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Abstract
In the 1990’s research undertaken on Haliotis midae and Haliotis tuberculata indicated
the potential for abalone to accumulate significant levels of paralytic shellfish toxins
(PSTs). Given the significance of the wild capture abalone industry in Australia, we
monitored for the presence of PSTs in the viscera and foot tissues of H. rubra, and in
mussels (Mytilus galloprovincialis), during three consecutive blooms of Gymnodinium
catenatum between 2011 and 2013. Analysis of samples from non-commercial zones in
the Huon Estuary and the D’Entrecasteaux channel, Tasmania, revealed that PSTs in
abalone coincided with blooms of G. catenatum. During the course of these blooms the
G. catenatum genome was detected in the viscera of H. rubra using quantitative PCR
and the toxin profiles of abalone viscera and mussels were found to be similar,
suggesting a common source of toxin. Significantly higher levels of PST were found in
mussels than abalone viscera, which contained higher levels again than the foot tissue
and PST levels in H. rubra were found to decline significantly following the termination
of the G. catenatum blooms. Collectively, these observations suggest a trophic pathway
for PST uptake in H. rubra in this region, which occurs via the consumption of G.
catenatum cells or cysts that have settled onto the diet of the abalone. PST accumulation
and loss rates were also calculated, and these demonstrated that mussels accumulated
PSTs more rapidly than abalone and thus may be an appropriate indicator of toxicity in
abalone during the uptake phase. However, mussels also eliminated PSTs more rapidly
than H. rubra and they may not adequately indicate abalone toxicity following the
decline of G. catenatum blooms in this region. While the results for abalone collected
from non-commercial sites clearly demonstrated levels of PST in abalone viscera above
the regulatory limit in some samples, abalone collected from commercial zones
contained significantly lower levels of PSTs. Notably, there have been no recorded
human cases of paralytic shellfish poisoning relating to the consumption of H. rubra
from Australia and levels in abalone foot throughout the study were estimated to be less
than the regulatory limit for PSTs. These latter facts raise important questions as to
whether PSTs in this species of abalone present a significant risk to human health and
this issue should be evaluated through a human health risk assessment.
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Introduction

Paralytic shellfish toxins (PSTs) are produced by dinoflagellates of the genus
Alexandrium, Gymnodinium, and Pyrodinium (Anon, 2004; Hallegraeff, 1993). When
blooms of these PST producing dinoflagellates occur bivalve shellfish can accumulate
high levels of PST in their gut and tissues through the act of filter feeding. Cases of
human illness have been widely documented in relation to the consumption of bivalve
shellfish that contain high levels of PSTs (Alexander et al., 2009; Toyofuku, 2006).
Typical symptoms of PST intoxication in humans include nausea, vomiting, diarrhoea,
tingling and numbness of lips, muscular limb paralysis and respiratory difficulty
(Alexander et al., 2009; Gessner and Middaugh, 1995; van Dolah, 2000). PSTs are
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comprised multiple congeners: in 2010 57 different congeners had been described
(Wiese et al., 2010). The congeners have varying potencies as demonstrated by
techniques such as mouse bioassays, and acute toxicity testing via the intra-peritoneal
and oral routes (Munday et al., 2013; Oshima, 1995).
PSTs have also been detected in a range of non-bivalve marine organisms, generally
carnivorous species such as whelks, lobsters and crabs (Deeds et al., 2008; Shumway,
1995). Some species of abalone, which are herbivores that graze on macro algae, are
also periodically contaminated with PSTs. Specifically, PST has been reported to occur
in Haliotis tuberculata from Galicia, Spain and in Haliotis midae from South Africa
(Bravo et al., 1996; Bravo et al., 1999; Gago-Martinez et al., 1996; Pitcher et al., 2001).
Studies that investigated the cause of PSTs in H. tuberculata and H. midae have not
determined a conclusive source or mechanism of uptake of the toxins by abalone.
Several different potential modes of PST uptake by abalone are considered possible,
including the consumption by abalone of: (a) PST producing dinoflagellate cells and
cysts (Bravo et al., 1996; Pitcher et al., 2001); (b) PST producing macro algae
(Etheridge et al., 2004; Kotaki et al., 1983; Llewellyn et al., 2006); and (c) PST
producing marine bacteria (Bravo et al., 1996).
Due to the discovery of PST in abalone sourced from South Africa and Spain,
investigations were undertaken in Australia to understand the potential risk of PST
contamination of abalone. Initial studies were carried out in tanks to determine if an
Australian species of abalone could accumulate PST (Dowsett et al., 2011). These
studies demonstrated that Haliotis laevigata could ingest and accumulate low levels of
PSTs when presented with an artificial food source containing the toxins. A risk
assessment was also undertaken on PST in canned Australian abalone. The findings
suggest that PSTs in canned wild caught Australian abalone present a low risk to
humans, but noted that a critical information gap was the lack of data on PSTs in wild
caught Australian abalone (McLeod et al., 2010). Therefore, further studies have been
undertaken to investigate the potential for PST accumulation in Australian abalone
during harmful algal blooms.
Australia has a significant commercial wild capture abalone industry, comprising the
world’s largest fishery with catch totalling around 4400 tonnes in 2012, representing
approximately 25% of annual global harvest (Skirtun et al., 2013). Abalone are
primarily located around the southern coastline of Australia (Victoria, Tasmania, South
Australia and Western Australia), and there are three major species: Haliotis rubra, H.
laevigata and Haliotis roei. The state of Tasmania produces the largest proportion of
abalone in Australia with 2363 tonnes captured and landed in 2012 (Skirtun et al., 2013).
The abalone species most commonly harvested in Tasmania is H. rubra (2223 tonnes in
2012), which is also described as blacklip abalone (Tarbath and Gardner, 2013). The
eastern fishing zone in Tasmania has a historically high catch, with a total allowable
catch in 2012 of 550 tonnes (Tarbath and Gardner, 2013).
On the east coast of Tasmania, in the Huon and Derwent Estuaries and in the
D'Entrecasteaux Channel, there are recurrent blooms of Gymnodinium catenatum. These
blooms generally occur on an annual basis in the late summer/early autumn period, but
the intensity and scale of the blooms varies from year to year (Hallegraeff et al., 2012;
Hallegraeff et al., 1995). The strain of G. catenatum involved is documented to produce
PST and frequently results in contamination of bivalves within the bloom affected areas
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(Hallegraeff et al., 1988; Negri et al., 2007; Oshima et al., 1993; Oshima et al., 1987).
Several environmental factors appear to be strongly linked to bloom commencement and
termination, including seawater temperature, wind stress and rainfall (Hallegraeff et al.,
1995).
Given the significance of the abalone industry on the eastern coast of Tasmania and the
recurrence of G. catenatum blooms in this general region, monitoring of PST in
H. rubra (foot and viscera) and mussels (Mytilus galloprovincialis), and plankton
analysis for G. catenatum, was undertaken between April 2011 and February 2013. To
supplement the data gathered during the G. catenatum blooms and assess the safety of
abalone from commercial fishing zones, additional sampling of H. rubra (foot and
viscera) was also undertaken during an Alexandrium tamarense bloom that occurred on
the north-eastern coast of Tasmania in 2012 (Campbell et al., 2013).
The main objective of the study was to determine if an Australian abalone species
(H. rubra) could accumulate significant levels of PST during a G. catenatum bloom. A
secondary objective was to investigate if H. rubra accumulated PST during an
A. tamarense bloom. Coincidentally our monitoring results also allowed us to
investigate and compare accumulation and loss rates of PSTs in the viscera and foot of
H. rubra and mussels during and following the termination of G. catenatum blooms.
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2

