collected by hand underwater and gently
brought to the surface. Samples of each seagrass species were collected in separate
resealable plastic bags with 50 — 200 mL of seawater. These were maintained on ice

until further processing.
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Figure 4.1. Map of seagrass sampling sites around North Stradbroke Island, off south-

eastern cost of Australia: 1 = Myora light, 2 = Palmer Passage, 3= Rous Channel.

76



Chapter 4

4.2.1.2 Sample processing
Seagrass samples were returned to the laboratory where they were vigorously shaken

twenty times to dislodge epiphytic material (Morton & Tindall 1995, Landsberg et al.
1999). The water was carefully decanted from the seagrass and the volume of water
and seagrass wet weight noted. Each water sample was gently shaken to resuspend
particulate material and 15 mL aliquots were preserved in Lugol’s iodine for
microscopic observation. The remaining water was collected for OA extraction of

epiphyte material dislodged from seagrass and collected in the water samples.

4.2.1.3 Prorocentrum lima abundance
The number of P.lima per gramwwisg) Was determined by examining three 1 mL

aliquots of water with suspended epiphytic material from shaken seagrass, preserved
in Lugol’s iodine. Each aliquot was examined using phase contrast microscopy
(Nikon Labphot; Graticules, UK) at 400x magnification. Prorocentrum lima were
identified as per Faust (2002). The entire sample was scanned and counts made of all
P. lima observed on the slide. The abundance of P. lima cells per volume of sea water
was extrapolated to give number per wet weight of seagrass. Prorocentrum species

other than P. lima were not recorded for the purpose of this study.

4.2.1.4 Okadaic acid extraction & analysis
Seawater in which seagrass had been shaken was centrifuged at 1500 g for ten

minutes, and the supernatant was discarded. Pellets were boiled at 100° C for five
minutes to lyse microalgal cells, releasing toxins, and to stop enzymes from degrading
the toxins (Pan et al. 1999). The pellet was extracted in 2 mL 80 % methanol,
evaporated under N2, re-dissolved in 200 puL 80 % methanol and filtered for High
Performance Liquid Chromatography-Mass Spectrometry/ Mass Spectrometry
(HPLC-MS/MS) analysis (Lee et al. 1987, Quilliam & Wright 1995, Quilliam et al.
1996).
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4.2.2 Dugongs and turtles

4.2.2.1 Sample collection

Tissue samples from dead stranded dugongs and turtles found in Moreton Bay were
received by Queensland Environmental Protection Agency (QEPA), Queensland
Health Pathology and Scientific Services (QHPSS) and The University of Queensland
(UQ). Tissue samples were stored at -20°C prior to extraction in either plastic
containers or aluminium foil. A total of 48 tissue samples from 41 individual dugongs
were obtained (19 blubber samples, 19 muscle samples, two liver samples, six diet
samples and two stool samples). In addition, pectoral muscle from 19 green turtles
was collected. Tissue samples were collected at the time of necropsy by veterinary
staff at the University of Queensland Veterinary School or the Department of Primary
Industries, Brisbane. No mass mortality events occurred during the sampling periods
and the cause of death of many of the animals was not established. All tissue samples
were collected between August 2000 and August 2004 with most stranding occurring
in the winter / spring months, and all from within Moreton Bay and Sunshine Coast
area, Southeast Queensland.

4.2.2.2 Toxin extraction and analysis
The extraction of OA from turtle and dugong tissues followed the method previously

developed with some alteration (Lee et al. 1987, Marr et al. 1994, Lefebvre et al.
2002a). Four grams of wet tissue was homogenised in 16 mL 80 % methanol. The
homogenate was vortexed, sonicated and homogenised again to ensure complete
breakdown of cells. It was then centrifuged for 20 minutes at 2700 g. The supernatant
was filtered for HPLC-MS/MS analysis. To verify the extraction efficiency, two
dugong muscle tissue samples were spiked with 185 pg kg? OA prior to the

centrifugation step.

All seagrass epiphyte, dugong and turtle extracts were analysed using an AB/Sciex
API 300 mass spectrometer (Applied Biosystems, Concord, Canada) coupled to a
Perkin Elmer 200 series HPLC system (Perkin Elmer, Norwalk, USA) by a high flow
Electrospray interface (Turbo-lonspray) (Burgess 2003). Analytes were separated on
an Altima C18 column (150 x 4.6mm, Alltech Associates, Deerfield, IL.) using an

acetonitrile 2 mM ammonium formate 0.1% formic acid gradient at a flow rate of
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0.8 mL min™ . The mass spectrometer was operated in the negative ion mode for OA.
Samples were compared against certified reference material (NRC-CNRC, Halifax).

4.2.3 Statistics
Statistical analysis was undertaken using SigmasStat 3.11 (Systat Software, California,

USA). The concentration of OA per wet weight of seagrass was calculated for each
seagrass species by dividing the OA concentration by the volume of water used for
extraction and then multiplying by the wet weight of seagrass collected. For this
reason, all OA concentrations will be provided on a wet weight basis. Okadaic acid
production per cell was determined by dividing the OA concentration by abundance of
P. lima counted in each sample. Pearson product moment correlations were used to
assess the relationships between OA concentration and the abundance of P. lima cells,
water temperature and the concentration of OA in seagrass epiphytic material.
Okadaic acid concentration data failed the test for homogeneity of variance and as
such a Kruskal-Wallis One Way Analysis of Variance on Ranks was used to compare
OA concentration on each species of seagrass and the site at which samples were
collected. Where a significant result was obtained, a post-hoc pairwise multiple

comparison procedure (Dunn's Method) was used to assess each pair.

Estimated daily exposure (DE) of OA for dugongs and turtles was calculated by
multiplying the OA concentration measured for each seagrass species by the daily
consumption of seagrass by the animals based on a 400 kg dugong consuming
~40 Kguwwisc) day™ (Lanyon 1991) and a 60 kg turtle consuming ~2 Kgmmwtsc) day™
(Formula 4.1) (Bjorndal 1980). The average daily exposure per kg body weight of
animal was calculated by dividing the estimated daily exposure by the average body
weight (Formula 4.2). This value was then used as the estimation of OA in tissue

samples.

Formula 4.1: DE (ug day™) = Toxin in food (ug g™) *daily consumption (g day™)

Formula 4.2: Toxin (ug day™ kg™ ) = DE (ug day™)
mean BW (kg)
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4.3 Results

4.3.1 Prorocentrum lima abundance & algal toxins from seagrass
Prorocentrum lima was observed on all four species of seagrass and at all three sites

examined in Moreton Bay between February 2004 and June 2005. Similarly, OA was
detected in seagrass epiphyte extracts collected at all sites and from all seagrass
species. There was a significant correlation between the P. lima cell abundance and
the OA concentration (Pearson correlation: r = 0.40; P< 0.001; Figure 2) with the
average OA production per cell being 0.24 (+ 0.04) pg cell™.

r=0.40
p < 0.0001

20

P. lima Abundance (10° cells/kg,

wthG})

Figure 4.2. The relationship between Prorocentrum lima cell abundance and okadaic
acid (OA) concentration in epiphyte material collected from seagrass samples

collected in Moreton Bay, Australia (n = 99).

Two of the four seagrass species examined were found at all sites. These were
Zostera muelleri and Halophila ovalis. In addition to these two species,
Cymodocea serrulata was found at Myora and Pumicestone Passage, while
H. spinulosa was only found at Rous Channel. H. spinulosa samples had significantly
more OA present (than the other seagrass species (Kruskal-Wallis One Way Analysis
of Variance on Ranks: H = 13.875, df = 3, P = 0.003: Figure 3.1), however, this
species was only observed at Rous Channel where a significantly higher concentration
of OA was observed in seagrass epiphytes (Kruskal-Wallis One Way Analysis of
Variance on Ranks: H = 19.505, df = 2, P <0.001: Figure 3.2). To elucidate whether
these differences were driven by site or species, we examined the two species that

were found at all sites (Z. muelleri and H. ovalis) and found that while there was not a
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significant difference between the concentration of OA found on these two species
(Kruskal-Wallis One Way Analysis of Variance on Ranks: H = 0.336, df = 1,
P =0.562; Figure 3.1), there was a significant effect of site when only these two
species were considered (Kruskal-Wallis One Way Analysis of Variance on Ranks:
H = 8.826, df = 2, P = 0.012; Figure 4.3).

During the sampling periods, temperature of the water varied between 16 and 27 °C.
OA concentration was significantly correlated with the rise in temperature (Pearson
correlation: r = 0.24, p = 0.016), however, the number of P. lima cells present in
seagrass epiphyte material was not significantly correlated to water temperature
(Pearson correlation: r = 0.02, p = 0.813). The peak cell abundance and OA
concentration were seen in November 2004, during spring (Figure 4.4), at which time
the water temperature was at 24°C. Both cell abundance and OA concentration also
showed a slight increase during winter months (water temperature 16-17 °C).
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Figure 4.3. Box plots showing the concentration of okadaic acid found in epiphyte
material collected from 1. four species of seagrass with all sites combined, 2. three
sites in Moreton Bay, Australia combining all seagrass species and 3. combined data

for Z. muelleri and H. ovalis at all sites.

*The bottom and top of the box represents the 25th and 75th percentile respectively, while the median
is represented by the bar in the middle of the box. Error bars represent 90th percentile and dots the
maximal value observed. Statistically significant groups (Dunn’s post hoc multiple comparisons test)
are denoted by the letter above the box.
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Figure 4.4. Mean OA concentration, abundance of P. lima and temperature over a

twelve month period. Error bars represent standard error per month (n = 99).

4.3.2 Exposure of dugongs and turtles to OA

Halophila spinulosa was found to be associated with the highest concentration of OA,
therefore, the maximum potential exposure of dugongs and turtles to OA were
calculated using the maximum concentration of OA extracted from H. spinulosa. For
estimating the mean OA exposure, the mean concentration of OA extracted from
H. ovalis was used since H. ovalis is known to be the preferred species of seagrass for
both dugongs and turtles in this area (Lanyon 1991, Read & Limpus 2002).

The maximum and mean daily exposures (DE) of OA were calculated for dugongs
and turtles (Table 4.1). The estimated maximum DE by dugongs was 18,400 ng day™
and mean 2,440 ng day™. From the estimated DEs, the maximum daily exposure per
body weight of a 400kg dugong per kilogram of tissue was estimated to be 46 ng day™
KQ(ugong) — and mean to of 6 ng day™ kgugong " Similarly, a 60 kg green turtle is
known to consume, on average, 218 g/seagrass/dayuwiss) (Bjorndal 1980), which
equates to approximately 2 kg/seagrass/daywwisg) using a wet:dry conversion of 8.75
(Gaus 2002). From this, it can then be estimated that these green turtles are
consuming a maximum of 920 ng day™ and a mean of 120 ng day™. The maximum
and mean OA concentrations per body weight are 15 ng day™ K9 turtle) 1 and

2 ng day™ Kggurtie) " respectively.
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Table 4.1. Estimated maximum and mean okadaic acid (OA) daily exposure by
dugongs and turtles was based on a maximum OA concentration observed on
H. spinulosa (460 ng kguwtsc) "1y, a mean concentration (60 ng Kgmmwisc) "1y detected in
epiphyte material on H. ovalis and a daily seagrass intake of 40 Kguwtsc) day™ and 2

Kguwise) day™ for dugong and green turtle respectively.

Dugongs Turtles

Max OA daily exposure (ng day™) 18,400 92
Mean OA daily exposure (ng day™) 2,440 12
Max OA dose per day per body weight (ng day™ kg™) 46 15
Mean OA dose per day per body weight (ng day‘kg™) 6 2

4.3.2 Okadaic acid in tissue samples of dugongs and turtles
Okadaic acid was not detected from any of the tissue samples from dugongs or turtles

using HPLC/MS/MS analysis which has a detection limit of 10,000 ng Kganimal tissue) "
Concurrent spike and recovery quality assurance samples demonstrated 96.0 (+ 3.2) %

recovery rate from dugong muscle tissue.

4.4  Discussion
Prorocentrum lima and OA were detected on epiphyte material collected from

seagrass in Moreton Bay. The significant correlation between P. lima cell abundance
and OA concentration suggests that the P.lima observed on the seagrass was the

dominant producer of OA.

The concentration of OA in seagrass epiphytic material varied significantly between
the seagrass species from which they were collected, with H. spinulosa found to have
significantly more OA present in epiphytic material per wet weight of seagrass
(Figure 3.1). In addition, this species of seagrass was only found at Rous Channel, the
site found to have significantly higher concentrations of OA when only Z. mulleri and
H. ovalis (the two species found at all sites) were considered (Figure 3.3). This
suggests that the environmental conditions at the Rous Channel site may promote

P. lima growth and / or OA production.
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The difference in OA production around North Stradbroke Island is similar to studies
conducted around Heron Island, in which presence and toxicity of P. lima have been
previously documented (Morton & Tindall 1995, Morton 1998). Morton and Tindall
(1995) showed that toxin production by P. lima varied significantly from different
sites around the island, implying there may be different strains of P. lima within the

same area, which could lead to varying levels of OA production.

Environmental factors such as light, nutrient availability, salinity and temperature may
effect the growth of P. lima and OA production (McLachlan et al. 1994, Morton et al.
1994, Souto et al. 2001). In the present study, OA concentration in seagrass epiphytes
on a seagrass weight bases, was significantly correlated with water temperature,
however, cell abundance was not. This suggests that temperature may be the driver for
OA production, while cell abundance may be more greatly affected by nutrient or

light availability.

In the current study, P. lima were observed in seagrass epiphyte samples throughout
the year with very little fluctuation in abundance, however, OA production peaked in
the warmer summer and autumn months with the highest concentrations observed at
24 °C. This is an indication of potential higher exposure of OA in summer for the

dugongs and turtles.

Despite the presence of OA in seagrass epiphyte samples throughout the year, OA was
not detected in dugong or turtle tissue samples from animals thought to have been
feeding in the region where P. lima were observed. There may be several explanations
for this. Firstly, it is possible that while P. lima was ingested, the OA was not absorbed
and assimilated during digestion. In addition, we estimated that the likely average
exposure to OA in a dugong or a turtle consuming H. ovalis from any of the sites we
assessed was 2,440 ng day™* and 12 ng day™ respectively. Based on this estimated
intake, and assuming 100% uptake through digestion with no metabolic breakdown or
excretion and uniform distribution through tissue, the expected concentration in tissue
after a twelve month average accumulated exposure would be 2,226 ng Kg(dugong) — OF
73 ng Kgurtle) "1 These estimates are well below the detection limit (10,000 ng K tissue)

"y available using HPLC/MS/MS. Also, as the animals that were available for analysis
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were all stranded animals and hence potentially sick prior to stranding, it is possible
that the animals were not foraging normally prior to stranding. In addition, these
animals were collected from various areas around the bay, and, as location appears to
influence the amount of OA present in samples (Figure 3), these animals may have
been in residence in areas where OA exposure was less than estimated here.
Furthermore, since samples used in this assessment were collected for other purposes,
limited tissue types were available for analysis. Had more turtle gastro-intestine
kidney or liver samples been available, results from these tissue types may have
yielded higher concentration of OA (Toyofuku 2006).

A previous study in Hawaii estimated that the presence of OA in green turtle kidney
ranged between 24 - 670 U9 Otissue) "1 using a protein phosphatase inhibition assay
(PPIA) (Landsberg et al. 1999). This estimate is much greater than the HPLC/MS/MS
detection limit determined in the current study even though the mean cell abundances
were similar (current study: 247.7 cells guwwisc) 1 Kaneohe Bay: 239.1 cells
Juwwiscraigae) ). The major difference between these sites is the substrate on which the
turtles forage. In Moreton Bay turtles predominantly feed on seagrass with small
amounts of macroalgae (Read & Limpus 2002), while turtles in Kaneohe Bay feed
predominantly on macroalgae supplemented with small amounts of seagrass (Arthur
2005). OA in seagrass epiphyte material was not measured in the Hawaiian study and
since production of OA by P.lima is known to vary with environmental factors,
P. lima in Hawaii may have been producing a greater concentration of OA than those
in Moreton Bay. This difference in OA production per P.lima cells has also been
observed between this study (0.24 pg cell®) and that conducted in waters around
Heron Island by Morton and Tindall in 1995 (5.88 pg cell™).

Another major difference between the two studies is the method used to estimate the
amount of OA in turtle tissue. The PPIA is an indirect measure of OA, as it is non-
specific for the suite of protein phosphate inhibitors (Gehringer 2004). Since there are
other natural toxins known to inhibit protein phosphatases, such as microcystins and
nodularin, produced by freshwater and marine cyanobacteria respectively (Honkanen
et al. 1994), using PPIA alone could provide a false positive result for OA. The
common tropical marine cyanobacterium, Trichodesmium erythraeum has been shown

to produce microcystin-like compounds which inhibit protein phosphatases (Shaw et
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al. 2001) and as such, an organism other than Prorocentrum spp. may have been the
source of the protein phosphatase inhibiting compound in the Hawaiian study.

The potential exposure of dugong and turtle to OA that we have identified here
indicates that these large herbivores may be impacted by the deleterious effects of this
toxin. It has been suggested that naturally produced tumour promoting compounds
such as OA may play a role in green turtle fibropapilloma (Landsberg et al. 1999,
Arthur et al. 2006), a disease in which benign tumours grow both internally and
externally in marine turtles (Herbst 1994). Although there are no records of tumours
in dugongs, these animals are likely to be consuming OA, and the presence of OA
producing P. lima in Moreton Bay provides a potential route of exposure to OA for
seagrass consumers. Hence long term risks for these animals are potentially an issue.
Carcinogenic chemicals, including persistent organic pollutants have been determined
in dugong tissue from Moreton Bay (Gaus 2002), and the presence of tumour
promoters such as OA have the capacity to increase the risk of tumour formation to an

undetermined degree.

The metabolism of OA in marine mammals and reptiles is unknown, and little is
known in laboratory mammals. Matias et al (1999) found that when mice were orally
dosed with 50 ug kg™ OA, traces of the toxin were found in all tissues. However, 37%
were found in the intestine content (Matias et al. 1999). Other studies also support that
the target organ for OA is the small intestine (Ito et al. 2002). Although dugongs are
also mammals, the metabolism would be slower than rodents and they are also known
to be a post-gastric fermenter (Lanyon 1991). Being a reptile, turtles may differ even
further from laboratory rodents. For these reasons, it is difficult to extrapolate
bioaccumulation and metabolism of OA in dugongs and turtles from laboratory
studies on rodents.

This is the first time that OA has been detected in epiphytic material from seagrass
collected in Moreton Bay. The presence of OA on seagrass suggests that large marine
herbivores such as dugong and turtle may be exposed to these compounds throughout
the year. However, no mass die-offs have been observed in the past (Haines & Limpus
2000, 2002) and although the presence of fibropapilloma in the turtle population is
high in some areas of the Bay (Limpus & Miller 1994, Aguirre et al. 1999), there is at
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this stage, no direct evidence to suggest that OA poses a threat to these endangered
species. However, the high detection limit using HPLC/MS/MS may mean that other
techniques such as the non-specific PPIA in association with cell counts and OA

analysis may be required to monitor OA exposure in the future.
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5.1 Introduction
Dose-response studies provide guantitative information on the relationship between

the toxin exposure and its effect on the organism. The effects of toxins may be divided
into several categories: acute vs. chronic; local vs. systemic; reversible vs. irreversible
(WHO 1999). Acute effects are defined as the effect which manifests after a single
dose, while chronic effects are only observed after repeated exposure over a
prolonged period of time to a substance. A local effect can be seen at the point of
contact while a systemic effect takes place at a point, or multiple target tissues
different from where it entered the body. A reversible effect allows the tissues to
recover and return to normal when the exposure ceases while an irreversible effect

consists of permanent damage.