Material and methods

2.1

Field sampling - locations and timeframe

Two sites were consistently targeted for sampling throughout the study. Both sites were
south of Hobart (Figure 1a and b), with site 1 (Garden Island) located in the southern
end of the Huon estuary (43°15’38.93” S and 147°7’50.10”E), and site 2 (Partridge
Island) located towards the southern end of the D'Entrecasteaux Channel (43°24’4.07”S
and 147°5’57.79”E). The selection of these sites was based on historical occurrence of
G. catenatum blooms, which are thought to commence in the Huon estuary and progress
southwards down the D'Entrecasteaux Channel (Hallegraeff et al., 2012), and the
availability of abalone and mussels at sites 1 and 2 to sample over a two year timeframe.
Abalone are not collected for commercial purposes from site 1, and there is a very small
commercial catch collected from site 2.
Abalone (H. rubra), mussels (M. galloprovincialis) and plankton samples were collected
at site 1 between the 21st of April 2011 and the 20th of February 2013 and at site 2
between the 21st of April 2011 and the 19th of November 2012. 17 sampling events
occurred at site 1 and 15 sampling events occurred at site 2 during this period.
Plocamium sp. (red macroalgae) was also sampled on the 15th of June 2011 from sites 1
and 2. Plocamium sp. was targeted for sampling as it is a favourite food of H. rubra in
this region and was found to be abundant on the reefs from which the abalone were
sampled.
13 additional locations were also sampled for abalone intermittently during the 2011 and
2012 blooms of G. catenatum to assess the safety of abalone harvested from commercial
fishing zones throughout the D'Entrecasteaux channel, around Bruny Island, and on the
south eastern coastline of the Tasmanian mainland (Figure 1b).
Additional phytoplankton, mussel and oysters samples were collected within the study
region by the Tasmanian Shellfish Quality Assurance Programme (TSQAP) and the
Tasmanian Salmon Growers Association (TSGA) from a range of sites over the course
of the study (Figure 1c). All phytoplankton samples were analysed by microscopy in the
same laboratory throughout the study (Analytical Services Tasmania Ltd.), using the
methods described in section 2.4.
In November 2012, a total of 20 samples of abalone were collected from 8 sites (Figure
1d) on the north-eastern coast of Tasmania to assess the safety of abalone sourced from
commercial fishing zones located in the region. The samples were collected during a
period when Alexandrium tamarense was known to be causing elevated levels of PSTs
in bivalves (i.e. mussels, scallops and oysters).

2.2

Sampling techniques and preparation of the samples

2.2.1 Shellfish samples
Divers collected abalone samples (using SCUBA) from rocky reef habitat within
approximately 100m of the shoreline of sites 1 and 2, from a depth of no more than 8m.
On each sampling occasion five samples (each comprising one abalone) were collected
This report is commercial-in-confidence. No part of it may be copied, distributed, or divulged to any
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from each site. The five abalone at each site were located within a maximum radius of
approximately 100m, though often were found directly adjacent to each other. Abalone
were dispatched live to the laboratory within 24 hours of collection. Abalone were of
commercial size and shell width and length was recorded. Upon arrival at the processing
laboratory, the shell of each abalone was gently scrubbed and the abalone were rinsed in
running freshwater to remove sand, seaweed and foreign objects. The abalone were then
shucked and the viscera dissected from the muscular foot tissue using a scalpel. The
viscera samples comprised all tissues except the foot, and the viscera and foot tissues
were analysed separately. All abalone tissues from site 1 and 2 were analysed as
individuals (i.e. five individual samples of foot and five individual viscera samples).
Some tissues of abalone sourced from commercial fishing zones were analysed as
pooled samples (i.e. one sample of foot tissue pooled from an equal amount of tissue
from each of five abalone, and one sample of viscera tissue pooled from and equal
amount of tissue from each of five abalone).
Feral mussels were collected from a navigation marker adjacent to site 1 and from a
small jetty at site 2. A minimum of 40 mussels were collected on each sampling
occasion from each site and dispatched live to the laboratory within 24 hours of
collection. A sub-sample of at least 12 individual live mussels was processed with a
minimum flesh weight of 100g. The outside of the mussels were cleaned with a stiff
nylon brush under fresh running water. The shells were opened by cutting the adductor
muscle and the bysuss threads were removed. The inside of the shell was washed to
remove sand and other foreign material. To standardise water content between samples,
the mussels were removed from the shell and the whole flesh placed on a sieve for 5
minutes, drained liquor was discarded.
The whole mussel flesh, abalone viscera and abalone foot tissue were then homogenised
separately using a hand held blender for at least one minute, or until a fine homogenate
was achieved. Samples that could not be processed immediately following collection
were stored at 4 °C for a maximum of 2 days. The analytical laboratory (the Cawthron
Institute) was based in New Zealand. Therefore, to ensure samples from Australia
arrived in a suitable condition mussel and abalone homogenates were frozen to at
least - 20°C ± 2°C prior to dispatch and subsequent chemical testing at Cawthron. The
Cawthron Institute undertook testing of all abalone and mussel samples from the
D’Entrecasteaux channel region (Figure 1b) during the course of the study. Some
samples (n=20) collected during the Alexandrium tamarense bloom in 2012 were tested
by Advanced Analytical Australia Pty Ltd (Sydney).
2.2.2 Phytoplankton samples
To estimate the abundance of G. catenatum and A. tamarense cells in the water column,
seawater samples were generally collected using an integrated hose sampler to a depth
of 10 m. Algal samples were taken just offshore of the abalone dive zones at sites 1 and
2 to ensure adequate depth for the hose sampler. Seawater samples from several sites
(site 8, 11 and 27) were collected at a depth of 50 cm from intertidal shellfish leases
(grab samples). Two 400 mL samples were collected on each sampling occasion: one
sample was immediately preserved with acidified Lugols iodine solution (and
subsequently used for enumeration) and the other was not fixed to assist in identification
of fragile cells whose morphology may be altered by the fixative. In general, algal
samples were immediately dispatched to the laboratory (same day) for analysis.
This report is commercial-in-confidence. No part of it may be copied, distributed, or divulged to any
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2.2.3 Macro algae samples
To evaluate the possible presence of G. catenatum cysts and vegetative cells adhered to
the surface of macro algae two separate samples of Plocamium sp. were collected from
site 1 and two samples from site 2. The macro algae were carefully sampled in sealable
plastic bags with the surrounding seawater, avoiding as much as possible any loss of
microalgae.