Numerous studies have investigated the effects of algal toxins, using exposure to
various toxin concentrations. There are at least three methods for administering the
toxin to the subject. Toxins can be dosed orally through the mouth of the subject,
normally with a food source. Another method of dosing is via gavage, in which toxins
are delivered by a stomach tube. The third method is by injection, either intravenous

(i.v.) or intraperitoneal (i.p.).

The dose-response studies on algal toxins have been advancing with time. One of the
first dose-response study on okadaic acid, for example, was conducted on laboratory
mice (Yasumoto et al. 1978). As more tissue and cell culturing became accessible,
cytotoxicity study increased in the field (Amzil et al. 1992, Kang et al. 1996, Burgess
2003). Such dose-response studies describe the change in effects of an organism, both

whole organism or at cellular levels, with differing levels of toxin concentrations.

The aim addressed in this chapter is to investigate the dose-response relationships for
okadaic acid (OA), domoic acid (DA), gymnodimine (GD) and pectenotoxin-2s
(PTX-2s) using published literature data. A review of the published literature is
conducted for information on acute and chronic effects on both whole organism and
on cellular levels. The extended information on dose-response information obtained
through this chapter will be combined with exposure assessment data with toxins

around North Stradbroke Island for humans and dugongs for risk characterisation. The
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lowest observed adverse effect level (LOAEL) and no observed adverse effect level
(NOAEL) will be used to calculate the tolerable daily intake (TDI) and the guideline

values (GV). Such information is critical in assessing risks of toxins.

5.2 Methods — Data Collation Techniques
For each of the four toxins: OA, DA, GD and PTX-2s, dose-response data were

assembled from the published literature, described in Chapter 2 (Tables 2.4, 2.5, 2.6).
To establish a comprehensive summary of these data collated from the literature,
results were divided into three groups; whole organisms, human cell lines and non-
human animal cell lines according to subjects of the studies. When information was
available on whole organisms, it was subdivided into humans, primates and rodents.
When necessary, data were further divided into application of toxins, either orally or
by injection. These data were then categorised into severity of effects (no effect, mild,
severe and lethal). These categories were loosely classified as follows: no effect: no
observed effect reported in the article; mild: mild diarrhoea and LOAEL, light seizure;
severe: permanent neuronal damage, convulsion and hippocampal seizure; lethal:
when the victim or the laboratory animals died. The severity of effect was plotted on
graphs using logarithmic scales for the dose.

Dose-response data used in this chapter have been listed in Chapter 2, in Tables 2.4
for OA; Table 2.5 for DA and Table 2.6 for GD. Some studies have used the mouse
unit “MU” (dose sufficient to kill a mouse weighing 20 g) for their dose-response
study. In this study the MU was converted into weight of toxins per body weight of
the animals been dosed. For example, 12MU is equivalent to 48 pg kg™. All units
were then standardised to ug kg™ body weight for all toxins. For studies conducted on

cell lines, units of doses were also standardised to pg L™ which is equivalent to

ug kg™,
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5.3 Results- Data Evaluation

5.3.1 Okadaic acid
The comparison between severity of effects and dose of OA can be observed in

Figures 5.1a and b. Information on human data comes from accidental consumption of
shellfish contaminated with algal toxins, hence the “doses” for these data are from the
amount obtained from the food source, which contain estimates of the consumed
amounts. There have been no lethal levels recorded for humans, as the response with
human data comprises only of differing severity of diarrhoea. High OA doses were
used on laboratory tested animals, such as mice and chickens. Lethal doses per body
weight for these two organisms are similar, ranging from 190 to 520 pg kg™. Doses
causing mild diarrhoea in mice (50 ng kg™) were significantly higher than those
observed in humans (0.8 ug kg™), highlighting the importance of using human data
where available, or the use of appropriate interspecies safety factors in establishing
the TDI for humans.

The range of doses used for animal cell lines was relatively low, ranging from 5 to 80
ng kg™ (Figure 5.1b). The severity of the effects showed a linear pattern related to the
doses of the toxins. Doses on human cell lines showed that effects may depend on the
types of cells used (Figure 5.2c). For example, concentrations corresponding to the
NOAEL for myeloma cells were up to 10 fold less than that observed for bronchus

cells (3 to 6 pg kg™). The IC3 and ICs; for KB cells ranged from 1 to 24 ug kg™.
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Figure 5.1. Dose —response (as severity of effects) for okadaic acid (OA) (a) dose-
response on whole organisms; (b) dose-response on animal cells; (c) dose-response on

human cells.
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5.3.2 Domoic acid
A large toxicity data set on whole organisms was available, hence data for domoic

acid were split into oral doses and injected doses, and plotted on separate graphs with
a logarithmic dose scale. Accidental consumption by humans showed a linear dose-
response relationship, from no effect (20 ug kg™) to severe and lethal effects (4200 pg
kg™) (Figure 5.2a). Effects of DA appear to be species dependent. For example, the
dose causing effect of vomiting was ten fold different between humans (1,000 ug kg
1) and monkeys (10,000 pg kg™) (Iverson et al. 1990, Perl et al. 1990, Todd 1993).
This again highlights the requirement for safety factors to account for interspecies
differences in susceptibility. Even within the same class of organisms, for example in
fish DA showed very different effects, to rainbow trout which showed no sign of
toxicity at 58mg kg™ whilst anchovies showed severe neurotoxic signs at 14 mg kg™
(Hardy et al. 1995, Lefebvre et al. 2001). Sea lions had the lowest lethal dose of 0.2
mg kg, indicating their sensitivity to DA, whilst rats had the highest lethal dose of 80
mg kg™ (Todd 1993, Scholin et al. 2000).

Despite the differences within the fish group, mammals were similar to one another in
the severity of effects when DA was administered by injection (i.p. or i.v.). The dose-
response relationships for humans, monkeys and rodents were roughly linear, ranging
from no effect to lethal amounts (Figure 5.2b). Both the rodents and the primates
species shared similar lethal doses between 4 — 5 mg kg™ DA when injected (i.p.)
(Tryphonas et al. 1990, Schmued et al. 1995, Fujita et al. 1996).
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Figure 5.2. Dose-response (as severity of effects) of domoic acid (DA) compared to
severity of effects. (a) dose-response when dosed orally to different whole organisms;
(b) dose-response when dosed by injection. ¢) dose-response for cell lines.
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5.3.3 Gymnodimine
As a relatively newly described toxin, the whole organism studies found for this toxin

were all performed on mice. There are no human data for this toxin, nor lethal oral
dose data for laboratory animals. The LDsy level when dosed by gavage was 755 ug
kg™ (Munday et al. 2004) (Figure 5.3). The lethal level (LDso) for i.p. injection ranged
between 96 and 700 pg kg™ (Stewart et al. 1997, Munday et al. 2004). When animals
are orally dosed, the toxins are normally taken up with food which may reduce its
toxicity. The most potent method of dosing is normally by injection, as the toxin is
directly placed into the peritoneal vein and has no chance of breaking down.
Information on cell toxicity is limited as there was only one published article in the
literature found at the time of the study. This was performed on neuroblastoma cells,

showing significant cell reduction at the dose of 10 uM (Dragunow et al. 2005).
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Figure 5.3. Dose-response (as severity of effects) of gymnodimine (GD) compared to
severity of effects on mice.
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5.3.4 Pectenotoxin-2
Although PTX-2s are not as potent as OA, occurrence of PTX-2s is normally

accompanied by OA. The toxicity of PTX-2 varied between and within species
(Figure 5.4), depending on the study. The LOAEL for oral dose was lower than the
NOAEL for gavage (EU/SANCO 2001, Miles et al. 2004a), probably due to the
differences in the dosing method. The two acute intake data by Toyofuky (2006) are
the estimated acute human intake levels, obtained by separate studies in two

geographically different regions, which may explain the vast difference in the levels.
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Figure 5.4. Dose of Pectenotoxin-2 (PTX-2) compared to severity of effects on mice.

5.4  Discussion
Since all data on humans are from accidental consumption, there are a limited number

of occurrences and no intraperitoneal information. It is also important to note that the
doses used for human data may not be as precise as laboratory conducted studies, as
they are estimated doses derived from back calculations using the food source, after

the event of poisoning.
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When the doses of OA applied to mice (Matias & Creppy 1996b) are compared to the
concentration accidentally consumed by humans (Yasumoto et al. 1978, Lee et al.
1987), mice showed higher tolerance to OA. This highlights the importance of
incorporating safety factors into risk assessment for interspecies comparison, and this
point will be discussed further in Chapter 7. The variability of OA dose-response data
on human cell lines showed the need to consider the differences in responses between
the cell lines. This may relate to differential susceptibility of organs that the cells were

derived from.

The domoic acid also showed similar relationships between rodents and humans as
mice were more tolerant to DA than were humans when the toxin was orally
consumed (lverson et al. 1990, Todd 1993). With the whole animal studies, sea lions
had the lowest tolerance to DA (Scholin et al. 2000). Again, as the sea lion data comes
from an accidental consumption incidence in the wild, the consumption rate for DA
was estimated from the DA found in anchovies which were consumed by the sea lions,
hence it is possible that the consumption rate was under estimated. Nevertheless this
was an unexpected outcome since sea lions, being marine organisms, are expected to
better adapt to marine toxins, compared to the land mammals. Even more surprising
was the study conducted on anchovies (Lefebvre et al. 2001), which showed low
tolerance to DA. On the contrary, rainbow trout showed extremely high tolerance to
DA compared to any other studied organisms (Hardy et al. 1995). The difference in
response, between these two species of fish demonstrates the significance of
interspecies variation. The intraperitoneal studies showed less variation between
organisms as rodents and monkeys had similar lethal levels (Tryphonas et al. 1990,
Fujita et al. 1996). This may be explained by the bioavailability of the toxins when
dosed orally compared to i.p. injection. When injected, the toxins go straight to the
peritoneal cavity whilst with oral dosing, absorption of toxin is through stomach and

intestine, where they may be metabolised.

The dose-response information on GD is limited due to the lack of research on this
newly detected toxin. The reason for the scarcity of research may also be related to
the lack of acute effects of this toxin when orally dosed to mice, although GD was

found to be highly toxic when dosed via gavage (Munday et al. 2004). In Munday’s
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study (2004) GD was incorporated into cheese for oral dosing, which may have
affected the uptake of the toxin, hence showing no potency when orally dosed,
however showing high potency when dosed via gavage. Gymnodimine is a relatively
lipophilic toxin as evidenced by its detection in the SPATT samplers (Chapter 3). It
would therefore be expected that a lipid rich food such as cheese may have reduced
uptake due to relatively low partition from the cheese lipids. Such findings imply

more studies on GD uptake and its toxicity are required.

Although the presence of PTXs were discovered due to their high acute toxicity when
injected into laboratory mice (Toyofuku 2006), the dose-response information for
PTX-2 is not as abundant as that for OA and DA. The estimated level of acute toxicity
for humans differed 10 fold between Canada and Norway (Toyofuku 2006). This may
be due to the extraction and analysis differences in the two locations, or that the levels
which provoke diarrhoea, for PTX-2 have a large range. Furthermore, the no effect
level by gavage determined by Miles et al.(2004) was higher than the LOAEL when
orally dosed (EU/SANCO 2001). Normally gavage dosing is more toxic than oral
dosing since in administering by gavage, the toxin does not have the chance to
breakdown in the process of reaching the stomach. The reason for this may have
occurred due to the differences in the experimental setup, however further
investigation is required to understand the effects the dosing methods have on the

dose-response analysis.

55  Conclusion
From the compiled literature, there is a general trend in the potency of toxins

depending on the mechanism of dosing. Toxins are most toxic when they are directly
injected into the vein (intraveinous) compared to other methods of dosing as there will
be direct uptake to the circulation and limited metabolism of the toxins. Dosing by
gavage showed higher toxicity than oral dosing in food. Again, this may imply that
toxins may have lower bioavailability from certain foods or degrade during the
process of being consumed by the organism. For example Munday et al. (2004) has
shown a significant increase in the toxicity of GD when the toxin was applied via

gavage compared to when applied orally.
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The toxins GD and PTX-2s were highly toxic when injected, but showed little toxicity
when orally dosed. This makes it difficult to compare the different toxins. If the oral
dosing studies were to be compared for all the toxins, OA would be the most toxic,
followed by PTX-2, then DA.

The assessment of literature has also shown that the sensitivity of the subject to the
toxins vary depending on the subject and the toxins. The studies listed in Table 5.1
were chosen as the most relevant for risk assessment analysis as they showed the
LOAEL through oral consumption for humans, when available, or mouse. The
comparison between dose-response data of the organisms has shown that humans are
normally more susceptible to algal toxins than the rodents, although other primates
may share similar toxicity to the rodents. It was also difficult to conclude which group
of animals were more sensitive to the toxins. For example, the anchovies were more
susceptible to DA compared to mammals, except for sea lions, but the rainbow trout

was not affected by high dose of DA.

Table 5.1. List of most relevant orally dose-response studies for the analysed toxins

Toxin Dose (ug kg™')  Effects Organism Reference

OA 40 diarrhoea  Human Hamano 1986

DA 1000 vomiting  Human Perl 1990

GD 7500 NOAEL Mouse Munday et al. 2004
PTX-2 250 LOAEL Mouse EU/SANCO 2001
PTX-2SA 5000 NOAEL Mouse Miles et al. 2004
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6.1 Introduction

Traditionally, toxicologists have used animal bioassays to identify potentially
hazardous substances, including carcinogens, immunotoxins and neurotoxins, but
these assays require high doses, which are not always comparable to what is found in
the environment (Afshari et al. 1999). For such reasons, testing of toxins on animals
has been challenged and alternative methods for dose-response studies are needed
(Afshari et al. 1999). Cytotoxicity testing by dosing cell lines has become a popular
alternative method to animal testing. Cytotoxicity tests not only provide information
for lethal levels on cells, but can also be used to study toxicity related to gene

regulation (Akerman et al. 2004).

Cytotoxicity refers to the effects of a substance which is toxic to cells. The
cytotoxicity can also be determined by dosing the cells and observing the effects of
the toxin at particular concentration. It is normally measured using an assay, such as
the MTS assay, which is a colorimetric assay (Mosmann 1983). Initially, MTS (2-
(4,5-Dimethylthiazol-2-yl)-2,5-dephenyltetrasolium bromide) is yellow and it is
reduced to formazan, which is purple in colour. This reduction takes place in the
mitochondrial membrane, and is part of the oxidative reductase pathway (Berridge &
Tan 1993). The reduction will only take place if the cells are functioning, hence the
MTS assay indirectly measures cell metabolism, from which the inhibitory
concentration (IC) can be determined. This is an important step leading to the
mechanistic toxicity analysis, which investigates the effects of toxins on gene
regulation, as the appropriate 1C needs to be determined for such analysis.

Various methods are available for detecting and quantifying gene expression levels,
including northern blots and DNA sequencing (Duggan et al. 1999). However, they
are time consuming. DNA microarray is a technique which allows for profiling gene
expression patterns and screening tens of thousands of genes in a single experiment
(Duggan et al. 1999, Burezynski et al. 2000). This method can help define important
target molecules for toxicity and complex regulatory networks within a cell, tissue
and/or organ that is responding to the toxin (NIEHS 2003). Microarray is a relatively

new technique, as the first array was made in 1991 (Fodor et al. 1991), and the first
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microarray experiment was performed with cDNA microarray by Schena et al. in
1995 (Schena 1995). It has, however, been utilised successfully in a variety of studies
from detecting cancer genes (DeRisi et al. 1996, Tzang 2003) and discovery of
disease-related genes (Heller et al. 1997), to gene comparison between different
strains of yeast (Lashkari et al. 1997), and toxicological studies (Nuwaysir et al. 1999,
Bartosiewicz et al. 2000, Burgess 2003, Shen et al. 2003, Vrana et al. 2003). The gene
expression signatures are used to determine for various types of tissue-specific

toxicants (Nuwaysir et al. 1999).

Microarrays are constructed by spotting PCR-amplified cDNA onto a solid matrix,
such as glass slides (Figure 6.1) (Heller et al. 1997, Hedge et al. 2000). They are then
coupled to two or more fluorescently labelled probes, prepared from mRNA from the
cellular phenotypes of interest. By performing parallel hybridization of two different
reverse transcribed cDNAs from individual mRNA samples, with arrayed cDNAs, the
samples can be compared and analysed by comparing means of the ratio of two
different coloured fluorescence intensities, which are measured by a confocal laser
scanning (Schena et al. 1998, Tzang 2003).

Reverse
transcribe

Fluorescent
dye

‘ Labelled cDNA ’

!

Hybridize onto
slide

!

{ Analyse spot J

intensity

Figure 6.1. Flow chart showing steps involved in microarray analysis.
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Since microarray analysis is a qualitative measure, it is important to quantify the
results obtained by standard methodologies such as northern or western blotting and
quantitative real time polymerase chain reaction (QRT-PCR) (Freeman 1999,
Bartosiewicz et al. 2000, Snider et al. 2001). In QRT-PCR, the fluorescence signal is
generated as the sequence is getting amplified and this is measured in real time
(Snider et al. 2001). Examples of dyes used are SYBR Green, which binds to double
stranded DNA or a specific probe which binds to the target sequence (Snider et al.
2001, Tzang 2003).

One software program used for screening genes of interest post microarray analysis is
“GeneSpring” (Agilent Technologies). This software can be linked to numerous
cellular pathways available on the web, such as Keggs (Kyoto Encyclopedia of Genes
and Genomes: http://www.genome.jp/kegg/pathway.html) and BioCarta pathways
(http://www.biocarta.com/index.asp). By linking various pathways to GeneSprings
either the whole pathway or individual genes on the pathway can be studied. Some
examples of pathways that will be investigated in this study are: oxidative
phosphorylation, apoptosis, mitogen activating protein kinase MAPK and Wnt

signalling pathways.

Oxidative phosphorylation takes place within the mitochondrial membrane of the cell
and is an important step for generating ATP for the cells. Electrons are transferred by
the electron carriers, nicotinamide adenine dinucleotide (NADH) and flavin adenine
dinucleotide (FADH), within the inner mitochondrial membrane (Alberts et al. 1994).

Mitogen activating protein kinase (MAPK) pathway plays a major role in cellular
processes and are evolutionary conserved (Orton et al. 2005). It is involved in cellular
proliferation, differentiation, development and transcription (Pearson et al. 2001).
MAPK pathway consists of three kinases, activated by sequentially phosphorylating
one another: MAPKKK, MAPKK, MAPK (Orton et al. 2005).

Apoptosis is a process of programmed cell death (Murphy et al. 2000). In contrast to
necrosis, which is a form of cell death that results from acute toxicity or injury,
apoptosis is a programmed death which is required to maintain the homeostasis within

an organism (Murphy et al. 2000).
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The Wnt signalling pathway is a major regulator of developmental processes and can
lead to cancer formation (Lustig et al. 2002, Nusse 2005). This pathway branches into
three sections: B-catenin pathway or canonical pathway in the nucleus; the planar cell

polarity pathway and the Wnt/Ca®* pathway (Huelsken & Behrens 2002).