2.3

Chemical analysis and assays of toxins

2.3.1 Sample Preparation
Extraction, oxidation and quantitation of abalone (foot and viscera analysed separately),
mussel and seaweed sample homogenates were undertaken as described in the AOAC
Official Method 2005.06 Paralytic Shellfish Poisoning Toxins in Shellfish (Lawrence et
al., 2005) with modifications according to Harwood et al (Harwood et al., 2013). No
matrix modifier was used for the periodate oxidations and instead recovery factors were
applied. Previous spiking experiments undertaken by the same research team
demonstrated that the recovery factors for abalone foot and viscera samples were similar
to those observed for shellfish matrices (Dowsett et al., 2011; Harwood et al., 2013).
2.3.2 Ultra Pressure Liquid Chromatography (UPLC) analysis
UPLC analysis was undertaken on a Waters Acquity instrument coupled with a Waters
Acquity FLR detector. Chromatographic separation was achieved with a Phenomenex
Kinetex C18 reversed-phase column (100 x 2.1 mm i.d., 1.7 mm particle size)
employing gradient elution at a flow rate of 0.35 mL min-1. Mobile phases were (A) 0.1
M ammonium formate adjusted to pH 6.0 with 1% acetic acid, and (B) 90% mobile
phase A containing 10% methanol. All mobile phases were filtered prior to use. All
other reagents were the same as detailed in the AOAC method protocol 2005.06. The
gradient consisted of 100% solvent A increasing to 5% solvent B at 2 min, and then to
60% solvent B at 4.5 min before returning to solvent A at 4.55 min and then held
through to 6 min. To achieve baseline resolution between the STX and doSTX
chromatographic peaks an alternative shallower gradient was used over 8 min. The small
number of samples analysed by Advanced Analytical Australia Ltd. were undertaken
using AOAC method 2005.06 without modification (Lawrence et al., 2005). Both
laboratories had ISO 17025 accreditation for the methods used in this study.
2.3.3 Analytical standards
Certified PST reference material was obtained from the Institute of Marine Biosciences,
National Reference Council Canada (NRCC, Halifax, Nova Scotia, Canada) and
included: saxitoxin (STX), neosaxitoxin (NEO), gonyautoxin 1,4 (GTX1,4),
gonyautoxin 2,3 (GTX2,3), gonyautoxin 5 (GTX5, B1), decarbamoylsaxitoxin (dcSTX),
decarbamoylneosaxitoxin (dcNEO), decarbamoylgonyautoxin 2,3 (dcGTX2,3) and Nsulfocarbamoylgonyautoxin 2,3 (C1,2). The method performance parameters, including
the limit of detection and limit of reporting are according to Harwood et al (Harwood et
al., 2013). To account for the variable toxicity of the PST congeners quantified, the
value for each congener was adjusted using the current accepted toxicity equivalence
factors and then the values for each congener were summed to provide a measure of the
total toxicity of the sample (Harwood et al., 2013; Oshima, 1995).
This report is commercial-in-confidence. No part of it may be copied, distributed, or divulged to any
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2.3.4 Screening and confirmatory UPLC analysis
All samples were analysed by LC-FLD following periodate oxidation of the pH adjusted
SPE extract. This portion of the Lawrence method is routinely used by Cawthron as a
screening test for the analysis of PST in shellfish samples. As noted previously, the
screen test overestimates the total toxin level and consequently sample toxicity because
several PSTs give multiple co-eluting oxidation products and it is assumed that the
entire peak is due to the most potent congener (Harwood et al., 2013). Some samples
reported in this study were analysed by the full version of the AOAC Official Method
2005.06, to more accurately determine the toxicity of the sample. These results are
referred to herein as ‘confirmatory results’. Unless stated otherwise, results reported
throughout are UPLC screen results and do not include the PST congener
deoxydecarbamoylsaxitoxin (doSTX). The contribution of doSTX to the total toxicity of
samples is considered in full in a companion paper by Harwood et al 2014 (in
preparation).

2.4

Gymnodinium catenatum identification and enumeration

2.4.1 Enumeration of G. catenatum in seawater samples
For enumeration of G. catenatum in seawater samples, a subsample of the Lugol’s
iodine preserved cells was concentrated via sedimentation in a 100mL glass measuring
cylinder for 24 hours. The top 94mL were carefully removed by aspiration, the sample
and some rinse water was transferred to a 10mL glass measuring cylinder, made up to
10mL and the concentration factor calculated from accurately measured initial and final
volumes. The concentrate was well mixed and 1mL transferred to a Sedgwick Rafter
slide for enumeration under a compound microscope at 200x or 400x magnification
(Anon, 2005; Hotzel and Croome, 1999). Where possible, at least 400 cells were
counted for each sample. Concentrations were reported as cells L-1.
2.4.2 Identification of G. catenatum on macro algae and in abalone gut samples
The presence of G. catenatum cells and cysts on the surface of Plocamium sp. (sampled
on 15 June 2011) was evaluated by collecting representative surface scrapings of
the macro algae with a razor blade and examining with an Axioskop 2 Zeiss microscope
at 5, 10, 20 and 40x objectives, using both brightfield and fluorescence illumination. The
same approach was used to examine the gut content of abalone sampled in May 2012 for
the presence of G. catenatum cells and cysts.
2.4.3 Molecular analysis
Selected abalone viscera (n=7), foot (n=2) and mussel (n=1) homogenates were analysed
for the presence of G. catenatum using a hydrolysis probe-based quantitative PCR assay
(qPCR) which targets the 28S rDNA region. The selected samples were collected from
site 1 during May and December 2011 and January and May 2012. Three seawater
samples collected in May 2012 from site 1 were also analysed for G. catenatum DNA
using the qPCR assay.
Frozen (-20 °C) abalone viscera, foot, and mussel homogenates were thawed at room
temperature and genomic DNA was extracted from 50 mg of tissue using the EZNA
Mollusc DNA kit (Omega Bio-Tek, Georgia, United States) as per the manufacturers
This report is commercial-in-confidence. No part of it may be copied, distributed, or divulged to any
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instructions. Water samples (100 ml) were filtered (Durapore membrane filters,
0.45 µm, Millipore) and preserved in 95% ethanol. Genomic DNA was extracted using
the PowerSoil® DNA isolation kit (Mo Bio, California, United States) as per the
manufacturers instructions. DNA was eluted in 50 L of nuclease free water and
quantified using a NanoPhotometer (Implen, Munich, Germany)
The qPCR reactions contained 10 ng DNA template, 10 L of Platinum® Quantitative
PCR SuperMix-UDG (Invitrogen, California, United States), 10 M of forward primer,
20 M of reverse primer, 1.6 M of probe, 0.8 g non-acetylated bovine serum albumin
(BSA: Sigma-Aldrich, Auckland, New Zealand) in a final volume of 20 L. The
sequences of the primers and probe are as described in Smith et al 2013 (in press). All
DNA samples were run in triplicate (three separate reactions containing neat DNA
template) and with a 1/10 dilution of DNA template.
The qPCR assays were run on a Rotor-Gene 6000 (Corbett, Australia). The temperature
and time parameters were: 95oC for 2 min and 45 cycles of 95oC for 15 seconds
followed by 60oC for 45 seconds. The threshold was manually adjusted to a normalised
fluoroscence level of 0.05 for all assays. Signals were considered positive if all three
individual neat reactions crossed the detection threshold in less than 40 cycles.
For each qPCR experiment positive controls consisted of G. catenatum genomic DNA
extracted from strain CAWD126 held at the Cawthron Institute Culture Collection of
Micro-algae (CICCM). A standard curve was generated from serially diluted DNA and
reaction efficiencies were estimated for the qPCR assay from the standard curves and
were approximately 106% for all experiments. Negative controls consisted of reaction
mixtures with nuclease free water added instead of DNA template.
To confirm primer and probe specificity, an amplicon derived from an abalone viscera
sample (collected on 31/5/2012) was sequenced. PCR amplifications were carried out in
50 μl reaction volumes containing i-Taq 26 PCR master mix (25 μl; Intron, Gyeonggido, Korea), both forward and reverse primers (0.4 mM) and template (100 ng of DNA).
Thermocycling conditions were the same as for qPCR. Amplification products were
purified (AxyPrep PCR cleanup kits, Axygen, CA, USA) and sequenced in both
directions using the primers from qPCR assay by an external contractor (University of
Waikato DNA Sequencing Facility, Hamilton, NZ). The resulting sequences were
compared to existing sequences in GenBank using the BLAST online software
(http://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.4

Statistical analyses

All statistical analyses were performed using the R software (R Core Development
Team, version 3.0.2). Summary measures are presented in the form of mean ± standard
error, calculated from the raw analytical results. Statistical analyses were undertaken
using all data, including potential outliers.
An Analysis of Variance (ANOVA) was used to assess whether there was a statistically
significant difference between the levels of PST (log10 mg kg-1) in abalone collected
from the different sampling sites on the 19th and 26th of May 2011. The analytical results
This report is commercial-in-confidence. No part of it may be copied, distributed, or divulged to any
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were transformed to the log10 scale to satisfy the assumptions of the statistical analysis.
Statistical significance was based on a level of 0.05 and the pair-wise comparisons of the
sites were assessed for a significant difference using Tukey’s HSD test for multiple
comparisons of means. In addition to the comparison between sites, the comparison of
toxin concentrations in the abalone viscera and foot samples at the same site was
achieved using the Student’s t-test.
The accumulation and loss rates of PSTs in mussels, viscera and foot at site 1 and 2 over
specified time periods, were modeled by a constant-rate growth or decay model of the
form
where represents the concentration of PSTs,
is the initial PST
concentration, is the constant rate and is time. This model was fitted to PST
concentration as a function of time to describe the rate of accumulation and loss of PSTs
in days (mg STX eq kg-1 d-1). It was applied to the raw data by fitting a linear regression
model to the log10-transformed data, similar to the approach described by Hubbart et al
(Hubbart et al., 2012). The significance of PST accumulation and loss was identified by
the hypothesis test of the rate being significantly positive or negative (respectively), and
rates were subsequently compared between tissue types and sites using ANOVA. All
modeling assumptions were checked and validated using diagnostic plots.
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3