In the previous chapter (Chapter 5), the published literature was sourced to compile
data on dose-response analysis. There was limited data on cytotoxicity information for
algal toxins, especially for gymnodimine (GD). For this reason, this chapter will
investigate the dose-response study on the cellular level, and mechanistic toxicity
study, investigating the effects of gene regulation by GD. This involves conducting
toxicity test on the cell lines to obtain the ICs level, and then to perform cDNA
microarray analysis using RNA extracted from such cells. Determining the effects of
toxins on gene regulation may serve to provide insight into the long term chronic
effects of the toxins, which were lacking from the sourced published literature. The
aim of this study is to measure the regulation of genes caused by algal toxins,

especially GD, which may be related to chronic effects of these toxins.

6.2 Methods

6.2.1 Cytotoxicity

Cell culture
A human neuroblastoma cell line (BE-2) was kindly donated from Queensland

Institute for Medical Research (QIMR). The human liver cancer cell line (HepG,) was
kindly donated from Mr. Peter Bain, Griffith University. Both cell lines were grown in
75ml flasks using Opti-mem1 media with FBC and Multicel. Cells were grown in the
incubator with the temperature maintained at 37°C and CO, level at 5%.

MTS assay

Cell metabolism can be measured by using the MTS assay which measures the
production of fumarate by the cells. Fumarase reductase occurs in the mitochondrial
matrix of the cells (Marshall et al. 1995). For this experiment Promega MTS assay

was used.
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Cell cultures of BE-2 cells were seeded into six 96 well plates at a concentration of
5x10* cells per ml with 100 pL media per well (5x 10° cells per well). Protocol for
seeding cells can be found in Appendix B. Cells were allowed to adhere to the wells
overnight in the incubator. Media within the wells were pipetted out and replaced with
100 pL of media containing three different concentrations of the toxins, okadaic acid
(OA), domoic acid (DA) and GD (Table 6.1). There were triplicates for each
concentration, and each plate also contained triplicates of blank and the control wells
(blank = media only; control = cells and media). After incubation for 24 and 48 hours,
20 L of Cell Titer 967 Aqueous One Solution Reagent was added to each well and

read on the plate reader between 1-4 hours of incubation, at wavelength of 450 nm.

Table 6.1. Concentrations of the toxins tested BE-2 cells.

Blank Control Okadaic  acid Gymnodimine  Domoic  acid
(nM) (nM) (M)

media media +cells 1 10 50

media media + cells 10 50 100

media media + cells 100 100 1000

Data analysis for MTS assay

To obtain the level of the toxins at which 30% of the cells stopped metabolizing (I1Csp)
on BE-2 cells, the 450 nm wavelength reading for the blank was subtracted from data.
Average reading was obtained for the control and the toxin containing wells. Each of
the readings for the sample well was divided by the readings from the control well to

obtain the survival rate (%).

6.2.2 Mechanistic toxicity
The initial study was conducted for three toxins; OA, DA and GD, by using the

human neuroblastoma cell line (BE-2: QIMR). This was a pilot study and the
information on the initial study is reported in Appendix A. The second part of the
study, which will be reported later in this chapter, was performed using GD alone on

the human liver cancer cell line (HepGs,).
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Cell dosing

The HepG; cells were grown in 96 well plates (Appendix B). When cells reached 80%
confluence, they were dosed with GD at the 1C3, (determined on BE-2 cells). Toxicity
level of IC3y was selected to determine the long term - low dose exposure of toxins on
the gene regulation, without cell deaths signals being apparent. These cells were then

incubated for a further 24 hours prior to RNA extraction.

RNA extraction and quantification

Total RNA from HepGs; cells was isolated using QIAGEN RNeasy mini kit plus by
following their in house protocol (Qiagen Inc., Valencia, CA) (Appendix C). For the
homogenisation step, 2 mm sterile needle was used. For the final elution step, RNA
was eluted in 80 pL RNase free water. RNA 6000 Nano assay was used to test for the
purity, quality and the quantity of the RNA samples using LabChip Kit (Agilent
Technology: http://microarray.imb.ug.edu.au/Protocols/RNA6000Nano.pdf). Agilent

2100 bioanalyzer was used for measurement of RNA.

Microarray preparation

RNA was reversed transcribed into cDNA, purified, transcribed back into amplified
RNA (aRNA), purified, labeled with fluorescent dye and hybridized onto the
microarray slides following the protocol provided by Ambion and Invitrogen
(Appendix D).

Data imaging and analysis

Microarrays were scanned by a ScanArray 400™. For every microarray, initial images
were scanned at low resolution (50 pm pixel™). When the appropriate photo multiple
tube (PMT) was selected, images were scanned at high resolution (10 pm pixel™).
Mean and standard deviation of the three replicates were calculated for both the
control and the treated samples. Any spots with less than double the background
intensity were eliminated. For up-regulated genes, those that were expressed 2 fold
higher than the control were selected, and for down-regulated genes, those that were 3

fold higher than the control were selected.

Gene identification
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The genes of interest were identified using the specific Genebank number matched to
individual genes listed on the website:

(Source: http://genome-www5.stanford.edu/cgi-bin/source/sourcesSearch).

Information was accumulated for all genes showing at least two fold up or down-
regulation in all three replicate microarray slides. These genes were also grouped into
functions using the Function Annotation Clustering within David 2006 Functional

Annotation Bioinformatics (http://david.abcc.ncifcrf.gov/home.jsp).

Several available pathways from GeneSpring were also matched to the genes of
interest. The pathway oxidative phosphorylation, which includes the fumarate
reductase involved in the MTS assay, was investigated. Other pathways investigated
were MAPK signaling pathway, apoptosis and Wnt signaling pathway which were

related to the functions of the genes of interest.

Designing primers
For each of the genes of interest, their gene sequences were “blasted” using
GeneBank, NCBI (http://www.ncbi.nlm.nih.gov/BLAST/) to check for any other

similar sequences of genes. Forward and reverse primers were designed using Primer
Designer (School of Integrated Biology, UQ)
In doing so, the following rules were followed:

1. Primers should be 18 — 30 nucleotides long

2. GC content 40- 60%

3. Tm (melting temperature) should be similar in both primer pairs.

4. Use annealing temp 5C below Tm

5. No primer dimers — avoided by using primer without complementary

sequence, especially in the 3’ ends.
6. Avoid three or more G or C at the 3’ end

Reverse Transcriptase

To test for the quality and quantity of RNA, the Nano drop test was conducted
(NanoDrop® ND-1000 Spectrophotometer http://www.nanodrop.com/). The original
RNA was reverse transcribed into cDNA following the protocol provided by

Invitrogen (Appendix E).
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Quantitative real time PCR

Quantitative real time PCR (QRT-PCR) was run on ABI 7900HT, using a 96-well
plate. There were three biological replicates for controls (C5, C6, C7), and for
gymnodimine treated samples (G5, G6, G7) (Appendix E). Human Actin gene
(donated by Peter Bain; School of Biomolecular and Biomedical, Griffith University)
was used as a house keeping gene for this experiment. Each of the six samples

possessed duplicates from the same 6 well-plate where the cells were grown.

Data from real time PCR was analysed using software “linkeg PCR”, a program
which works with linear data and calculations (Appendix E). The difference in the
intensity of expression between the housekeeping gene, human actin, and the genes of

interest were compared.

Validation of PCR products

Quantitative real time -PCR samples were validated by running the PCR product on a
2% Agarose gel at 100V for 45 min. To test whether the desired genes were amplified
during the PCR reaction, the bands for each gene were cut out from the agarose gel
and purified using GelSpin DNA Purificaiton Kit (MO BIO ULTRA CLEAN) and
sent for sequencing analysis (AGRF) (Appendix E).

6.3 Results

6.3.1 Cytotoxicity
From the MTS assay, the toxin concentrations at which cells stop metabolizing was

obtained (Table 6.2). This shows that OA (10 nM) is the most toxic to BE-2 cells,
having ICs level of 10 nM which is 10 fold lower than that of GD (100 nM). Domoic
acid was least toxic, with an 1C3, level of 100,000 nM.

Table 6.2. Doses of toxins resulting in 1C3 levels on BE-2 cells for RNA work

Toxin Type
Okadaic acid Gymnodimine  Domoic acid
IC3pdose (nM) 10 100 100,000
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6.3.2 Mechanistic toxicity

6.3.2.1 Microarray
Three sets of RNA from control and GD dosed cells, with highest purity and quality

were selected for microarray analysis (Figure 6.2).
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Figure 6.2. RNA 6000 Nano assay result; showing the 14s and 28s bands for the high

purity RNA used for microarray analysis (samples 5,6,7).

The hybridized slides of the control and the treated spots can be seen in Figure 6.3.
Genes showing either two fold up-regulation or three fold down-regulations are listed
in Appendix F. The genes of interest were then selected depending on the significance
of their regulation (Table 6.3a-b). In general, genes that were up-regulated were
related to functions of transport, physiological process, catalytic, binding and
membrane, whilst those down-regulated were related to phosphorylation, signal

transduction and cell communication.
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Figure 6.3. Scan of microarray chip showing genes from a) control cells,

b) gymnodimine-treated cells, and ¢) combined image.
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6.3.2.2 Gene Pathways

Oxidative Phosphorylation Pathway

Genes of interest were mapped onto different pathways using GeneSpring. The
oxidative phosphorylation pathway is involved in the MTS assay in the inner
mitochondrial membrane and matrix. The main gene for conversion of succinate to
fumarate (succinate dehydrogenase fumarate reductase SDH/ 1.3.5.1) was down-
regulated (Figure 6.4; Table 6.4). The ATP synthesis was down-regulated and so was
Cytochrome ¢ oxidase. The NADH dehydrogenase: Ndufvl, Ndufb4, 5 and 10 and
Ndufa3,8 were up-regulated but Ndufbl, 7, Ndufc 1 were down-regulated.

Apoptosis

In general the genes related to the initial stage of the death ligand are slightly up-
regulated (Figures 6.5a-b). Initial stages of survival factors on the other hand are
down-regulated, however the final stages are up-regulated. Specifically, genes within
the cell membrane, Fas genes and TNF genes, were up-regulated whilst cytoplasm
genes were mostly down-regulated (Figure 6.5b; Table 6.4). Both protein kinase

apoptosis inhibitor Akt/PKB and anti-apoptosis genes, Bcl-2 were up-regulated.

MAPK Signalling

Mitogen-activated protein kinase (MAPK) signalling is related to apoptosis and Wnt
signalling. In general, those genes responsible for binding GTP to the activator gene
was up-regulated, however the key genes such as RAS gene was down-regulated, with
most genes not expressed by the toxin (Figure 6.6a; Table 6.4). Within the MAPK
pathway, the p38 MAPK pathway was further investigated (Figure 6.6b).

Whnt Signalling

There are canonical pathway, planar cell polarity pathway and Wnt/Ca?* pathway
involved in this signalling pathway (Figures 6.7a-b; Table 6.4). Initial stages of all
three sections of the pathway were up-regulated, however there were no clear up or
down-regulation of the whole pathway. The canonical pathway regulates cell fate
determination and primary axis formation through gene transcription. MAPK

signalling pathway has a direct effect on this pathway.

113



v11l

"xajdwod
ased 1V [elpuoydoliw ay) Jo Jusuodwod d1rewAzusuou ay) JO suleyd ayl Jo auo s Siyl

"auRIQLUBW BY) SS0J9k JusIpeld uojold e Jo 8aussald ayl Ul AV WO} 41V $8onpold
"xa]dwod (0)42 ay1 ybnoiyr suojoid

JO MOJJ 8yl pue AlIAINOR ased ]y Bunenbal ul uenodwi ag 01 pansijag Si uleyd ewweh
8y "auelquiaw 3y} sso.oe jusipe uojoid e Jo 89ussald a8yl Ul AV Wols 41V $8onpold
3A0QE SY

aA0(Qe S

an0(Qe S

aA0(Qe S

aA0(e S

"auouInbign aq 01 panal|ag SI aWwAzus sy 1o}
101da09e U0J199]9 dreIpawW| "ureyd Alojelidsas 8yl 01 HAQWN WOJL SUOJII9D JO Jajsuel]

9G£900 WN P 1ungns ‘xajdwod

04 eupuoysonw ‘Buinodsuel) +H ‘aseyIuAS 41V
/89T00 NN Mungns Byjap ‘xajdwod

T4 [eupuoydsonw ‘Bunuodsuel) +H ‘aseyluAS d1v

¥/T7S00 INN T apndadAjod ewweb ‘xajdwod

T4 [eupuoysonw ‘Bunuodsuen) +H ‘aseyluAs 41v
87S700 N e@2z ‘0T ‘xajdwoogns

e1aq T (suouinbign) eseusbolpAysp HAVN
26¥200 AN eaX9T ‘G xa|dwoogns e1aq T
uiajoidoney) (suouinbign) sseusbolpAysp HAVN
L¥SY00 NN eQXST ‘v ‘xa1dwoogns eiaq T
uiajoidoneyy (suouinbign) sseusbolpAysp HAVN
22ZvT0 NN e@6T ‘8 ‘xajdwoogns eydje T
uiajoidoney) (suouinbign) sseusbolpAysp HAVN
Z¥S¥00 AN e@6 ‘€ xa|dwooqns eydfe T
uiajoidoney) (suouinbign) sseusbolpAysp HAVN

(E0TL00 INN) QTS ‘T
uiajoidoney) (suouinbign) sseusbolpAysp HAVN

HSd1V /P

dsdlv relsd

JGd1v rewwed

0TGINPN

SOINPN

rAINPN

8eJNPN

EeINPN

TAJNPN

uonaun4

sweu aus9)

pare|nbai-dn

NOILVTAHOHdSOHd IAILVYAIXO

sAemuied JUAA pue MdVIN ‘sisoldode ‘uonejAloydsoyd aaiepixo ‘sAemuyied Buljjeubis jualayip noj Jo uonenbay '+v'9 ajqel

9 Jardeyo


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_014222&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_004547&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_002492&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_004548&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_005174&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_001687&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_006356&doptcmdl=GenBank�

qTT

anoge Sy ‘1ungns Bulwio) aiod Bunonpuoa-uoiolid
anoge sy

Siuswedwod Jepnjjadeul Jo A1aLreA e BulAyipioe oy ajqisuodsal SI ased 1\v-1e|naseA
€0ST00 WN ‘swsay o1 syeydsoydip |Asaule) pue X1 awayoloid SuaAu0)

"9 puUe 2 $3W0IYI01A usamiaq xajdwod ayi JO uoijew.oy ajeipaw Aew uiaload siyL
"S9NSS1) SnolJeA ul uondiosge wnisselod 1oy ajqisuodsay “suriquiaw ewseld ayl

ss0.oe suol (+) pue (+)y Jo abueydxa ayr yim pajdnod 41V Jo SISAjoIpAy ayl sasAered
an0Qe SY

anoge sy

anoge sy

"auouinbign aq 01 paAaI|aq sI awAzua ay) 10y Jo1dadde

U0J103[3 alRIpaWWI 3yl "ureyd Alojesidsal ayl 01 HAWN WOJ) SUONDSIS JO Jajsuel|

9]eulddNs wodj sjesewin) adnpo.d

vmoﬂool_\,_v_ 2 3Iungns QA "edX)9T |BWOSOsA|
G¥6€00 INN HUNgNs OA ‘86 [eWOSOsA|
TECY00 N 4 ungns

TA BPT |ewososA] ‘Bunodsuen +H ‘esedly
aselajsuejAsaule) : sway ‘uinosd Ajqwiasse
9SepIX0 0 8wWo4ydolkd  ‘Bojowoy  QTXOD
uia04d abury asejonpal 2 awolya01Aa-jouinbign
9/9T00 NN

apndadAjod eydje ‘Bunodsuel) +>/+H ‘esedlVv
67200 N a9 ‘T ‘umouxun xsjdwoagns

elag T (duouinbign) aseusboipAysp HAVN
¥00500 NN eQX6T ‘8 ‘X3|dwoogns

elaq T (duouinbign) aseusboipAysp HAVN
9vT¥00 WN ea8T ‘L ‘x3|dwodgns
(suouinbign) aseuabolpAysp HAVN
GYSY00 INN e/ ‘T ‘xajdwooqgns
vlaq T (duouinbign) aseusbolpAysp HAVN
89100 INN (dd) utsloidoneyy

‘v uungns ‘xajdwos aseusbolpAysp a1eu1dans

vleq T

D0A9dLV /pidi
30A9d1V H

4TA9dLV 4

0TX0D
9420

0T'E€9E/vVeTdIV
TINPN
80JNPN
LOINPN
TAINPN

16T /VHAS

uonoun4

aWeu aua

pale|nbal-umoq

NOILVTAHOHdSOHd IAILYAIXO

9 Jardeyo


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_004168&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_004545&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_004146&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_005004&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_002494&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_001676&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_001303&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_004231&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_003945&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_001694&doptcmdl=GenBank�

911

"JU3]Xa 13SS3| B 01 INQ Pale|nwiis aq [1S pinod aus uone|Aioydsoyd aulias puodas
3yl noyum T ewweb gyd/z wiojosi payeaunsl ‘suidlod umouy [etsnss BunejAioydsoyd

G9¥500 AN
‘(eluweh ‘g oseuny udloid) ¢ Bojowoy

Jo ajgeded "[eAlnns |89 BurreinBai ur ajoa e Aejd Aew yorym ‘g1fe Jo UOITEAND. 8U) 01 SPEaT]  8usboouo [eslA  ewowAyl suunw  Pe-A aMd/S IV
"(T-Jede) 10198} Buneanoe-sisoldode ayy 01 Buipuig Aq J10/pue eLIPUOYI0IIW
3U) WoJJ 9 awoay20149 Jo asesjal ayy bunuanaid Aq Jayus Alianoe asedseds suqiyu ‘sasedsed
yum waisAs dooj xaeqpasy e ul uonauny 0} sieaddy “Aljigesw.lad auelquiaw [eLipuoyI0IW
ayl Buljonuod Aq uyesp |90 Ssarenbay S||99 |eunau  pue dnalodojewayoydwA|
1uspuadap-1010e)  Bulpnpour  swaisAs |80 Jo AwueA e ul sisoidode  sessaiddng £€9000 WN ‘Z ewoydwA}/11D 1199-9 X/2-199
"SaseuIy| pue urewop 21wse|doifd
Jo1dadal ayy yum uoineroosse Ag sAemuyied Buljeubis 1uaiayip 01 Ajiwey Jjoxdsdal 8€TTZ0 INN
10198} SIS0JJ3U JNOWN] 3Y) JO SIaguiaw Syul| Teyl Jaonpsue.) jeubis pue uisioid Jsidepy ‘Z 1019e} pare1oosse-101dadal 4N L Z4vdl
"X9]dwod 8y} 1e g-asedses Jo Buissado.d pue Juswiinidal Jayung buiyoolq Agalsyl (9s1p)
xa]dwod Buljpeubis Buronpul-yieap ayl ul paurelas A1 st (syd) wswbely onkjosioid v
'sisojdode pajeipaw 9jsiyul JO JONIGIYUI UR Se S10V/ "S||99 Ueljewiwrew ul sAemuied yiesp [[99 6.8500 WN
pue [BAIAINS [|30 UdBMIBQ Yul| [e1onJd e Sse uonouny Aew yoiym uisiod lojejnbal sisoidody  ‘aorenbas sisoldode aIl-Qav4 pue 8dSvD Hv14D /di4
sisojdode jo Buneipaw juoieAnae o1kjosioad g-asedsed swioylad
(9s1p) xajdwoa Burjreubis Buronpui-yreap ayp pajjea srebaibbe Bunjnsay 'sioidsdas T-13uy 40 #2800 AN
(G6p9) se) parealnoe ayl 01 OT-asedsed 10 g-asedsed S1nudal Jeyl ajndsjow Joidepe onoldody  ‘urewiop yreap eIA paleldosse-(94SH4NL) sed aawvd
'sisoldode Jo Buirelpaw sy saleniul Yarym uoijeAnoe G/82ST NN
anAjosroid g-asedsed swopiad xajdwod Burjreubis Buionpur -yesp Bunpnsas ‘ioxdedsy (9 Jeqwisw ‘Ajiwepiadns 101dadas 4N1) Sed SvA4
"Saul| 189 Jowin) Urenad Jo yleap 182 8dnpul ued pue sabeydosoew Aq ps1aldss Ajurew si 1 65000 N 40198} SIS0108U Jown] 0 4NL
uonoun4 EEVENER) pare|nbai-dn
SISOL1dOdVv