Results

3.1

PST uptake and elimination during Gymnodinum catenatum blooms

In early 2011, G. catenatum was observed at various sites in the Huon estuary and
D'Entrecasteaux channel in Tasmania through the routine monitoring programmes
undertaken by the TSQAP and the TSGA. G. catenatum cells were first detected on 31
January 2011 and were recorded through to 8 May 2011 (Figure 2). The maximal cell
density recorded during the 2011 G. catenatum bloom was 1.4 million cells L-1.
Following the bloom of G. catenatum in 2011, there were subsequent smaller blooms in
both 2012 and 2013. The maximum numbers of G. catenatum cells detected in 2012 and
2013 in the study region were 41,000 cells L-1 and 19,000 cells L-1 respectively. The
G. catenatum bloom in 2012 occurred later in the year (April to June) than the blooms in
2011 and 2013 (December/January to May/June). Also, in both 2010 and 2012
G.catenatum cells were detected at low levels in November at a single site, but the
bloom did not appear to proliferate until January 2011 and 2013 respectively (Figure 2).
3.1.1 2011 Gymnodinium catenatum bloom
The maximum cell density during the 2011 bloom was recorded on the 29th of March at
Site 1. Abalone sampling commenced on the 21st of April, and the highest PST levels
recorded at site 1 and 2 occurred on the 19th of May (Figure 3). On the 19th of May the
level of PST detected in samples from sites 1 and 2 were 15.86 and 12.51 mg STX eq
kg-1 respectively (mussels), 4.54 ± 0.81 and 3.51 ± 0.75 mg STX eq kg-1 respectively
(abalone viscera) and 0.28 ± 0.06 and 0.35 ± 0.15 mg STX eq kg-1 respectively (abalone
foot). Given the elapsed time between the bloom peak and commencement of sampling
it is possible that PST levels in abalone and mussels could have been higher prior to the
start of the abalone sampling programme in late April. However, PST levels increased
between the first and second sampling occasions for mussels and abalone viscera from
sites 1 and 2, and for abalone foot from site 1 (Figure 3), suggesting that the ‘toxin peak’
may have occurred during the sampling programme.
Following the dispersal of the G. catenatum bloom in May, PST in abalone viscera, foot
and mussels decreased significantly over a seven-month period through to January 2012
(P <0.02; Figure 3). By October 2011 (140 days), PST levels in mussels had dropped by
95.2 % at site 1 and by 94.3 % at site 2. Over the same time frame, PST in abalone
viscera from site 1 and 2 decreased by 77.8 % and 92.9 % and in abalone foot by 58.4 %
and 66.7 %.
On June 15 2011, four samples of Plocamium sp. were opportunistically collected from
site 1 (n=2) and site 2 (n=2). The samples were tested for the presence of PST using the
UPLC screen method and PSTs were not detected. Additionally, the samples were
visually examined using bright field and fluorescence microscopy for the presence of
G. catenatum cells and cysts, but none were able to be identified.
In Tasmania, the current maximum permissible level applied to PST in abalone is
0.8 mg STX eq kg-1 tissue. Several individual abalone collected from site 1 in October
and December still had levels exceeding 0.8 mg STX eq kg-1 in the viscera. By January
no individual samples (abalone viscera, foot or mussels) at either site gave results above
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0.8 mg STX eq kg-1. Between June 2011 and January 2012 levels of PST in abalone foot
samples from both sites were less than 0.19 mg STX eq kg-1 foot tissue (n=50). PST was
not detected in 20 of the 50 abalone foot samples tested over this period.
3.1.2 2012 Gymnodinium catenatum bloom
G. catenatum was first detected in 2012 in water samples on the 4th of April 2012,
reaching the highest cell density on the 17th of April 2012, and then recorded in lower
numbers through to the 27th of June 2012 (Figure 2). PST levels in mussels collected
from sites 1 and 2 on the 4th April were 12.74 and 3.90 mg STX eq kg-1 respectively. In
contrast, abalone samples collected at the same time only contained very low levels of
PST (Figure 3).
The highest PST level recorded for mussels from site 1 during the 2012 bloom was
25.52 mg STX eq kg-1 on the 2nd May. Whereas, the highest mean PST level recorded
for abalone viscera from site 1 was 1.11 ± 0.46 mg STX eq kg-1 (n=5; range 0.57–2.93)
and occurred later on the 31st of May. Minor changes in PST levels in abalone foot
tissue between January and November 2012 were found to be insignificant (P=0.68) and
no samples of foot tissue from either site 1 (n=36) or 2 (n=36) exceeded the level of
0.8 mg STX eq kg-1 over this period.
Similar to site 1, mussels from site 2 also showed elevated PST levels, with the highest
level (23.04 mg STX eq kg-1) occurring on the 31st of May. However, abalone sourced
from the same location at site 2 showed no increase in PST levels in the viscera or the
foot between the 4th of April and the end of 2012 (P = 0.48 and P=0.09).
Following the bloom peak in late April, and the PST peak in mussels and abalone
viscera in May (site 1), PST was observed to decrease over 5 months through to
November 2012. Between the 31st of May and the 19th of November 2012 (173 days)
PSTs in abalone viscera from site 1 decreased significantly (p<0.001) from 1.11 ± 0.46
mg STX eq kg-1 to 0.08 ± 0.05 mg STX eq kg-1 (92.8 %). Similarly, over the same
timeframe PST in mussels sourced from sites 1 and 2 decreased significantly by 94.8
and 99.7 % respectively (p<0.02). Abalone viscera samples collected and tested from
site 1 between August and November (n=10) were below the level of 0.8 mg STX eq kg1
. Mussels from site 1 were still above the level of 0.8 mg STX eq kg-1 in August, but
were less than 0.8 by November.
3.1.3 2013 Gymnodinium catenatum bloom
During the 2013 bloom, the highest cell counts were recorded on the 2nd of January at
site 13 (Figure 2). Plankton monitoring was undertaken on seven separate occasions at
site 1 between August 2012 and late February 2013 and G. catenatum was only detected
once on the 14th of January (Figure 3). Mussel and abalone viscera samples collected
from site 1 in late November 2012 showed low levels of PST, in comparison samples
collected in January showed elevated levels of PST (Figure 3). On the 14th of January,
mussels were found to have a PST level of 6.35 mg STX eq kg-1, abalone viscera
samples contained 0.69 ± 0.11 mg STX eq kg-1 (n=5; range 0.32 - 0.98), and abalone
foot samples had a PST level of 0.17 ± 0.06 mg STX eq kg-1 (n=5; range 0.07 – 0.37).
The maximum PST levels in abalone viscera and mussels were subsequently recorded
on the 29th of January (Figure 3) and the increase in PST between November and late
January was found to be significant for viscera (P<0.001). PST levels in mussels and
viscera declined between the 29th of January and the 20th of February 2013 (P<0.001 for
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viscera tissue). On the 20th of February abalone viscera samples and mussel samples
were below the regulatory limit of 0.8 mg STX eq kg-1. No monitoring was undertaken
at site 1 after the 20th of February 2013, or at site 2 in 2013 as part of this study.
3.1.4 Uptake and elimination kinetics of PST
Using data obtained during the G. catenatum blooms in 2012 and 2013 it was possible to
calculate the rate of accumulation (mg STX eq kg-1 d-1) of PSTs in mussels, abalone
viscera and foot tissue. Generally, the calculated rate of accumulation was highest for
mussels, with abalone viscera showing an intermediate rate, and the foot tissue had the
lowest PST accumulation rate (Table 1). During the 2012 G. catenatum bloom, the
accumulation rate of PSTs in mussels was significantly higher than the rate of
accumulation of PST in both abalone viscera and foot tissue for both sites 1 and 2
(P<0.0001)(Figure 4; Table 1). However, during the 2013 G. catenatum bloom the PST
accumulation rate in abalone viscera was similar to that for mussels from site 1, both of
which were significantly higher than the rate noted for abalone foot tissue (P=0.0003)
which did not accumulate significant levels of PST. While the accumulation rates for
abalone viscera and mussels were similar in 2013, it was observed that the rate of
increase in the level of PST toxins in abalone viscera was slower than mussels in the
early phase of the bloom, but increased more rapidly in the latter phase of the bloom
(Figure 3).
Using data obtained following the decline of the G. catenatum blooms in 2011 and 2012,
the rate of loss (mg STX eq kg-1 d-1) of PSTs in mussels, abalone viscera and foot tissue
was calculated. The rate of loss of PSTs following dispersal of the G. catenatum blooms
was highest for mussels, with abalone viscera showing an intermediate rate, and the foot
tissue had the lowest PST loss rate. This pattern was observed in both 2011 (Figure 4)
and 2012, for samples collected from site 1 and 2. The difference in loss rates between
the tissue types was significant for both years and at both sites (Table 1).