9 Jardeyo


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_000594&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_152875&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_003824&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_003879&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_021138&doptcmdl=GenBank�

LTT

'sisoydode parelpal-£Gd Ul PAAJOAUL 8 01 UMOUS Udaq Sey pue £6d

Jossaiddns Jowny ayy Aq paiejnbal si auab siyl Jo uolssaldxa syl "9 awWoIyd0IAd JO ases|al
3y} pue [enusjod auriquIBW UI SSO] 8yl 0] Spes| Yyaiym ‘(Dwa/) |suueyd uolue juspuadap
-abe1j0A JelIpUOYd0IIW 3y} ‘Jo Buluado ay) asealoul pue ‘Y 1oeialul 0] pauodal si uidoud
sIyl “1oreAnde onoydode ue se suonouny pue ‘z109g YU Jawipolsiay e swaoj ulsodd siyL
"10}08) Bunejnwns

-Auojoo abeydoloew-a14 00 nurIb pue G-uIynNajIalUI ‘S-UI¥NajJaiul Joy Joidadal Aluiyge ybiH

'SuoJnau Alosuas JluoAiquis
pue onayledwAs JO UOIeIUBIBLIP puUe UOISIAIP Sa1e[nwIls 1] "SwalsAs snoAJau Alosuss pue
anayredwAs ayl Jo sdUBUSIUIEW pue JusWwdolaAap sy} 104 Juenodwl SI 1019y YIMoIB aAIaN

"S3NIAINOR Y 8SeNY pue (8SeNY) 8sea|onuogu sey os|e ‘SallIAIOe ases|onuoqlIAXoap 0}
uonippe uj ‘syoet; u(op) papuens-ajbuis ye pue u(op) u(bp) papuens-ajgnop e WNQ SeAes|D

"ABojoydiow anjoidode saanpul pue eup paxeu sapelbaq
'sisoldode BuLINp UOITESUSPUOD UITBWOJYD pue UoleIusWbel) BUP S8JNPUl Teyl aseajonN

€9/8€T AN ‘uteloid X Pslero0sse-¢104d Xvd
G6E000 NN “Anuiye g424so
-MO| ‘Blaq ‘101da%al g Jo1oe) Buneinwns Auojod /411
80EYT0 AN gyedId
‘G uungns AlorenBal ‘aseuny-g-apnisouloydsoyd METd
905200 AN
‘apndadAjod  ®19q  oloR)  ymolb  anleN 49N
GEYY00 INN 'O asesjonuopuy 9-0OdN3
98200700 AN
‘(aseNQ paleAl}oe-asedsed) apndadAjod g44d

eleq  'eQioy  ‘ojde)  uoneyuswibel  VNA /OY 44a
99S€TZ N ‘apndadAjod

aseNq pajeAnoe-asedsed ayy Jo Jouqiyul  eydpe  ‘eagy  Yoloe)  uoneuswbely  WNQ Sy 444
uonoun4 aweu aua9) pare|nbai-umoq
SISOLdOdV

9 Jardeyo


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_213566&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_001004286&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_004435&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_002506&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_014308&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_000395&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_138763&doptcmdl=GenBank�

8TT

‘sia10wo.d Jenja9 pue [ediA Auew uil Jussaid

aouanbeas e ‘(,g-[6e][oe]169e616-,5 :snsuasuod) (a12) Juswa|a asuodsas dwed ayy spuig uis1oad  088T00 N ‘g 10198} uondiiosue.) Buneanoy Z-41Vv
‘Ajsnowouoine wNQ puig 1ou
SB0P INQ ‘LIS JO BPIS,G Yl 01 SIORIUOD YN SAISUBIX3 Saxewl pue uolew.o) xa|dwod Aseus) £/6T00 N
JoJ JIS punog-wNQ Sa4inbay “JIs 10198} asuodsal winias ayl Yyum xajdwod Areusal e swio4 ‘T uisjold A10ssaode 43S ‘uisiold urewop-S13 X713 / eldes
'S8UIY 0149 awos Jo uonanpoud ay) ul
3]0J [eanud e sAe|d "gydexdew pue zxdexdew Se yons ‘saseury| Weansumop [eIaAss pue zie
pue TXJo Se yans ‘si010e) uondiiosuey Jo Jaquinu e BunejAioydsoyd Aq sprieyadesAjododi) GTST00 WN
pue sauolAo Alojewwepul -oid ‘ssans [eluswuodinue Ag uoneAlde 01 spuodsay ‘pT aseuny  uiglodd  pareande-usboup YIMdVIN /8Ed
"1l 0] P8123UU0D AJ193.Ip 1O WBISAS SNOAJBU GE/0.T NN
[eJJu2 Byl Ul Jaylia paledo] | aJe Jeyl suoneindod |euoinau JO JAIAINS BU) S310WOId  ‘1010By) a1ydojolnau paALIap-uleIg 4Nag
"Saul| 192 Jowin} UreLIad JO Yleap |]82 a3npul ued pue sabeydoioew Aq pa1aidas Ajule|n 65000 NN 10198} SISOJ93U Jown | ANL
I3 Sse yons s1010e) uonduosued) Jo Jaquinu e BunejAioydsoyd Aq s|189 pareriualayip ul /G68ET N
suonouny onouwisod pue ‘sISolIW ‘sISOIBW 40 uole|nbal pue uolenIul 8yl Ylog Ul PaAjoAU] ‘T aseury  uisjold  pareAlioe-usbou TMdVIN /M3
(T>48) £xdew Jo (Zx49) Tydew 1ou Ing (ged) pTdew se 07000 N YMZdVIN
l1em se (2yul) gqdew pue (THul) gydew saseury unl syl sereAnde 1eyl aseury A11o10ads jen@  ‘f aseury aseuly uisjoid pajeanoe-usbon JPOIN
980200 WN
Aemyied uononpsuely [eubis ayy ul paAjoAu] ‘gz ulslodd  punog-ioidadal  J01dR)  YIMOI9) 2499
"UOITRIUBIRHIP pue yimolh |[8d 822500 NN
0 |0J1U02 8U} Ul paAjoAu| “Ajie) 493 8yl JO Slaquiswl Jaylo J0) 0s|e Ing ‘493 Joj J0idadsy  ‘101dadal 10108} Ymoub [ewapid3 y493
slapJosip poow Jo ABojolq 8y Ul pue asuodsal ssadis
Jo uonenBal ayr ul ajos e Aejd Aew suab syl 'syusned asessip uoibununy pue sJawidyz|y
Ylog ur paonpal siI auab syl Jo uoIssaldx3 ‘1 0] Paldsuu0d AJ1dalIp 0 WBISAS SnoAJsU GE/0.T NN
[eJJU82 Byl Ul Jsylid paledo] | aJe Jeyl suoneindod |euoinau JO JAIAINS BU) S3l0WOId  “1010By) a1ydojolnau paALIap-uleIg 4Nag
'S1199 Joruaboud ansiodolewsay Jo uonenUaIayIp pue uoneajjoid
JO 1021U02 8y} ul 3joJ uenodwi ue sAeld "uisloid Bulpulg-wNQ ‘101eANRde [euonduosuel | TEZ9TO WIN ‘8Seury a)1|-owaN MIN
uonoun4 EEVENER) pare|nbai-dn
AdVIN

9 Jardeyo


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_016231&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_170735&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_005228&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_002086&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_003010&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_138957&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_000594&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_170735&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_001315&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_001973&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_001880&doptcmdl=GenBank�

67T

OJ1IA Ul 9YP2 pue ZXpa sarejAloydsoydap "Auoipi0ads peoiq e yum swAzug

31N19311Y2Je [e211102 JO JUaWdO[daA3P 8y Ul pue sisausboinau

Ul PaAjoAUl 3] OS|e Aew -Juswdojansp JeJnaseA Ul PaAjOAUl OS[e SI pue ‘sisauaboAl
pue sisauaboydiow oeipJed sjonuo) 'sauab oiy1oads -ajosnw Auew Jo suoibais Alojejnbal
Ayl ul juasaid juswisld zZow ayr 01 AJesiyoads spulq ydiym Jojeande uonduosuel |
" £-e01[69]eh1-,G Jnow Jawelday Jadueyua ay) 01 Spulq pue saziubodal ‘101oe) uondudsuel |

S|199-1 U1 Sauah auIy01A2 JO uoIssaldxa a|qIonpul ay) ul ajo. e sAe|d

‘Alllejod Jeuoinau 4O sdueUBIUIRW pUR

JUBWIYSI|geISa 8yl Ul PaAjoAul aq ybiw pue ‘Alljigels pue Ajquiasse ajngniooiw Sslowold
'saseuny dew gyJa pue TXJo SayeAlde ‘saseuly dew ul pajedo| asuanbas 1A1-n|b

-IY) ® Ul anpisal au1s0JA) e pue auluoalyl e Jo uolnejAioydsoyd juelioduod syl sesAje1e)
‘swiaysAs Buljjeubis auriquiaWISURI] SNOLIBA UI

SJaonpsueJ] 10 SI0TRINPOLL Se PaAJOAUI ale (sulsjosd B) suisjosd Buipulg-ap1osjonu auluens)
'suoJinau

Alosuas oluoAiquia pue onsyredwAs JO UOIRIIUBIBLIP PUB UOISIAIP SAIRINWIIS "SWISAS
snoAlau Alosuas pue dnsyredwAs ay) Jo sdueusiuleW pue Juswdolaasp ayl Joj Juenodw|

Buipuig 419

S[199 TY1 01Ul S||99 Jad|ay-1 JO uonenualaip paziejod Joy pasinbal

ale ul pue Ul ‘sp8o -1 ul “Auande jeuonduosues T-de sayeinbal snyl pue zie pue unl
-2 se yans T-de jo sjusuodwod Ajrewnid ‘si01oey uondiiosuen Jo Jaqunu e BunejAioydsoyd
Ag seunj01Ao Alorewwepul -oid pue SSaUIS |RIUSWUUOIIAUS AQ UOIBAIOR 0] spuodsay

896/.T NN

‘WJojosl e19q ‘Juapuadap-wnisaubew
‘(D¢  Apswioy) gr  esereydsoyd  urelold g02dd

16€£200 AN

‘(Dg Jo1oe) Jsoueyus 91h00Aw) O apndadAjod
‘z 10190y J3duURyud uonduosue)) xoq SAVIW JZ43N
822200 NN ‘susbioduo ung NNC-2
T60SLT N ‘2 uapuadap-urinauiofes ZO1v4N
‘a1sedolAo ‘s||ao-1L paeAnde JO 101oe) JesajonN J2-1V4N

¥€89T0O N ‘nel uisioid paje1dosse-singmosdlN - 1dVIN /neL

G5/200 N TMZdVIN

‘T aseury aseury uigoud pareande-usbouy JIMAN
€5€/00 WN ‘2T eydje

(ul01d9) ursloid Buipuig spnosjonu auluend  ZIVNO /219

906200 N

‘apndadAjod  ®19g  ‘J010R)  YmmolB  BAIBN 49Nz/1dIC
052270 NN

‘z Bojowoy auaboouo (Sel-l) [RIIA SYY paleley  SVHY /SVH

¥2€2T0 NN ‘zuteloid  zdISMdVIN
Bunoelslul g aseuny uisloid pareande-usbouN IINC

uonoun4

pale|nbal-umoq

AdVIN

9 Jardeyo


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_012324&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_012250&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_002506&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_007353&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_002755&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_016834&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_173091&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_002228&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_002397&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_177968&doptcmdl=GenBank�

0ctT

"aseuabe||0204d $a1eANDY "UNJBUOIAL pue sulle|eb ‘ulased sapeibag

"S31A|OWSO JO UOIR|NWNIoe

Je|n|199 paanpul-AloiuouadAy sarejnbay "sauab Jo uolssaldxa ajgionpul ayl ul 9joJ e sAeld
y6dsa BunejAioydsoyd Ag Ajnow 1199 ul ajod e Aejd Ae|N

"aWAzua o14198ds-auluoaiy) pue -aulias ‘quapuadap-pidijoydsoyd ‘pareAnde-wniojed e si SiyL

Aemuyred Burjreubis 1 NAA a1 Jo Jorenbal annebau e si uisloid papodua ay |
‘uonewuoy dib-oyl
Buioueyua ‘Agasayy ‘yab-oys pue dpb-oyd 1n1oa1 01 uisroid Buipjoyeas e se ajos e Aejd AeN

€27200 N ‘(duniamn
asepndadojjelow xR
¥T/8ET AN ‘aAIsuodsal
-A101U0] ‘G S||99-1 PaIeAIOE JO 1030R) JE3JINN

‘wisApiew) 2

L€1200 AN ‘eydje ‘D aseuny u1slold
82020 NN

‘T umodd  Bunoessul BB ‘UlUBIRD

266710 WN ‘T sissuaboydiow

LdWIN/BULRIN

1v4N

VOXdd /OXd

TdIGNNLD/1VOI

"uoljewloy xa|dwod oyl-JAp Paanpul -1 NAA S81eIpaw pue ‘oyl pue (JAp) pajaAsysip 01 spulg  JO  J0JeAlloe  pajeloosse  paj|aAaysia Tweeq
uonewuoy usaned Apog pue ‘quswdolansp |39 [euoinau ‘wsijogelswl ABIaus Ul PBAjOAU]  £60200 N ‘B18Q € aseury aseyiuAs usboaA|o -S9O
6GS..T INN
uIased se yans suiayoud aipioe sarejAioydsoyd ey aseury uisjoid autuoasyyeuiss e ‘epndadAjod T eydje ‘gz aseunry uisse) TVZANSD/ZAD
'S|189 Jonuabold onaiodorewsay JO UoIRIIUBIBLIP puUR uollela)ljold
JO 10J3U02 3y} Ul 8jos epodwl ue sAeld ‘uieioud Bulpulg-wNQ :JoreAnde euonduosuel TEZOTO WAIN ‘Bseuly| ayij-owau MIN
aurIquiaW Jeajonu 6TE200 INN
ay1 01 uirewoayd Bumjuil ur Jo uoissaldxa auab pue Buljjeubis sejnjjaoeaul ul sjos e Aejd Aew ‘(g asessIp  Jawisyzly) T Uljlussald TN3Sd /T-Sd
S|9A3] UluaYeI-Rlaq
Je|njjaoeaul saseadap Tdigs "sadAl 199 o1y19ads ul uonenualayp pue yimolb 1189 buienbal ZT0E00 N
u1 9jo4 & aney Aayl 'SINAM Y uondelsiul 19a41p ybnoayy Buijfeubis 1 NAA JO SIORINPOIN ‘T uiayoud pale|aJ-pa|zzlly (EIETRELS TdY4S /d¥4
‘Burjeubis um ui sajedionued pue Tquuld Jo uoiepelbap pides sajowoid “iossaiddns Jowny £88G00 WIN ‘Z 1109 sisodAjod sisorewousapy 20dVv
wisiueydsw Asongiyul-dwq e ybnoays 1ed ui sissusboAiquia ¥S7S00° AN
Buunp uoneWIO) S1IWOS pue UOIONPUI [RIN3U Jouvue ul ajol e Aejd Aew eyl aunolAD  ‘Ajiwepadns  1ouy  8ulglsAd ‘T snuaglad T-18D
‘sauab 1 N ajdngnw Aq pareipaw Aemyired uonanpsued) [eubis ayy ul ajos e Aejd Aey TZr700 WN ‘T Bojowoy ysp ‘pajjanaysia TAQ
"sI1aquiawl Ajiwrey Jum saejAoniwped eyl aseajsuelijAoliwfed
-U  aulgsAo-ulglold  ajgeqold  csuteloud  INAA JOo Buissedsodd syl serenpolN 628220 WN ‘Bojowoy auidnaiod 204d
EEVENER) pare|nbai-dn
LINM

9 Jardeyo


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_022825&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_004421&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_005454&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_005883&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_003012&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_007319&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_016231&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_177559&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_002093&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_014992&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_020248&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_002737&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_138714&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_002423&doptcmdl=GenBank�

1t

sAemuyred ay) wo.y parejodetixa aiam uolreinbal-umop Jo dn Buimoys seuab syl «

T-dV X3]dwod 1019e} uonduasuel) syl buiwio) Agatsyl ‘Ajiwey

NAOC 3yl Jo suidloud yum azuawip ued yeyr suidloud addiz aulons) spodus sauab asayl
S|199 TY1 01Ul 1199 Jad|ay-1 Jo uonenualayip pazisejod 1o} pasinbal

are ul pue Ul ‘sjgo -1 ul ‘Auanoe jeuonduosuesy T-de ssyejnbas snyl pue gye pue unl
-2 se yans T-de Jo sjusuodwod Ajrewid ‘si01oey uondiiosue Jo Jaqunu e BunejAioydsoyd
AQ seurj01Ao Alorewiwepul -oid pue SSailS |RIUBWIUCIIAUB AQ UOIBAIIOR 0} spuodsay
" £-e01[69]eh1-,G Jnow Jawelday Jadueyua ay) 01 SpuIq pue saziubodal ‘101oe) uonduosuel |
‘S[ewwew

pue eigiydwe ‘ysiy ul jussald aq 01 punoy SI uidoud SIyl -uoneuswbes wispossw
Ul panjoAul ag Aew 3] ‘surewop aI-(493) Joioe) Yol ewuspide G pue ulewop
(41M) Joxoey Alongiyur 1N € sutejuod utgioid siyL "SsniAnde sy} suqiyul pue suisjold
INM Spuig yoiym ‘uisjoud parasdas e sepodus auab syl -wswdojansp dluoAiqua Jo
|013U0D By} Ul PBAJOAUI S3|nJajow Buljjeubis Jejnjjadeiixs aJe suislodd | NAA uoleluawbas
WLIBpPOSaW Ul PaAJOAUl 8g AeN "SBlIAIIOR JIBYY SHIyul pue suigloid JNAA O spulg
‘sauab anlsuodsai-bm Jo Jossaidal jeuondiiosuea) e se sjoe pue 046 01 spulq

1 ‘WJe Jo aJuasge ayl ul Ing ‘I101eAnde [euondiosues) B se s1oy 'senssiy 1npe Buidojanasp
ur pue soAiqwsa ul eubis (Bm) ssajBuim syl aonpsues) 01 wlie YU Jaylebol suonound
UOIRAIIOR

Jeuonduosuen Joy Bel oiy10ads e Bulalb ‘sauoisly Sse1e|f190y “awAzua asels)suel]|A180y
Jredal wNQ pue ‘sisoldode ‘aouadsauss aaledl|dal pue 1saLie yimolh pajeipaw Jossaiddns
Jnown) ‘uonanpul ymmoib parelpaw auaboouo-o1oid pue ausboouo yiim pajerdosse swelboid
[euonduiosueny Jo uoneAnoe syl Joy pasinbal aq AeN -uolnessyijoid |80 1oy |enusssy
'sisojdode aonpul ued ‘uluaea-g sae|nbal

-UMop ul19104d papoous syl ‘urewop (X]Q) UIXe pue paj|aAdysIp B pue urewop (S9OY)
Buijeubis uis1o4d-9) Jo uone|nbal e sureluod yaiym uisroad aiwsejdoiAo e sapoaus auab siyl
sisauaboAiquia Burinp Buluiaied pue aley 199 Jo uone|nbai Buipnjoul ‘sessadoid
|ewuswdojansp [elanss ul pue sissusboouo ul peredljdwi usaq aAey suisioid B8sayL

8€¥S00 WN ‘T uabnue a1-s04

¥2€ZT0 N ‘2 utsjoud
Bunoesaiul g aseury u1soid payeAnoe-usbo

822200  WN ‘auaboauo ung

T6TL00 WN ‘T 1030} A10HgIyul 1 NA

692910 AN

‘T Jo1oe} Bulpuig-1aaueyua proydwAT
08€700 N ‘(dWwoipuAs

1gAB L -uteIsuigny) utsiold Buipulg 934D

L0/£00 AN ‘T a1-gAny

20SE00 IAIN ‘T UIxy
/80970 N
‘Apwrey aus uonelbaiul A LN 2dA1-ssa|Buipn

T1S0O4/T-ed}

CdI8AdVIN HINC
NAC-2

T-HM

d99342/d92
T1aANyd
f¢sulsiold
TUIXv

JUM

pale|nbal-umoq

LINM

9 Jardeyo


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_016087&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_003502&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_003707&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_004380&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_016269&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_007191&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_002228&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_012324&doptcmdl=GenBank�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=Search&term=NM_005438&doptcmdl=GenBank�

24}

(parEnEas dn) pas o1 ([eHnau) mol[a4 yonodys (palemias uamop) waald :wone[ndat auad ay] Funuasardar am sawayas Mool 2], (Sapls Avim ol
pareanda 233 ayj Juasasdar sagoq Yo a WYL SUCISIATR 330] 3], aunuipeuwis Aq s10a]j2 uonendat auasd ayj Juasardar sauald a1y o] juagelpe

SeEoq Ay, (W Aemyle djEs axydl aumouan M ol Avmiyied sEFa3] Jo uotstan pasaye) Avanied uonepiroydsoyd aanepyy g 2mdrg

AL DEI0O

[aso [wmn]we [m [ o0 [ m [ 1 = X0 | @Lop | O%on | qXod
£AT03 14 A0 DAL S0 ER3 HRED 3 MHAR AL 400 | WEoD | O%60 | gron
woin | gokn | pokp | godp | godo |wea

m“ ﬂ TR0
LIXCD vea -._ 0D _Dﬂng_ﬂuns_tbns SR00| KO0 | YILOD anDDHJ.B."OD PRCD | 20D | IXCD | EXO0D R 0IXOD) &
_“..F..m_ a3 E ER ER . L SRR 3 Aoy ML

__
[wan | s | aws | ecow | [ama [ owa | awa [ vwd |
_- u._ T a HIPE | YUPE | OUPE | DMFE |WE
s TR0 2) #dl v #0- 4 gHOS | YHOS | QHOS | 2HOS | 8
FEMNPAL 2 RUAN[INET AR | IR RTINS
(I Tl ilslalolalv]
{esnodreniord) sy s80- 4 L] | B = B
N a8 T e R Sy B e B A R S I
=] ] 0 } 1_ ¥ z o — — E———- - -
&l'-l. T . T [irempriasmpsoresnpn] exmps [ssmon [eeap [Gempnt [Smont [pampr [osmen [ZompH [smib | 2
® 5 [wopeds | wip | d2go | s ..a.mW wag L [[ron | ot | gxon [ rwen [omen [ mew | awen [ auen [auen | awen [ ouon | rost [ wuont | mest | rwest T oamoont | owent | e
- FAGE ) ALY - [F0aH | Won | T90R | Woun | (ouN | 159K | HOGH | COON | 400 | @00 | G | S00H | GO | YoUH | ViE
[a [ ¢ [ & Juonste] mrw _E”E_ ,“”_w [ Jn.“....._ [T [EAR oo [ TAb [ mart [ 5moet [mort [ Gmort [roauest [ 6o [ B bt [1omeit] @
W1iese ) HOALY G-
[[zan [ san [wran [ ran [ ean [ zan [ oK | =
sl pAEp HOwH
+HO O «I¥H
QHIVH
{ @m0k
{#naoy)
SERPED I ABATY LD
T
g Eo: L._un nwﬂ
g

A xeydunosy Al xapdmog 1 apduioz 11 xagdunag 1 xapdmogn

| wolrviadonasoHazaLvano |

9 Jardeyo




ect

(paiendas dn) pai ol (emnau) me[[ad ysnomy (pale[ndad Uwmop) Uaaid wone[nSar aual o) Sunuasaidar aie samWayas moed ayJ,
‘(sap1s Avrm oot pajearjdar 3amy) Ayl Juasasdal saxoq YOES UM SUCTSTANR 220y) 2], aUIIpoutAS Aq 51032 wone[nEal auad ay) juasardas

sauaf ayj o) wacelpe saxoq Ay, (I Avmaiied S5 aoydl amouas ) oy Avmyled s88a37 Jo vorstaa pasaye) Aemyied sisordody egg amrg

sang HE

. Ed8VD ISV ————————— — —— —{ LD e

sdwurg YHQ meodody o —————————— IWE e[ W0 Ja— 7T FERE

d-

|
|
B WLV
[L.r%
z-leg _|_ gsd

LE SR Ll R

saman
moag O WHG

v \

ascdody - — UonOusndey o BE o0

WHA

_+ UONRPRIES] e | SPAIT

_ -

| 2
-

| - \\ i

e
F ensqng asudeen A

o ademgy

PO wEY02R0

EERATT IS
M3 PO PUL-y 500

wonxeray dadaoar
ORI HITHORAT

AR AFTNXE

S150L404dv

9 Jardeyo



Chapter 6

Figure removed, please consult
print copy of the thesis held in
Griffith University Library

Figure 6.5b. Apoptosis pathway showing the physical location of the genes within the
cell.  (reproduced from Proteinlounge: http://www.merckbiosciences.co.uk).
U = upregulated, D = down-regulated.
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Chapter 6

Figure removed, please consult
print copy of the thesis held in
Griffith University Library

Figure 6.6b p38 MAPK pathway showing the physical location, within the cell, of the
genes involved in the pathway (reproduced from BioCarta: http://www.biocarta.com).
D = down-regulated by gymnodimine; U = up-regulated by gymnodimine.
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Chapter 6

Figure removed, please consult
print copy of the thesis held in
Griffith University Library

Figure 6.7b Wnt pathway showing the physical location, within the cell, of the genes
involved in the pathway (reproduced from BioCarta: http://www.biocarta.com).
D = down-regulated by gymnodimine; U = up-regulated by gymnodimine.

6.3.2.3 Real-Time PCR
To validate the microarray analysis, real time PCR was performed on several genes of

interest. For each PCR analysis, their CT (cycle threshold) was corrected using the house
keeping gene (actin). The amplification of genes is measured by PCR efficiency at the
time of CT. Genes listed in Figure 6.8 showed agreement with the microarray data,

however none of the genes were significantly up or down-regulated.
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Figure 6.8 Results of Real time PCR. Genes of interest are shown on the x-axis and the

PCR efficiency is shown on the Y-axis.

6.4 Discussion
Numerous assays using cell lines have been developed as alternative methods to animal

testing. The work conducted on cells lines have shown to be useful in cytotoxicity and
mechanistic studies (Amzil et al. 1992, Naline et al. 1994), however there are limits in
that the concentration of toxins administered on cells cannot be compared to the doses
used on whole organisms. Methods such as microarray analysis and cellular toxicity are
useful tools in investigating potential chronic effects of toxins.
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6.4.1 Cytotoxicity
Although there were a number of published articles on cell toxicity of algal toxins, the

toxicity levels varied between species and between cell types. It was therefore, critical to
perform the MTS assay on human liver cells (HepG,) to derive the ICs levels for all
toxins prior to the microarray analysis (Figure 6.9).

In the present study, the IC3 level for OA was 10 nM, however, a higher concentration of
OA on human bronchus cells showed no sign of toxicity (Naline et al. 1994), whilst the
LCso level for KB cells was as low as 3.7 nM (Amzil et al. 1992) (Figure 6.9). This
difference implies that cell lines may have differing tolerance levels to toxins,

highlighting the importance of working with varying cell lines whenever possible.

The IC3 level for DA in the present study was 100,000 nM, which was 10 fold higher
than the toxicity seen in human and mice brain slices (Ross et al. 2000, Erin et al. 2003)
al). Again, this may be due to the differences between brain slices and cell lines, showing
the difficulty in comparing the doses-response relation between the cells and tissues, let

alone a whole organism.

In a study conducted using MTS, GD was toxic at 10,000 nM on neuroblastoma cells
(Dragunow et al. 2005). This was 10 fold higher than the 1Cs level of 100 nM for human
neuroblastoma and liver cells obtained in this study. It is difficult to explain this
difference except for the fact that the former study was conducted to determine the lethal
level of toxicity whilst this study aimed to obtain the 1Cs level. Dragunow et al. (2005)
has also shown that pre-exposition of cells to OA sensitises the cells to GD, hence in the
wild where mix of toxins exist, GD may be more potent than when toxin occurs on its
own. This is critical in this study as GD was present at the same time as OA, and the

combination of toxins could potentially increase the potency of GD.
The LCs of PTX-2SA on HepG; cells has been documented to be 922ng mI™ (1052 nM)

(Burgess 2003). This is significantly higher than OA or GD shown in this study, however

lower than the 1C3 level of DA. This reveals the order of toxicity of the algal toxins. The
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difference in the potency between the toxins as observed between PTX-2s , OA, DA and
GD is most probably due to the differences in the mechanism by which toxins affect the

cells.
a
Lethal
Cellular toxin (myelema)
Kangetal 19%4
IC,, EB cells)
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Severe +— B 7+
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Figure 6.9. IC3 level for HepG; cells conducted in this study compared to the dose-
response data accumulated from the literature: a) okadaic acid; b) domoic acid. The circle
represents the results from this study.
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6.4.2 Mechanistic toxicity from Be-2 cell study
The bulk of this pilot study is presented in Appendix A of this thesis. Results from this

pilot study show the potential target genes for OA, DA and GD. As there was limited
dose-response study on GD, further investigation on this toxin was conducted using

HepG2 cells with three biological replicates.

6.4.2.1 Okadaic acid treated cells
One of the genes up-regulated by OA treatment codes for the dual specific phosphatase 4

(DUSP4). The phosphatases are known to inactivate their target kinases by
dephosphorylating the phosphoserine. This finding can be supported by the fact that the
OA group of toxins is potent and selective inhibitors of three of the four protein
serine/threonine phosphatase; type 1, 2A and 2B (PP1, PP2A, PP2B) (Bialojan & Takai
1988, Arias et al. 1993). Their relative toxicity is related to their affinity for protein
phosphates (Holmes & Teo 2002). Another up-regulated gene of interest codes for
STXA4A syntaxin 4A, as the ratio of expression between the control and the treated cells
are the highest for this gene. This gene is potentially involved in docking of synaptic

vesicles of presynaptic active zones.

Previous studies has shown OA to induce DNA adducts and it is therefore, suggested to
be a carcinogen (Creppy et al. 2002). Even without changing or mutating DNA base
sequence epigenetic alterations in DNA methylation can occur (Creppy et al. 2002). Such
changes in DNA methylation patterns can strongly affect the regulation of expression of
many gene (Cerda & Weitzman 1997). Low concentration of OA increases DNA
methylation (Matias & Creppy 1996b), hence OA may interfere with gene regulation
expression and cellular proliferation and participate in promotion of epigenetically-
induced tumours by gap junction communication (GJIC) inhibition (Creppy et al. 2002).
This inhibition of GJIC is believed to be important in promotion stage of carcinogenesis
(Budunova et al. 1996).
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Another gene which was down-regulated by OA was GABRB3 gamma-aminobutyric
acid A receptor, beta 3. This is a multi-subunit chloride channel that mediates the fastest

inhibitory synaptic transmission in the central nervous system.

6.4.2.2 Domoic acid treated cells
One of the up-regulated genes codes for KCNABL, potassium voltage-gated channel,

shaker-related subfamily, beta member 1. Some of the known potassium channel
functions are the regulation of neurotransmitter release. As DA is a known excitatory
toxin which affects the glutamate receptor, this up-regulation of the gene may explain the

mechanism of this effect.

Two down-regulated genes, related to Alzheimer disease were also present. One codes for
the APP amyloid beta precursor protein. It is implied that mutation in this gene can affect
Alzheimer disease and cerebroarterial amyloidosis. The second gene codes for UBB
(ubiquitin B). This covalently bonds to protein to be degraded. An aberrant form of this
protein has been noticed in Alzheimer’s and Down syndrome patients. Domoic acid is
especially known to affect the glutamate receptors in the CA3 region of the hippocampus,
a region responsible for functional memory (Cendes et al. 1995, Sari & Kerr 2001). This
region of the brain is also affected in patients with Alzheimer disease.

Additionally there were two genes which had similar functions, yet one, PSMB4
proteasome subunit beta type 4, was up-regulated by DA while other gene, PSMD1
proteasome, was down-regulated (Table A.3). Both of these genes code for proteasome, a
multicatalytic proteinase complex, known to cleave peptides in an ATP/ubiquitin
dependent process in non-lysosomal pathway. This protein may not be affected by DA
since the up and down-regulation for these genes will cancel each other out. It may

therefore not be a significant protein for the mechanism of this toxin.

6.4.3 Mechanistic toxicity for gymnodimine
Gymnodimine is a relatively newly discovered toxin. Although GD is toxic when injected,
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it is not toxic to mice when dosed orally with food, but has been shown to be toxic when
dosed orally via gavage. It is a cyclic imine, functionally related to spiroloides,
pinnatoxins and prorocentrolides, all of which are known as “fast-acting toxins” when
they are injected into mice (Seki et al 1995, Stewart et al 1997, Stirling & Kharrat 2002).
This project provides a novel insight into the possible chronic effects of GD by
investigating the gene regulations affected by the toxin. Several pathways were chosen as

GD showed significant regulation of some of the genes within the pathways.

Oxidative phosphorylation

There are five main complexes within the oxidative phosphorylation pathway (Figure
6.4). The MTS assay used to assess the 1C3o level of algal toxins in this study measures
the complex I, succinate dehydrogenase (SDH) (Berridge & Tan 1993, Marshall et al.
1995). Succinate dehydrogenase complex catalyses the oxidation of succinate to fumarate
in the Krebs cycle and the MTS assay measures the amount of fumarate after dosing of
cells. It is therefore not surprising to find the gene responsible for SDH to be down-
regulated in this study. The down-regulation of the SDH gene is significant to the cell

survival as this step is critical in ATP production..

Gymnodimine also down-regulated the ATPase gene (complex V) which is responsible
for ATP production (Figure 6.4). This is a critical step in cell metabolism and production
of energy for survival. If gymnodimine reduces the ATP production, the energy supply for
cells will be reduced, leading to death. This is a critical gene and further study to validate
the down-regulation of this gene will be essential.

Apoptosis

The initial stage of the apoptosis pathway includes the Fas and Fas receptor genes, which
are members of the tumour necrosis factor receptor (TNFR) (Wajant 2002). This
subfamily of TNF genes are known to trigger apoptosis of tumour cells (Chen & Goeddel
2002). Gymnodimine slightly up-regulated these genes, showing signs of mediating

apoptosis (Figure 6.5D).
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Another interesting gene within this pathway is the protein kinase B gama (AKT/ PI3K)
gene which belongs to the Akt family. This family of genes are known to affect cell
survival by antagonising apoptosis by phosphorylation (Kim et al. 2001). The activity of
Akt have been reported to be increased in different tumours, suggesting its role in
inhibition of cell apoptosis and promoting tumours (Cristiano et al. 2006). Therefore GD
may be up-regulating this gene (Figure 6.5a-b). This may be an implication for chronic

effects of GD in shellfish consumers.

In another study, PTX-2 has been shown to affect the Bim/BAM genes within the
apoptosis pathway, and lethal at 100ng mI™ (117 nM) (Chae et al. 2005). This level is
similar to that of GD in this study.

MAPK Signalling Pathway

The mitogen activating protein kinase (MAPK) was also affected by PTX-2SA as the
gene CDC42 was up-regulated (Burgess 2003). In the initial stage of the pathway, GTP
binding protein (RAS) is activated by adapter molecule (GRB2) and guanine nucleotide
exchanger (mSOS) (Seger & Krebs 1995). The RAS subfamily within the MAPK
signalling pathway has been reported as essential for the long —term memory formation
as shown in Figure 6.6b (Orban et al. 1999). Gymnodimine was seen to up-regulate
GRB2, however the RAS gene was down-regulated. The RAS gene may be of interest for
future study as long term exposure to GD may have a chronic effect on the long term

memory of the consumers.

The Raf genes, responsible for activating the MEK genes were not effected by the toxins,
and the MEK genes, responsible for passing the signal into the nucleus of the cell (Seger
& Krebs 1995), showed both up and down-regulation, hence difficult to predict if GD has
any chronic effect on the MAPK pathway actions in the nucleus.

WNT Signalling Pathway
In the Wnt signalling pathway, the protein R-catenin plays a major role in this pathway as
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it moves from the cytoplasm into the nucleus when it is activated. Within the canonical
Wnt pathway, when the gene dishevelled (Dv1) is activated, it inhibits the second
complex of proteins Axin, GSKs and APC (Liu et al. 2005, Nusse 2005).

In this project, Dv-1 was not expressed by GD, and GSK-3 R and APC were up-regulated,
while Axin2 was down-regulated. This shows the complex interactions of genes within
the pathway. It is also known that when Wnt is absent, 3-catenin protein is destroyed by
phosphorylation by Axin, GSKs and APC (Nusse 2005). In this study, gymnodimine
down-regulated Wnt, Axin 1 and up-regulated APC2 gene B-catenin inhibitor, hence it is
likely that [3-catenin would not be abundant. The Wnt pathway signalling normally blocks
degradation of R-catenin, however GD may have a reversing effect to this pathway and
inhibit R-catenin from entering the nucleus. Since this Wnt signalling pathway is
considered a major oncogenic mechanism, if one was to only consider this pathway, GD
may act in favour of the consumers of this toxin and exert an anti-carcinogenic effect.
However, with the complexity of signalling pathways and gene regulation, it is difficult

to predict how individual genes will interact.

6.4.4 Validation
In this study, the quantitative real time PCR (QRT-PCR) was utilised to validate the

microarray data. The gene NLK was up-regulated in both microarray and QRT-PCR
whilst other genes tested were down-regulated in both methods used, however none of
the QRT-PCR showed significant results.