3.2
Occurrence of PSTs in abalone in the wider D'Entrecasteaux Channel
region
Following the initial discovery of PST in abalone in 2011, 51 additional abalone samples
were collected from six supplementary sites of commercial importance, and sites 1 and
2, on the 19th and 26th of May 2011 and were analysed for PST using the UPLC screen
test. Abalone from each of the eight sites contained PST in both the viscera and foot
tissues (Table 2). This is consistent with the results of plankton monitoring which
demonstrated the presence of G. catenatum both at the major sites (1 and 2) and at lower
cell concentrations at several sites south of the D’Entrecasteaux channel (sites 18, 24
and 27).
Levels of PST in abalone viscera samples were highest in the abalone collected from the
central sites located near the Huon estuary and in the middle of the D'Entrecasteaux
channel (sites 1 and 2). Abalone collected from the northern periphery of the
D'Entrecasteaux channel (site 3) and the two most southern abalone sites sampled (site
20 and 21) showed significantly lower levels of PST in the viscera than samples
collected from site 1 and 2 (p<0.001). PST levels in the foot tissue of abalone samples
sourced from distinctive sites on the 19th (3 different sites) and 26th of May (7 different
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sites) were similar, and no significant difference in levels was found (p=0.76 and p=0.36
respectively).
Of the 51 abalone samples collected from the eight sites in late May 2011, 29 samples of
viscera and one sample of foot tissue contained PST levels greater than 0.8 mg STX eq
kg-1 when analysed using the UPLC screen test. UPLC confirmatory analyses were
performed on a sub-set of the samples collected in April and May 2011 from site 1 and 2
(Table 3). The viscera samples (n=3) that were subjected to confirmatory UPLC analysis
contained levels exceeding 0.8 mg STX eq kg-1. Three samples of abalone foot tissue
were also subjected to confirmatory testing and had levels below 0.8 mg STX eq kg-1.
Section 3.4 contains further information on the results of confirmatory testing.
During the 2012 and 2013 G. catenatum blooms, further samples (50 abalone viscera
and 40 abalone foot samples) were also collected from a range of supplementary sites of
commercial importance around the southern D'Entrecasteaux channel region (figure 1b).
PSTs were not detected in most of the samples (Table 4). No samples (viscera or foot
tissue) from supplementary sites were found to exceed the level of 0.8 mg STX eq kg-1
using the UPLC screen test over this period of time. Nine plankton sites in the same
southern region were also regularly sampled between January 2012 and June 2013, of
the 69 samples collected, only 7 contained G. catenatum cells and all at very low levels
(highest result 2,100 cells L-1). It should be noted that site 15 contained higher levels of
PST in the abalone viscera and foot than those collected from other supplementary sites.
Site 15 is located in the mid D’Entrecasteaux channel region, and is considerably further
north than the other sites from which samples were collected in 2012 and 2013.