Careful experimental design was undertaken for the study of effects of gymnodimine on
gene regulation of cell lines. Three biological replicates were used for the cell lines,
within which there were three experimental replicates. A high quality RNA were used for
the microarray and QRT-PCR analysis. Several experiments were conducted to obtain the
purest set of RNA and the highest quality of PCR runs, however the microarray analysis
could not be validated using QRT-PCR. Although microarrays provide an unprecedented
capacity for screening vast amount of genes, validation by QRT-PCR can result in

disagreement (Morey et al. 2006) and there are several cited problems with microarray
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comparison to QRT-PCR. The fluorescent dye which labels and distinguishes the control
and the treated genes may have slightly different efficiency (Yang et al. 2002). The non-
specificity and cross hybridizations of labelled probes are also problematic in microarray
experiments (Chuaqui et al. 2002). It is possible that genes with some homology may
have also hybridised with the spots on the array, which may be different to the annotated
genes, for which the primers for QRT-PCR were designed. This implies that future work
is required in validation of the microarray work by analysing multiple genes within the

same family of genes which were significantly up or down-regulated by gymnodimine.
This study provided insight into, and a screening process on gene regulation by OA, DA

and GD. As further knowledge on chronic toxicity becomes available for these algal

toxins, it will be possible to investigate further into individual genes and pathways.
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Chapter 7
Risk characterization for humans and dugongs
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7.1 Introduction
Risk characterisation is the final step of health risk assessment (Renwick et al. 2003).

From the dose-response information, tolerable daily intake (TDI) can be derived from the
lowest observed adverse effect level (LOAEL) or the no observed adverse effect level
(NOAEL), and dividing those values by the uncertainty factor (Formula 7.1) (Duy et al.
2000, Gundert-Remy et al. 2002). The guideline value (GV) and Reference dose (RfD)
can be calculated from the TDI. These numbers can then be compared to the exposure
values, such as daily intake (DI), obtained from the exposure assessment step. If the DI is
lower than the RfD, then the amount of exposure is considered “safe” while if the DI is
higher than the RfD, then the exposure is considered to be “unsafe” (Renwick et al. 2003).
The degree of unit however depends on the magnitude of the quotion of TDI and RfD.
Additionally, variations between individuals in a population (interspecies) and between
different species (intraspecies) need to be accounted for by incorporating uncertainty
factors (UF) (Gundert-Remy et al. 2002).

There are at least two ways of undertaking risk characterisation. One approach is to
calculate the TDI through LOAEL and UF. This method is normally used to characterise
the human health risk (Duy et al. 2000). The second approach is to obtain the risk
quotient through taking the exposure and dividing this by the toxicity. This approach is
sometimes called the deterministic approach (US-EPA 2006), and is normally used to

assess the environmental risk.

In this study, risks related to acute effects caused by algal toxins: okadaic acid (OA),
domoic acid (DA), gymnodimine (GD) and pectenotoxin-2 (PTX-2), from consumption
of seafood for humans and dugongs were characterized by comparing the exposure levels
determined in the field (Chapters 3 and 4) to the acute levels of dose-response data
interpolated from the literature (Chapter 5). For comparison, both approaches of risk

characterisation are utilised for both humans and dugongs.
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For chronic risk characterisation, information compiled from the literature, and data from
microarray analysis conducted during this project, were assessed. With the information on
effects of toxins on cellular and molecular targets, there are no direct methods for
comparing the concentrations used and the exposure levels, however, the toxicodynamic
study on cellular levels can provide an important endpoint of the toxins (Gundert-Remy
et al. 2002). Most tests conducted at the cellular and molecular levels are aimed at
obtaining information which may be related to a long term exposure leading to chronic
effects. The aim of this chapter is to perform risk characterisation based on acute effects

and chronic effects and the exposures determined from this study.

7.2 Methods

For both humans and dugongs, the acute effects were used to conduct the risk assessment.
Information on chronic effects was investigated to provide mechanistic information for
qualitative use in characterisation of chronic effects. This was however not incorporated

in the calculation of the risk.

7.2.1 Calculation for daily intake & guideline values for humans
The daily exposures (DE) of humans to the toxin were calculated in Chapter 3a. This

produced mean and maximum DE (Formula 7.1). These data were used to calculate the
estimated daily intake (DI), or toxin level in tissue, by dividing DE by the body weight
(BW) (Formula 7.2). Mean body weight for humans was estimated to be 70 kg.

Formula 7.1: DE (ug day™) = Toxin in food (ug g™*) x daily consumption (g day™)

Formula 7.2: DI (ug day™ kg™*) = DE (ug day™)
mean BW (kg)

Tolerable daily intake (TDI; pg kg™ day™) was calculated using the lowest observable
adverse effect level (LOAEL; pg kg™ day’) from the literature divided by the uncertainty

factor (UF; Formula 7.3) (Duy et al. 2000). The uncertainty factor comprises of
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interspecies variation (factor of 10), intra-species variation (factor of 10) and an
additional factor for extrapolating from less than chronic results from non-long-term data
(factor of 10), which comes to the total of 1000 (Duy et al. 2000).

Guideline values (GV: pg kg™) were then calculated using the TDI, multiplied by the
body weight (BW: kg) and then divided by daily consumption of seagrass (C; kg day™)
(Duy 2000) (Formula 7.4). This was compared to the estimated DE for humans. Data are

presented as mean value + standard deviation.

LOAEL
UF

(TDI x BW) + P

Formula7.3: TDI =

Formula7.4: GV =

Tolerable daily intakes were calculated for acute effects, using information extrapolated
from the literature, whilst for chronic effects, both information from the literature and the

microarray analysis were used (Chapter 2).

For deriving reference dose (RfD), an additional 10 fold factor is applied if using a
LOAEL instead of an NOAEL. This is to account for the uncertainty involved in
conversion of LOAEL to NOAEL (EPA 1986). A modifying factor (MF) can also be used
depending on the scientific uncertainties of the study used (EPA 1986). Numbers between

one and ten are used for MF depending on the study.

To characterise the risks using the deterministic approach, the reference dose and risk
quotient were obtained by incorporating list of variables (Table 7.1). Using this method,
the uncertainty factor is not incorporated as this is a precautionary measure for acute
toxicity (Hung et al. 2006). The toxicity reference value (TRV) takes into account the
differences in the body weight of the test and the receptor animals. Test animals for algal
toxins in most cases are laboratory rodents and primates. The receptor animals for this
study were humans. These values were calculated using varying contamination

concentration
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7.2.2  Calculation for daily intake & guideline values for dugongs
Concentration of OA per seagrass was calculated for each seagrass extract by dividing the

OA concentration by the volume of extract and then multiplying by the wet weight of
seagrass (Chapter 4; Formula 4.1 and 4.2). In brief, estimate of potential dugong exposure
to OA was based on daily seagrass intake of 40 kg day™ (Lanyon 1991, Bjorndal 1997)
and the calculated abundance of toxin production of P. lima on each seagrass species.
Tolerable daily intake and guideline values were calculated, as above (Formula 7.3 and
7.4). The proportion of source (P) will be 1 for this analysis as it is assumed that all the
source of OA is from seagrass alone. The reference dose and risk quotient were
calculated using the equations listed in Table 7.1. Some of the values were substituted for

dugongs.

Table 7.1. Definition and equations for calculation of risk associated information. The

mean, the maximum and 5, 50 and 95 percentile values were chosen.

Humans Definition Equations and values
CF* Contamination concentration Toxin mean, maximum
IR Ingestion rate 0.25 kg day™
Fl Fraction ingested 1
EF Exposure frequency 52 day year™
ED Exposure duration 80 years
BWt Body weight of test species (mice) 0.2kg
BWr Body weight of receptor species 70 kg
AT Average time 4,171 days
LOAEL*  Lowest observed adverse effect level ~ Toxin level
TRV Toxicity reference value LOAEL (BWt/BWr) %%
MAC Maximum allowable concentration (TRV x BW x AT)/(IR x FI x EF ED)
RfD Reference dose (MAC x IR x FI x EF x ED)/ (BW x AT)
RQ Risk quotient (CF/food)! MAC
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Table 7.1 (cont.)

Dugongs  Definition Equations and values
IR Ingestion rate 40 kg day™
EF Exposure frequency 365 day year™
ED Exposure duration 70 years
BWr Body weight of receptor species 700 kg
AT Average time 25,550

* CF and LOAEL are toxin dependent; CF is also species dependent

7.3 Results

7.3.1 Humans
The field data on OA, DA, GD and PTX-2s were compared to the dose-response data

accumulated from the literature (Figure 7.1 — 7.4). The estimated dose of OA (ug kg™
bw) in field-collected shellfish samples was at least 10 fold lower than the level known to
cause human diarrhoea. As for DA, the highest estimated dose from the field-collected
shellfish was closed to 100 fold lower than the TDI for DA (Marien 1996, Toyofuku
2006). The range for GD found in the field was small and the highest estimated dose was

at least 1000 fold lower than the oral dose corresponding to the NOAEL in mice.

As dose-response data for PTX-2s are limited, the information on PTX-2 and PTX-2SA
are plotted on the same graph (Figure 7.4). The estimated dose for PTX-2 in field-
collected shellfish is ten fold lower than the predicted acute intake level issued in Canada
(Toyofuku 2006). As PTX-2SA showed no toxicity when administered both via gavage
and by i.p (Miles et al. 2004a), the estimated dose for PTX-2SA from the field shows no
health risk when compared to the dose-response data. When PTX-2SA levels in field-
collected shellfish were compared to dose-response data for PTX-2, it overlapped with
the acute intake level for PTX-2 in Canada, but was lower than the acute uptake level for
PTX-2 in Norway (Figure 7.4) (Toyofuku 2006).

Lowest observed adverse effect levels (LOAEL) were extrapolated from the accumulated
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literature, and TDI and GV were calculated for each of the toxins (Table 7.2). The
maximum daily exposure and maximum toxin concentration present in shellfish tissue
were obtained for both Queensland (QLD) and South Australia (SA) (Table 7.2).
LOAELSs used for risk assessment in the later section, are in bold letters. The risk quotient

calculated using the deterministic approach is summarised in Table 7.3.

When the TDI and the maximum daily exposure of toxins around North Stradbroke
Island (QLD) are compared, all the daily exposures are lower than the TDI except for
PTX-2 (Table 7.2). The TDI for PTX-2 varies between 0.05 to 5, and the maximum daily
exposure level obtained from this study is one, which is still lower than the upper limit of
TDI. Similarly, when the maximum toxin concentrations detected in shellfish are
compared to GV (Table 7.2), the two toxins in which maximum toxin level in shellfish
exceeds the GV are PTX-2 and PTX-2SA.

The maximum daily exposure levels for both OA and PTX-2 exceeded TDI, and the

maximum PTX-2 levels in shellfish exceeded the GV in South Australian samples during
Dinophysis bloom (Table 7.2).
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Chapter 7

Table 7.2. Calculated tolerable daily intake (TDI) and guideline value (GV) for OA, DA, GD and
PTX-2s using doses used on whole organisms. Doses were given orally unless otherwise stated. TDI
and GV shown in bold were used for risk analysis. Uncertainty factor (UF) was based on the
variations. OCD = ornithine decarboxylase. The last row of each toxin shows the maximum daily
intake and maximum OA concentration found in shellfish.

Dose Effects UF TDI GV References
ug kg™ ug kg'd* ug kg
OA
1 sign of toxicity * 100 0.01 2.8 Toyofuku 2006
40 diarrhoea* 100 0.4 112 Hamano 1986
50 diarrhoea*** 5000 0.05 14 Matias & Creppy 1996
500 induce ODC *** 1000 0.1 28 Suganuma et al. 1992
14.3 skin tumour *** 1000 2.9 ng 0.8 Fujiki 1991
0.84 PP2A inhibition 5000 0.17 ng 47 ng Haystead et al. 1989

QLD: Daily exposure = 0.2; maximum OA concentration in food = 45 ug kg™
SA: Daily exposure = 1; maximum OA concentration in food = 280 ug kg

DA
500 NOAEL ** 1000 0.5 140 Iverson et al 1990
5000 vomiting ** 1000 5 1400 Iverson et al 1990
1000 vomiting * 100 10 2800 Perl 1990
2250 scratching i.p.*** 5000 2.3 630 Iverson et al 1990
50 vomiting i.v.** 1000 0.05 14 Truelove & Iverson 1994
4000 lethal i.p.** 10000 0.4 112 Tryphonas et al 1990
QLD: Daily exposure = 0.9; maximum DA concentration in food = 256 g kg
GD *kx
7500 NOAEL 1000 8 2100 Muday et al. 2004
755 LDsogavage 10000 0.08 21 Munday et al. 2004
96 LDspi.p. 10000 0.01 3 Munday et al. 2004
455 LDsqi.p. 5000 0.09 25 Seki et al. 1995
QLD: Daily exposure = 0.8; maximum GD concentration in food = 220 ng kg™
PTX-2 okl
220 LDs i.p. 10000 0.02 6 Miles et al. 2004
5000 NOAEL 1000 5 1400 Miles et al. 2004
gavage
250 Intestine swell 5000 0.05 14 EU/SANCO 2001
0.1 Cell death 500 0 0.002 Chase et al. 2005

QLD: Daily exposure =1; maximum PTX-2 concentration in food = 270 ug kg™
SA: Daily exposure = 34.2; maximum OA concentration in food = 9600 pg kg™

PTX-2SA  ***

5000 NOAEL 1000 5 1400 Miles et al. 2004
gavage/i.p.

QLD: Daily exposure = 7; maximum PTX-2SA concentration in food = 1940 ug kg™
SA: Daily exposure = 0.2; maximum OA concentration in food = 45 pg kg™

Uncertainty factor (UF) was based on the following variations:
interspecies = 10, intraspecies = 10, less than life time study = 10, severity =5-10

Studies performed on different organisms: *=human, ** = monkey, *** = mice
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Table 7.3. The calculated reference dose (RfD) and risk quotient (RQ) for toxins found in the field.

For OA, there are some data for both humans and dugongs.

RfD (ug kg™) RQ
Mean Max 5% 50% 95%
OA (human) 5.2 0.004 0.031 0.003 0.008  0.021
OA (dugong) 3.4 0.002 0.014 0.001 0.002  0.004
DA 130 0.0002 0.007 0.0001 0.009  0.004
GD 975 0.00005 0.001  <0.00001 0.00003 0.0002
PTX-2 250 0.0002 0.03 0.0001 0.001 0.03
PTX-2SA 650 0.0001 0.01 <0.00001 0.0005 0.01

7.3.2 Dugongs
In Chapter 3, when estimating the maximum potential OA exposure to dugongs, the

maximum concentration of OA extracted from H. spinulosa was used as it had the highest
concentration of OA. For estimating the mean OA exposure, the mean concentration of OA
extracted from H. ovalis was used since H. ovalis has been known to be preferred species of

seagrass for both dugongs in this area.

The maximum and mean daily exposures (DE) of dugongs to OA were calculated for
dugongs (Formula 7.1). The mean daily wet weight consumption of seagrass by dugongs is
35 - 40 kg™t day™ (Lanyon 1991; Gaus 2002). The estimated maximum DE of dugongs to
OA, using maximum OA concentration determined for H. spinulosa, is 18.4 ug OA day™.
The estimated mean DE of dugongs to OA, determined for H. ovalis is 2.4 ug OA day™. For
an adult dugong weighing 350 - 400 kg (Lanyon 1991; Gaus 2002), the maximum estimated
daily intake (DI) of OA was 0.046 ug kg™ ®w) and the mean was 0.006 g kg™ ow) (Chapter
4).

To obtain the TDI and GV, the same LOAEL was used as for human risk characterisation
(Table 7.2). All information would be the same except for the TDI and GV calculation for
human diarrhoea data (Hamano et al. 1985), used for LOAEL since there will be an
additional factor of 10 for interspecies variation to the uncertainty factor (UF = 1000; TDI =
0.04 ug kg'd™; GV = 112 pg kg™). The maximum DI for dugongs (0.046 pg kg™) is slightly
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higher than the calculated TDI (Table 7.4). It is difficult to compare the dermal study (Fujiki

1991) and the oral consumption.

Table 7.4. Tolerable daily intake (TDI) and guideline values (GV) from the calculated from the dose-
response data compared to the numbers derived by FAO/WHO/IOC*. The maximum OA daily

intake (DI) by dugongs, estimated from field-collected seagrass is shown.

Toxins TDI GV RfD* GV * Max DI Max OA
(rokg'd) (uokg")  (ngkg')  (nokg')  (ngkgtd?) (ngkg™)
OA 0.04 05 033 80 0.046 05

*(Toyofuku 2006)

7.4  Discussion
For the exposure data, analysis conducted using consumption rate of 250 g shellfish day™

from FAOQ data (Toyofuku 2006) was used. Although the local survey showed that residents
of North Stradbroke Island consume, on average 12 g shellfish day™, the decision to use
250 g was made based on the fact that the larger number, 250 g, would provide a more
conservative value for risk assessment. If no acute or chronic effects are shown using the

larger number, then the lower consumption rate will not be relevant for risk assessment.

7.4.1 Acute effects of okadaic acid
The RfD derived by Toyofuku (2006) and TDI for OA derived from this study are similar

(Table 7.5), however the TDI from this study gave a slightly higher GV than that derived by
Toyofuku’s study. This may be due to the difference in the body weight used to derive the
values (60 kg vs 70 kg). When, however, the same LOAEL was used (1 ug kg), the
numbers derived by Toyofuku (2006) are higher due to the difference in the UF used. In the
present study, an additional factor of 10 for non long-term study was incorporated, giving

more conservative results.

Data obtained from QLD shellfish showed lower levels of OA in shellfish than the GV, and
the daily exposure was also below TDI. However, in shellfish from SA, both exceeded the
TDI and GV. The samples collected from SA were taken during a known Dinophysis bloom.

This determines the risks involved in shellfish consumption during an algal bloom.
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For dugongs, the calculated maximum daily intake of OA is within the TDI, and the
maximum OA concentration on seagrass is also within the GV. This implies that it is

unlikely for the dugongs to be suffering from acute effects.

7.4.2 Acute effects of domoic acid

The LOAEL for DA was 1 mg kg™ bw, based on DA accidentally consumed by humans in
Canada (Perl et al. 1990). In the present study, a factor of 100 was incorporated for intra-
species variation and for the less than life-time study being used for LOAEL. Toyofuku
(2006), however, only calculated the RfD since DA has not proven to bioaccumulate, hence
he concluded that this RfD can be considered a “provisional chronic TDI”. Toyofuku (2006)
points out that the evidence for chronic effects of DA, such as memory loss are due to a one
off acute dose of DA, and no study, to this day, has shown any accumulation, however, since
molecular studies are still limited, there may be other chronic effects that we are not aware
of, hence the present study had the extra factor of ten to account for any unknown long term
effects.

7.4.3 Acute effects of gymnodimine
The TDI and GV were calculated in this study, extrapolating limited information from the

literature, and comparing the results to the field data. Unlike OA and DA, GD is not as
potent and did not show toxicity when dosed orally (Munday et al. 2004).

7.4.4  Acute effects of pectenotoxin-2s
Similar to GD, PTX-2s is not as potent as OA and DA when orally dosed (Miles et al.

2004a). For the purpose of this study, TDI and GV were calculated as references for the
field measured exposures. The PTX-2 concentration within shellfish collected from SA
during an algal bloom exceeded GV, and the maximum daily exposure also exceeded the
TDI. Other studies have investigated the toxicity and risks involved in consuming PTX-2SA
and have shown that there are no risks of acute toxicity (Miles et al. 2004). This
demonstrates the importance of maintaining algal toxin monitoring by either conducting

monitoring for toxins or/ and monitoring for toxic algae specie. The daily exposure also
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exceeded the TDI, however NOAEL was used as the value to obtain TDI and GV for PTX-
2SA, hence the LOAEL for PTX-2SA may be higher than the value obtained.

Table 7.5. Tolerable daily intake (TDI) and guideline values (GV) for humans, calculated
from the dose-response data compared to the numbers derived by FAO/WHO/10C*.

Toxins TDI GV R (ugkg') GV (ugkg')  MaxDI**
(ngkg™d™) (ugkgt) Toyofuku ‘06 Toyofuku ‘06  (ug kg™ d™?)
OA 0.01~0.4 2.8~112 0.33 80 02&1
DA 5~10 2,800 100 24,000 0.9
GD 8 2100 N/A N/A 0.8
PTX-2 0.05 14 N/A N/A 0.9 & 34***
PTX-2SA >5 1400 N/A N/A 7
*(Toyofuku 2006)

**Max DI estimated from field-collected shellfish; for OA and PTX-2, 2nd number of Max DI are from South
Australia, whilst the rest of the data are from Queensland.
*** Max DI from the field data exceeds the TDI

7.4.5 Other source of exposure
The SPATT bags deployed within the bay had shown dissolved OA in the water column

(Chapter 3). The lipophilic toxins were extracted from the passive sampler, however this
was a non-quantitative study, and for this reason, when calculating the tolerable daily intake
(TDI) for this study, one is given for P (P = proportion of source). The OA consumed by the
dugongs are assumed to be result of the OA from seagrass epiphytes alone. In reality
however, it has been demonstrated that this lipophilic toxin is present in the water and there

is an uncalculated possibility that consumption of water may add to the uptake of OA.

7.4.6  Chronic Effects
The cellular and molecular studies provide insight into toxicodynamic effects of the toxins

(Gundert-Remy et al. 2002), and what the long term exposure to toxins could result in. In
this study, chronic effects relating to different pathways, such as apoptosis, MAPK and Wnt
pathways, which can relate to uncontrolled cell proliferation and tumour promotion were

assessed.
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One of the up-regulated genes for OA treatment (IC3) codes for the DUSP4 dual specific
phosphatase 4. The phosphatases are known to inactivate their target kinases by
dephosphorylating the phosphoserine (Appendix A). This finding can be supported by the
fact that the OA group of toxins is a potent and selective inhibitor of three of the four
protein serine/threonine phosphatase; type 1, 2A and 2B (PP1, PP2A, PP2B) (Bialojan &
Takai 1988, Arias et al. 1993). Their relative toxicity is related to their affinity for protein
phosphates (Holmes & Teo 2002). Another gene which was down-regulated by OA was
GABRB3 gamma-aminobutyric acid A receptor, beta 3. This is a multi-subunit chloride
channel that mediates the fastest inhibitory synaptic transmission in the central nervous
system. As previous studies have found OA to be a tumour promoter, it is not surprising to
find OA having effects on the genes regulating PP2A and channels since the PP2A inhibition

can lead to tumour promotion (Messner et al. 2006).

Domoic acid down-regulated two genes related to Alzheimer’s disease. One gene codes for
the APP amyloid beta precursor protein. It is implied that mutation in this gene can affect
Alzheimer disease and cerebroarterial amyloidosis. The second gene codes for UBB
ubiquitin B. This covalently bonds to proteins to be degraded. An aberrant form of this
protein has been noticed in Alzheimer’s and Down syndrome patients. DA is especially
known to affect the glutamate receptors in the CA3 region of the hippocampus, a region
responsible for functional memory (Cendes et al. 1995, Sari & Kerr 2001). This region of
the brain is also affected in patients with Alzheimer disease. Although DA has not
determined to affect Alzheimer disease, this chronic disease may require long term exposure
of DA. It is therefore critical to investigate the long term effects of DA on genes related to

this disease, other than acute effects.

As for GD, most genes were down-regulated, except for one significant up-regulated gene,
NLK which is known to control transcription of some genes. This gene may be controlling
or suppressing other genes. It is natural for genes to be down-regulated when toxins are
applied as the cells are being intoxicated. As discussed in Chapter 6, GD may potentially
have chronic effects as this toxin affects the various pathways related to apoptosis and

growth factors.

Similar to GD, PTX-2SA has not been proven to be highly toxic when orally dosed,
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however the microarray study conducted previously by Burgess (2003) has shown that this
toxin can also affect various genes within different pathways at the 1C3, cytotoxicity level. It
is therefore important to investigate further the chronic effects of this toxin. Furthermore
phytoplankton are only known to produce PTX-2 form and, the seco acid form is the
metabolic form of PTX-2, by the shellfish. It is, therefore essential to monitor the presence
of PTX-2SA as the original form of PTX-2 can be more potent than the seco acid form, and

the seco acid form can be used as an indicator of the presence of PTX-2.

The microarray analysis has provided extensive insight into the possible effects algal toxins
on the regulation of the genes, and alternately on the production of proteins. As Gundert-
Remy et al. (2002) states, a toxicodynamic study can provide a “good surrogate” to assess
the toxicological effects. The present study is novel as it focussed on the gene regulation of
gymnodimine, which could provide the mechanism of toxicity for this toxin. There is
limited available information on GD, as there are only few oral, gavage and i.p. dose-
response study on whole organisms. There is also one another study on cytotoxicity besides
the current study (Dragunow et al. 2005), however the mechanism by which the GD poses

its toxicity is still unknown.

The complexity of genes regulated by the single toxin can be further analysed by
investigating the effects caused by mix of toxins. The previous study by Dragunow et al.
(2005) has shown, that the pre-exposure of BE-2 cells to OA can shift the levels of toxicity
of GD. As determined in this study, presence of multiple toxins in the environment is
evident, hence the levels of toxicity for individual toxins may alter. Such toxicodynamic
study show that the acute risk calculations, conducted in this study, may not be applicable to
the chronic long term effects, and there may be a potential for chronic effects with continued
exposure to sub-acute levels. This study has demonstrated the potential of chronic risk of
GD, and further evaluation is required to quantify chronic risk assessment.
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Chapter 8

Research undertaken in this project has contributed significantly to the understanding of
algal toxin dynamics in Moreton Bay. An evaluation of the relationship between collated
literature derived dose-response data and the exposure levels for the toxins of interest. This
has provided knowledge of acute health risks involved in consumption of shellfish for

humans and seagrass for dugongs

The published literature on the background information and characteristics of the algal
toxins; okadaic acid (OA), domoic acid (DA) gymnodimine (GD), pectenotoxin-2 (PTX-2)
and pectenotoxin-2 seco acid (PTX-2SA) is reviewed. Recorded information on outbreaks
of toxic incidents and the algae responsible for each of the toxins and their geographical

location were investigated. Toxicity levels were derived to be used in the following work.

The exposure assessment study was divided into two sections; humans and dugongs. The
findings of human exposure to algal toxins through consumption of shellfish around North
Stradbroke Island are reported in Chapter 3. There were OA and PTX-2 producing
Dinophysis detected on the ocean beach side of the island, both from the phytoplankton
samples and from shellfish tissue during the summer months (Figure 8.1). However, the
levels of toxins detected were low and the daily exposures of toxins to humans were below
the guideline values established by the joint agreement between 10C, WHO and FAO
(Toyofuku 2006). In winter OA and PTX-2s were not detected in the bay or the beach, and
neither were Dinophysis species (Figure 8.2). Although no OA was detected from the
shellfish samples in winter, it was detected from seagrass samples throughout the year,
implying P. lima may be less prone to the temperature difference than D. acuminata.

Domoic acid was present both in summer and winter, at about the same maximum
concentration in the ocean, but slightly higher in the bay for winter months (Figures 8.1 &
8.2). The maximum abundance of Pseudo-nitzschia were higher in the summer than winter.

Although DA produced by Pseudo-nitzschia and GD produced by K. selliformis were
present within the bay and the beach, levels of these toxins in shellfish were lower than the
levels known to cause any acute effects. Both DA and GD were present in winter and were
slightly higher in the bay than the beach, however, their concentration was again, lower than

the guideline values.

The exposure analyses were also conducted using levels of OA detected in South Australian
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shellfish. This evaluation showed that the daily exposure exceeded the guideline levels
when blooms of Dinophysis acuta were seen in South Australian sites. This confirms the
importance of monitoring of algal toxins and phytoplankton to ensure safety of shellfish

consumption.

An additional component of Chapter 3 included the study conducted to assess the
availability of dissolved algal toxins in the water column. By deploying a passive sampling
device (SPATT), the study demonstrated the availability of dissolved okadaic acid,
gymnodimine and pectenotoxin-2 in the water column around the island. This is a critical
finding providing further evidence supporting a previous study by Mackenzie et al.
(Mackenzie et al. 2004) indicating that dissolved toxins were available in the water column,
thus providing an early warning of available toxins for uptake. More information is required
before it can be determined whether these dissolved toxins are bioconcentrated in marine
organisms by equilibrium partitioning between water and organism lipids. These toxins
detected from SPATT bags were lipophilic, hence may bioconcentrate by the equilibrium

partitioning process.

The exposure assessment for dugongs is reported in Chapter 4. Okadaic acid was detected
from epiphytes of seagrass blades within Moreton Bay both in winter and in summer
(Figures 8.1& 8.2). Using the levels of extracted OA, the daily exposure to dugongs feeding
on seagrass within the area was evaluated. Dugong tissue samples were also obtained for the
okadaic acid investigation, however no OA was detected from these samples with a
detection limit of 10ug kg™ tissue. It was concluded that the lack of OA detected does not
imply absence of toxin in dugongs, moreover, estimated levels of OA in the tissue were
most likely too low to be detected by the HPLC-MS/MS method used.
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Chapter 8

In Chapter 5, dose-response analyses were conducted by utilisation of data from the
literature to compare the dose-effect relationship. This allowed for comparison
between the different mechanism of dosing and the difference in effects depending on
the organisms being tested on. For example, humans are more susceptible to algal
toxins than the laboratory tested rodents which highlights the importance of
incorporating uncertainty factors for interspecies variation. It also accentuated the

difficulty of comparing experiments performed on cell lines to the whole organism.

In Chapter 6, dose-response analysis was conducted on a cellular level, investigating
the cytotoxicity of the three toxins; OA, DA and GD. The ICs levels for each of the
three toxins were obtained using the MTS assay, and additionally, RNA from the cell
lines were extracted for microarray analysis. This resulted in compilation of lists of
genes affected by the toxins. The microarray study was repeated for GD with three
biological replicates. Results showed the potency of this toxin as most genes were
down regulated, slowing transcription of proteins, and affecting several pathways
regulating cell deaths and relating to tumour development. Pathways relating to
apoptosis and ATP synthesis were also found to be affected by GD at 1C3 levels.
Although GD has not been shown to be toxic via feeding of mice with the toxin
incorporated into a food matrix, these results demonstrate that it can have adverse
effects depending on the route of exposure and consequent bioavailability. It is
interesting that previous studies have demonstrated that some toxins may be more
potent when in presence of another toxin. For example, OA can affect the potency of
GD on cell lines (Dragunow et al. 2005). This is an important observation as toxins in
the environment normally coexist. Future study on the effects of combination of

toxins may be an important step in health risk assessment.

In Chapter 7, the exposure assessment and the literature-based dose-response
evaluation of acute toxicity (Chapter 5) were compared to assess the risks involved for
humans and dugongs from consumption of shellfish and seagrass around North
Stradbroke Island. Since the levels of toxins detected from sampling sites were below
the guideline values (derived in this study), there were no acute risks of toxicity for
these organisms determined in this study. However, risks of chronic effects from
consumption of seafood around the island still remains, especially from consumption

of OA, which is a known tumour promoter (Fujiki et al. 1989). Additionally the mix
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of algal toxins, such as OA and GD, and other organic pollutants in the water such as
lingbyatoxins and dioxins (Osborne et al. 2001, Gaus 2004, Dragunow et al. 2005)
can potential enhance the toxicity of tumour promoters. As the indigenous community
on the island also consume higher levels of shellfish compared to the consumers on
the mainland, hence they too may be at a higher risk of chronic effects. Similarly
dugongs feed on seagrass on a daily basis, therefore they are exposed to OA for a

prolong period of time.

The project was conducted between 2003~2005, during which no algal blooms were
detected, and there were no acute health risks determined during this period. However,
as South Australian data has shown, in cases of algal blooms, the chances of shellfish
poisonings are high. With the changes in climate and global warming, potential for
occurrence of algal bloom may be increasing (Van Dolah 2000Db), hence it is important
to investigate the levels of toxins and abundance of toxic algae in such events.

The study has provided the basis for investigation of the human health and ecological
risk of algal toxins in the waters around North Stradbroke Island, with data on
concentration of toxins in phytoplankton tows, shellfish and the water column. It has
provided further evidence of toxin availability in the water column, in addition to the
toxic algal cells. It has demonstrated that acute health risks to humans and dugongs
around the island are unlikely. However the occurrence of chronic effects are possible
as algal toxins are present in the area, and this is the limitation of the study as it
requires further long term studies. With changes in the environment (Scheffer et al.
2001), there is also a potential for an increase in the production of algal toxins with
toxic algal blooms in the area (Hallegraeff 1993b, Pritchard et al. 2003).

This study has demonstrated that there is little chance of acute health risks to humans
and dugongs from algal toxins in the study area, provided that environmental
conditions do not change significantly. On the contrary, this research has shown the
presence of algal toxins that have adverse chronic effects, in the abiotic and biotic
environment of Moreton Bay and North Stradbroke Island ocean waters. It is therefore
possible that in conjunction with other chronic toxins present in the environment,

these algal toxins may cause undefined chronic health effects in humans and dugongs.
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APPENDIX A: Complimentary DNA microarray
analysis on three algal toxins using human
neuroblastoma (BE-2) cell line

Methods
Dosing of cells in flasks

Human neuroblastoma cells (BE-2; QIMR) were subcultured to obtain six 70-
mLflasks for each of the three toxins. Three of these flasks were used as controls
where no toxins were added and separate flasks were used for each of the three toxins
(OA, GD, and DA). Cells were left to grow in the flasks and on the fourth day toxins
at 1C3 levels were added to the appropriate flasks. Flasks were further incubated for
24 hours.

RNA extraction

Total RNA from BE-2 samples was isolated using QIAGEN RNeasy mini kit by
following their in house protocol (Qiagen Inc., Valencia, CA). For the homogenisation
step, a 2 mm sterile needle was used. For the final elution step, RNA was eluted twice
in 50 uL RNase free water.

Assessing RNA purity

To test for the purity of the RNA samples, 5 puL from each of the samples were
dissolved in 955 puL RNase free Milli Q water (1:200). Total RNA concentrations
were determined by the absorbance at 260 nm on the spectrophotometer (Cary 300).
The purity of the RNA samples was determined using the ratio of optical densities
measured at 260 and 280 nm.

Quality of the RNA samples was based on the integrity of the 28S and 18S bands, run
on denaturing gels. In brief: Denaturing buffer containing formamide, formaldehyde
and 10x MOPS were added to the RNA samples (5 pg:25 pL) and heated for 20
minuets at 60°C, and immediately placed on ice. Loading dye 5 pL, including
ethidium bromide, was added to the sample and run on 1x MOPS gel at 100V for 1

hour.
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RNA drying & re-suspension

Sodium acetate (3M pH 5-5.3) was added into the RNA water sample at a 0.1 volume
(18:180 pL sample) and vortexed. Two volumes of 99% ethanol (360 pL) were added
and vortexed. Samples were then placed in a -80°C freezer overnight. Tubes were
centrifuged at 13k rpm for one hour at 4°C. Supernatant was pipetted and pellet was
washed with 500 pL of 70% ethanol. Samples were centrifuged at 13k rpm for 30
minutes at 4°C. Supernatant was pipetted and the sample was air dried for 15 minutes

and stored at -80°C.

After transferring of RNA samples in dry ice for 16 hours and stored at -20°C for 12

hours, RNA pellets were re-suspended in RNA secure water.

RNA quantification

To re-quantify the samples, 5 pL was diluted in 995 pL RNase free water (1:200) and
the absorption was recorded at 260 nm using a spectrophotometer. This measurement
was used to calculate the amount of RNA in the sample. Samples were also run on 1x
TBE gel to test for the quality of the RNA.

This step was repeated after the samples were combined to obtain the total amount of
RNA in each of the OA, GD, DA and control samples.

Nano 6000 was also used for the second set of samples (RNA extracted from HepG2)
to test for the purity of the RNA.

Reverse Transcription & dye labeling for 5K chips

Samples were placed into new tubes and diluted to obtain aliquots of 4.67 ug RNA in
15 puL RNA secure solution. Oligo dT (8 pL) was added to each of the samples.
Samples were heated to 70°C for 10 minutes and then placed on ice for a further 10

minutes. Master buffer were added to each tubes (Table A.1).
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Table A.1: Master buffer for reverse transcription

\Volume per sample (uL) Total volume (uL) for 5K

chip

5 x RT buffer 8 32.8
Low T dntp 4 16.4
0.IM DTT 4 16.4
SS Il enzyme 2 8.2
RNase Inhibitor 1 4.1
Total 19 77.9

The fluorescent dyes: Cy3 dUTP dye and Cy5 DUTP dye (2 pL), were incorporated
into the appropriate tubes (Table A.2) and heated at 65°C for 2 hours.

Table A.2: Cy3 and Cy5 dUTP labeling

Cy3 labelled samples Cyb5 labelled samples

DA Control
Control DA

OA Control

GYM Control

To denature the remaining RNA that did not transcribe to cDNA, 0.5M NaOH/
100 mM EDTA (20 pL) was added and this was heated to 65°C for 10 minutes. To
adjust the pH, 0.5M HCI /1M Tris (20 pL) was added.

Purification

RNA samples from control tubes and treatment tubes were combined. A 1x TE buffer
(100 pL) was added to each of the four tubes. This was then transferred onto the
column (Microcon-YM-30) and centrifuged for 3 minutes at 14,000 g. The flow
through was discarded and another 1XTE (400 pL) was added and centrifuged for 5
minutes. After the flow through was discarded, 1x TE (200 pL) was again added and
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centrifuged for 3 minutes. This step was repeated approximately 5 times, until the
colour of the dye was no longer visible. For the final centrifugation step, the column
was spun dry. The column was inverted and centrifuged at 10,000 g for 3 minutes into
a new collection tube. The sample was brought up to 16 pL with 1x TE and placed

into a new tube.

Hybridization and washing

Hybridization buffer (5 x concentrations, 4 yuL) was added to each sample. This was
immediately followed by addition of 10% SDS (0.2 pL). Samples were heated at
100°C for 2 minutes to uncoil the cDNA strands and then placed on ice for 2 minutes.
A total of 16 pL of the samples were placed on the B-chip slide. Cover slip was
carefully placed on top and the slide was placed in the chamber, and incubated

overnight at 65°C for hybridization.

The slides were washed twice in buffer 1 (2xSSC and 0.1% SDS) and twice in buffer
2 (2x SSC) at 37°C for ten minutes. After a quick rinse in the water, slides were dried

using the N, blower.

Data imaging and analysis

Microarrays were scanned by ScanArray 400™. For every microarray, initial images
were scanned at low resolution (50 um pixel™). When the appropriate PMT (photo
multiple tube) was selected, images were scanned at high resolution (10 pm pixel™)
and saved as TIF format.

GenePix 3.0 was used to analyze the images. Both Cy3 (wavelength 532) and Cy5
(wavelength 635) images were loaded into the software and assigned with two
colours: green and red respectively. To input the size and location of each spot,
gridding was performed, where each spot was automatically aligned with the grids.
This was fined tuned manually to ensure that the spots and the grids aligned

themselves as the algorithm takes the median value of inside pixels of the circle.

The digital format was transferred into data and graphed in Microsoft Excel. The ratio
of Cy3 and Cy5 dyes were calculated and the ratio falling between 2 and 0.5 were

filtered out. For domoic acid, a dye swap test was performed, and information from
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the two microarrays was compared.

The genes of interest were identified using the website (Source: Http://genome-

wwwb5.stanford.edu/cqi-bin/source/sourcesSearch).

Quantitative real time PCR

Reverse transcriptase (RT-PCR)

Total RNA, extracted from dosed cells with OA, DA and GD were used as a template
for cDNA (Table A.3). Protocol provided by the supplier of RT, Invitrogen, was
followed. The mixture was incubated at 70°C for 10 minutes using a DNA Thermal
Cycler (Perkin Elmer Cetus) and then chilled on ice to disrupt the secondary structure
of RNA and to anneal the Oligo dT to the poly(A) tail. Master Mix was prepared and
8 uL of this was added to each of the tubes containing the initial mix of template RNA.
This was then pre-incubated for 5 minutes at 42°C. 1 pL Reverse transcriptase
(SuperScript 1l Reverse Transcriptase; Invitrogen) was added to each of the tubes,
giving a total volume of 20 L per tube. The enzyme was activated by heating at 42°C
for 50 minutes. The enzyme activity was terminated by heating to 70°C for 15

minutes, and then chilled on ice for minimum of 1 minute.

Table A.3: RNA quantification using spectrophotometer (A260nm) to be used as
template for cDNA transcription

Type of toxin Initial ratio Initial RNA Final RNA
A260/A280 (Mg) (1)

Control 1.92 1082 524

Okadaic acid 1.78 231 78

Gymnodimine 1.61 323 76

Domoic acid 1.88 462 208

Designing primers
Five genes of interest were selected from the results obtained from the microarray

experiment. The sequence was  “blasted” using GeneBank, NCBI
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(http://www.ncbi.nlm.nih.gov/BLAST/) to check for any other similar sequences of

genes. Forward and reverse primers were designed using both Primer3

(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) and  Sigma-Genosys

(http://orders.sigma-genosys.eu.com/probedesign/). The primers were then ordered

from Sigma-Aldrich.

Quantitative real-time polymerase chain reaction (QRT-PCR)

cDNA synthesized (reverse transcriptase section) was used in this analysis. Analysis
was performed in triplicates on Rotor-Gene 3000 (Corbette Research), with Platinum
SYBR Green q PCR SuperMix-UDG (Invitrogen). GAP and B-Actine (kindly
provided by Mr Peter Pain, Griffith University), used as house-keeping primers.
Master mix was prepared and 12 pL was pipetted into appropriate tubes. Tubes 1-24
were prepared for specific primers while tubes 25- 48 were for house-keeping genes.
The tubes were set up in triplicates to cater for genes of interest, positive control for
the dosing experiment, a control for RT-PCR and a negative control (water) for the
current experiment. Reactions were performed for x cycles ( 95°C/ 15 sec denaturing

step; 60°C/1min annealing and extension step).

Results

Microarray

From the MTS assay, the toxin concentrations at which cells stop metabolizing was
obtained (Chapter 5).

Each of the three replicates for OA, DA and GD were combined per toxin. Nine

control replicates were also combined into one.

The quality and quantity of RNA decreased between the original and the final amount
of RNA. This vast difference in the amount of RNA may be due to several reasons,
including loss of RNA during the process of RNA drying and re-suspension, loss of

RNA whilst transferring from one tune to another and pipetting error.

For cells dosed with OA and GD, there were just enough RNA to hybridize one 5K
chip for microarray analysis, while for DA-dosed cells, there was enough to do a dye
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swap test using two 5K chips.

For OA-dosed samples, there were five up-regulated genes and nine down-regulated
genes (Table A.4). For cells treated with GD, there were 18 down-regulated genes but
no up-regulated genes. For DA treated samples there were five up-regulated genes and
nine down-regulated genes when Cy; = control vs Cys = DA, and five up-regulated
genes when Cys = control and Cy; = DA. When the dye swap test was performed on
the DA samples, the gene regulation did not match as none of the oppositely labelled
genes showed the same results. Nevertheless, there were some genes which coincide
with the preexisting knowledge on this toxin.

Real-Time PCR

Out of the five genes chosen from the microarray experiment, regulations of three
genes were confirmed by QRT-PCR. GABRB3 is down regulated by OA, KCNABL is
up-regulated by DA, while LASS5 is down regulated by GD (Table A.4). Microarray
results showed down regulation of HYAL3 by OA, while repeated QRT-PCR showed
up regulation of this gene. Similarly, microarray showed down regulation of IGF1R
by GD, while repeated QRT-PCR showed up-regulation of this gene by GD.
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Appendix

Table A.5. Quantitative real time polymerase chain reaction (QRT-PCR).

Genes of  Toxin used Up- Down-  Microarray QRT-PCR
interest regulated regulated results # trials
HYAL 3 OA 2-4x Down 3/3
GABRB3 OA 30 x Down 1/1
KCNAB1 DA 05-2x Up 2/2
LASS5 GD 30 x Down 2/3
IGF1R GD 2 X Down 2/2

For GABRB3, KCNAB1 and LASS5 QRT-PCR confirmed the microarray analysis, while for
HYAI3 and IF1R genes, these QRT-PCR results did not confirm the microarray data.

Conclusions

This preliminary study has shown the potential to use the cDNA microarray technique
in determining gene regulation of the three algal toxins reviewed. Results have shown
that the genes being up or down regulated by OA and DA are related to the already
known mechanisms of the toxins. Since knowledge on the mechanisms of GD is

limited, this study has the potential to propose the pathway of this toxin.
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Appendix

APPENDIX B: Seeding cells

Seeding cells into 96 well plates

media media media media media media media media media media media media

24 H test 48 H test
1 2 3 4 5 6 7 8 9 10 11 12

A| media media media media media media media media media media media media
B| media ctrl ctrl toxina | toxinb | media media ctrl ctrl toxina | toxinb | media
C| media ctrl ctrl toxina | toxinb | media media ctrl ctrl toxina | toxinb | media
D| media ctrl ctrl toxina | toxinb | media media ctrl ctrl toxina | toxinb | media
E| media ctrl ctrl toxina | toxinb | media media ctrl ctrl toxina | toxinb | media
F| media ctrl ctrl toxina | toxinb | media media ctrl ctrl toxina | toxinb | media
G

H

200ul into each well

5x replicates for each dose
3 different doses + 1 ctrl =4
2 different days

Calculation: 200ul x 5 x 4 x 2 = 8 ml of cells needed

After PBS, Trypsin, dislodge — “Tube A”
Place into 15ml tube

Take 10ul and dilute into 30ul media
Count cells

Cell count

1

2

3

4

TOTAL X x 10* cells

((5x 10/ X x 10* cells) x 8ml = Zml NB: 8ml comes from
above
Z = amt of cell/media

8ml - Zml =Yml Y = extra media to
make up the volume

Take Zml from cell mix (tube A) and
Place it into tube B

Place YmI media into tube B
\Vortex and seed wells

194




Appendix

Seeding cells into 6 well plates

1 2 3
1 control control control
2 GD GD GD

3ml into each well

Calculation: 3ml x 6 =18 ml of cells needed

After PBS, Trypsin, dislodge — “Tube A”
Place into 15ml tube

Cell count

1

2

3

4

TOTAL “X”14 x 10 cells

((5x 10%/ X x 10* cells) x 18ml = Zml

18ml = Zml =Yml

Take Zml from cell mix (tube A) and

Place it into tube B

Place Yml media into tube B

\ortex and seed

Z = amt of cell/media

Y = extra media to
make up the volume
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APPENDIX C: RNA Extraction using Qiagen RNeasy
Mini Protocol

e o o o

o

..._a) ..._\l e o o o

e o o o @

e o o 00

Dislodge cells

Discard the old media

Add PBS (10ml) — wash/ mix gently and discard
Scrap cells into eppendorf — pipet the end bit
Determine # cells — 10ul slide

Harvest cells
Centrifuge 5 min @ 1500rpm (20-25°C)
Remove all supernatant

Disrupt cells

Loosen the cell pellet by flicking the tube

Add 350l Buffer RLT (50ul B-ME into 5ml RLT)
\ortex

Homogenise the sample
20x with needle homogeniser — making sure to get all the cells

Add 1 volume (350 ul) 70% ethanol to lysate and mix well by pipeting

Apply up to 700 ul of the sample each to 2 column, placed in 2ml collection
tube

Close the tube carefully

Centrifuge 15sec @ 8000g (10,000rpm) (20-25°C)

Re-apply the flow through and centrifuge again

Discard the flow-through — keep collection tube for #6

Add 700 ul Buffer RW1 to each column
Close tube gently

Centrifuge 15 sec @ 8000g

Discard flow-through and collection tube

Transfer column into new 2ml collection tube
Pipet 500 ul Buffer RPE onto each column
Centrifuge 15 sec @ 8000g (to wash)

Discard flow-through, keep collection tube for #9

Add another 500 ul Buffer RPE to each column
Centrifuge 2 min @ 8000g (to dry)

Discard flow-through and collection tube

Place a new collection tube (not provided)
Centrifuge in a microcentrifuge @ full speed 1 min
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10.

11.
12.

13.

To elute

Transfer column into a new 1.5ml collection tube

Pipet 50ul or 30ul RNase free water into the membrane
Centrifuge 1min @ 8000g

Add another 50ul RNase free water and centrifuge 1mn
Combine the two samples into one.

OR in ethanol

Sore at 70°C if stored in water
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APPENDIX D: MessageAmp Il aRNA Amiplification

(ambion)

Reverse Transcription to synthesize 1% strand cDNA

RNA x ul for 750ug
RNA
T7 Oligo (dT) 1ul
primer
Water up tp 12ul
v
Incubate 10min at 70°C
\4
Ice
Master Mix - 8ul to each tube
\ol (ul) For 7 samples
10x 1% strand buffer 2 14
dNTP Mix 4 28
RNase inhibitor 1 7
Array Script 1 7
Total vol 8 56
v
42°C 2 hours
v
Spin
v

Ice (Freezer -20°C)

Second Strand cDNA Synthesis
Need: 16°C incubator

Add Mister Mix: 80ul to each tube

Vol (ul) For 7 samples
Nuclease-free water 63 441
10x 2" strand buffer 10 70
dNTP Mix 4 28
RNA polymerase 2 14
RNase H 1 7

Total vol 80 56

v

16°C 2 hours
\4
Spin
v

Ice (Freezer

-20°C)
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cDNA Purification

e Preheat water to 50-55°C
e Check for precipitate in cDNA binding buffer

1. Add 250ul cDNA binding buffer to each sample
i pipette mix and spin

2. Pass through cDNA filter cartridge (onto centre of filter)
spin 10,000 x g
l 1 min
Discard flowthrough

3. Wash with 500ul Wash Buffer
10,000 x g

1 min

v Dry spin, new tube fgr elution
4. Elute with 10ul 50-55°C water

Let it sit for 2 min \ Repeat twice
10,000 x g
1.5 min

v Y,
ICE
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In Vitro Transcription

Need: 37°C

For 20ul IVT RXN, 12ul master mix into each tube

Vol (ul) X 7 samples Master Mix
ATP/CTP/GTP mix 6 42
(256mM)

UTP (50mM) 1.3 9
Biotin-11-UTP (50mM) 0.7 5
T7 10x Rxn Buffer 2 14
T7 Enzyme Mix 2 14
Total Volume 12 84

v

37°C

v

14 hours (O/N)

Stop RXN by adding nuclease-free water to bring volume to 100 pl

v
Store at -20°C

200



Appendix

aRNA Purification

e Preheat water to 50-55°C

1. Add 350ul aRNA Binding Buffer to each

2. 250ul 100% ethanol to each sample
l pipette mix *No vortex or spin

3. Pipet each sample mixture onto center of filter in aRNA Filter Cartridge
10,000 xg 1 min
Discard flowthrough

4. 650ul Wash Buffer to each cartridge

10,000 x g 1 min
l Discard flowthrough

l Dry spin 10,000 x g 1 min
New tube for elution
5. Elute with 100ul 50-55°C water
Let it sit for 2 min

10,000 x g 1.5 min

Keep elution

Aliquot into 5-20ug
Store -80°C
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Labelling with fluorescent dye (Invitrogen)

Alexa Fluor Dyes

1.

2.

6.

7.

Calculate yield of aa-aRNA and place 5ug RNA into 1.5ml tube

Speed vac until volume is <3l

Add 2ul DMSO directly to Alexa Fluor Reactive Dye (re-suspend dye)
\ortex and spin

Add 5ul 2x Coupling Buffer to aRNA

Add dye solution to the tube - vortex

incubate @ rm temp in the dark for 30min

purify dye-coupled aa-aRNA using aRNA purification

* minimize light exposure

* use amber-collection tube
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Hybridization
Blocking buffer: 2x SSC
0.1% SDS
0.1% BSA
e Place slides onto the racks in 55°C blocking buffer
e Incubate 30 min w/ agitation as it cools to room temp
¢ Rinse slide with water
e Dry spin in centrifuge
e Letitsit for 15min
e Speedi vac until <10ul
e Add: 8puL 20xssc
20uL DEIONISED FORMAMIDE
2 uL 10% sds
e Mix then spin
e Heatto 95°C 5 min
e Cool to Rmtemp 10 min
e Spin
e Add 30uL coverslip or slide
o Carefully slide into hybridizing chamber at 42°C water for O/N
e Wash with Wash buffer 1 (20 minutes on a gentle shaker with foil)
(SDS, SSC, up to 2L water)

e Wash with wash buffer 2 (5-15 minutes on a shaker with foil)

(SSC, up to 2L water)
Dip in water (1 second) spin dry
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APPENDIX E: Real Time PCR

The quality and quantity of RNA was measured using the Nano drop test (table E.1).
The volume required for 1 ng RNA was calculated using the quantity of RNA from
this test. Once the volume of RNA was calculated, the volume of water required for
the total volume of 14.5 pL was calculated.

Table E.1 Nano drop test for initial RNA concentration

RNA RNA concentration 260/280 For 1 ug RNA  Water (to make

samples (ng mL™) (uL) up to 14.5 ul)
C5 231.6 2.05 4.3 9.2
G5 296.6 2.04 3.4 10.1
C6 221.4 2.06 4.5 9
G6 201.8 2.05 4.9 8.6
C7 236 2.04 4.2 9.3
G7 115.6 2.09 8.65 4.82

Invitrogen Superscript 111
Reverse Transcriptase (cDNA synthesis)

Master Mix 1 was prepared as shown below (table E.2). For each reaction tube, 1.25
ul of Master Mix was aliquoted, and 1 ng RNA and equivalent water was added. This
was heated at 70°C for 5min, then placed on ice for 2 min.

At room temperature 5.5 ul of Master Mix 2 was added to each tube and heated at
46°C for 50 min, then to 70°C for15 min. The cDNA product was then stored at -80°C.

Table E.2. Master Mix 1

For 7 reactions

dNTP 7 ul
Random hexamers 0.35 ul
Oligo dT 1.4 ul
Total volume 8.75 ul

Table E.2. Master Mix 2

For 7 reactions

5 x 1% strand buffer 28 ul
0.IM DIT 7 ul
Superscript 111 7 ul
Total volume 42
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Real Time PCR

List of Samples

C5

C5

C6

C6

Cc7

C7

G5

G5

G6

10. G6

11. G7

12. G7

13. Blank (water)
14. Blank (water)
15. Blank (RNA C5)
16. Blank (RNA G5)

©CoN>~WNE

List of Primers

1. Actin

2. PGR Primers Mix

3. KL Master 100 uM

4. NRP Working stock: 0.5uM

5. METAP Forward: 5ul  Reverse: 5ul
6. CD248

7. CDC14B \

8. MKRN In 990ul water
9. MAWBK (5:1000 = 1:200; 5uM)
10. RABLY7

11. SNRP

12. APOBEC

Primer Mix (5uM) was measured out for each primer. The following was added to
each tube.

cDNA Mix
cDNA 1l
SybrG 5ul
Primer Mix
Each 4 ul
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Verifying QRT-PCR products

Agarose gel (2%) electrophoresis was conducted. QRT-PCR products were loaded
onto the gel (10 ul: 1ul dye; Run 100V 45 min)

List of samples Results
1. KL NG - 2 different bands
2. METAP faint
3. CD 248 NG 1 faint band and 2 different bands (3 bands)
4. CDC 14B good
5. MKRN good
6. MAWB good
7. RABL7 good
8. SNRPN good
9. NRP NG no band
10. APOBEC good

Each of the bands were cleaned using the following protocol

GelSpin DNA Purification Kit (MO BIO ULTRA CLEAN)
1. Place gel in filter column
2. Add 3 volumes of GelBind (3x “p” grams)
Bands cut out = ““p”” grams
3. Incubate 2min at 55C, invert and incubate longer until gel melts
4. Centrifuge 10 sec 10,000 g
5. Remove spin filter, vortex and re-load all liquid onto same filter column
6. CentrifugelO sec at 10,000 g
7. Discard flow-through, replace tube
8. 300ul GelWash
9. CentrifugelO sec, discard flow through, replace collection tube
10. Elute with 40ul 80°C water, spin 30 secs 10,000 g (repeat twice)

Gene Gel (9) \olume
GelBind (ul)
KLa 0.058 0.174
KLb 0.078 0.23
MET 0.12 0.36
CD248 a 0.061 0.18
CD248 b 0.05 0.15
CD 248 ¢ 0.112 0.336
CDC 14B 0.13 0.39
MKRN 0.11 0.33
MAWB 0.114 0.34
RABL7 0.08 0.24
SNRP 0.12 0.36
APOBEC 0.09 0.24
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Appendix

Analysis for QRT-PCR

1. Export files to excel

Results table was exported to excel. Delta RN, which shows the difference
between cycles (1= between one and two; 2= between two and three; 3 = between
three and four etc....) was exported for analysis

2. “linkeg PCR”
Linkeg PCR program was used for linear data and calculations
NB: when using this program in excel, make sure to have top row as cycle #s and
one extra left column.
- Fit Option: between 4 and 6 cycles
- PCR efficiency
- Correlation was calculated to determine how PCR efficiency

3. In Excel
Copy PCR efficiency and CT results (R2)
Paste the following into new sheet

- Well #

- CT

- PCR Effi (delta RN)

- R2

Eliminating PCR with less than 97% efficiency:

If R2 >0.997, PCR “Bad PCR”

This is for quality control, using efficiency of 97% or more.
Average efficiency of primer/PCR, close to 2 is good.

Comparing to actin house keeping gene
How many cycles from zero did it cross the threshold, compared to actin.

= PCR of gene %"/ PCR of actin®"®
This gives the amount of RNA compared to actin as a ratio(GENE EXPRESSION)

Comparing control to treatment
- Average sample C5.1 and C5.2 (same plate, different wells)
- Ratio between treatment / control for 5, 6, 7
(5, 6 and 7 are biological reps — different passage #s)
- Average of three bio reps of C and std errors
- Average of three bio reps of G and std errors

- t-test was conducted to compare the averages of C and G to obtain the p-
value.
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