3.3

Relative levels of PST in abalone foot and viscera

At site 1 during the G. catenatum blooms in 2011, 2012 and 2013, and in the period
immediately following the blooms, PST levels were significantly higher in the viscera
tissue than the foot tissue of the same abalone (P<0.002) (Figure 5). In the intervening
periods, following the termination of the blooms and after the elimination of PST from
the viscera (between January 2011 and April 2012, and between August and November
2012), PST levels in both the foot and viscera tissue were low (<0.11 mg STX eq kg-1)
and there was no significant difference in the amount of PST present in the two tissue
types. Samples collected from site 2 showed a similar distribution of PST to abalone
collected from site 1 in 2011, however during the 2012 bloom levels of PST in both the
viscera and foot of abalone from site 2 remained very low and were similar
(<0.15 mg STX eq kg-1).
Of the 51 abalone samples collected from eight sites in the wider study region in late
May 2011 (Table 2), eight abalone had higher PST levels in the foot compared with
viscera tissue from the same animal. Most of these samples (n=6) were collected from
Site 3, where the PST levels in the viscera (0.035 ± 0.011 mg STX eq kg-1) were
significantly lower than that found in the foot (0.23 ± 0.017 mg STX eq kg-1) of the
same abalone (p-value = 0.0002). The PST levels in abalone viscera samples from Site 3
were the lowest of all sites sampled in May 2011, and significantly lower than samples
from site 1 and 2, which were collected on the same day (p < 0.001) (Table 2). Plankton
samples were collected from Site 3 and Site 4 (close to site 3) at fortnightly intervals
during the course of the bloom between February and May 2011 and G. catenatum was
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not detected. Two additional abalone samples from May 2011 also appeared to contain
higher PST levels in the foot tissue than in the viscera tissue, these samples were
sourced from two of the most southern most sites in the study region. PST levels in the
viscera and foot tissues for the abalone sample from Site 23 were 0.36 and 0.42 mg STX
eq kg-1, and from Site 21 were 0.16 and 0.19 mg STX eq kg-1, respectively. The
difference in PST level between the two tissue types for both samples was within the
measurement uncertainty of the analytical method (20%).

3.4

PST confirmation analyses

During the course of this study, 44 abalone viscera, foot and mussel samples were tested
using the UPLC confirmation test (8% of all samples). Not all samples exceeding the
level of 0.8 mg STX eq kg-1 using the screen test in this study (n=93) were subsequently
tested using the confirmation test due to the complexity and cost of confirmation
analysis. Generally, for each sampling round undertaken the viscera, foot and mussel
sample containing the highest level of PST as determined by the UPLC screen test was
subsequently analysed using the UPLC confirmation test. Additional viscera samples
sourced from commercially important sites were also tested using the UPLC
confirmation test because the screen test indicated PST levels were above
0.8 mg STX eq kg-1. Therefore, around half (52%) of the confirmations undertaken were
of abalone viscera samples. As expected, the screen result was higher than the
confirmation result for all samples tested (Table 3). On average, the confirmation result
was 26 ± 3 % (n = 24) of the screen result for abalone viscera, 55 ± 4 % (n = 11) for
abalone foot, and 10 ± 3 % (n = 9) for mussels. The difference between the ratios
(confirmation/screen result) for mussels, viscera and foot samples was found to be
significant (p-value < 0.001). Of the 44 samples tested using both the screen and
confirmatory UPLC methods, 23 samples were recorded as having PST levels greater
than 0.8 mg STX eq kg-1 using the screen test and of these 6 samples were subsequently
confirmed as having levels exceeding 0.8 mg STX eq kg-1.

3.5

Toxin composition of abalone during G. catenatum blooms

Detailed information on the PST profiles of mussels, abalone viscera and abalone foot
tissue analysed during the course of this research is reported in the companion
publication ‘Harwood et al 2014’ (in preparation).
In brief, the toxin profile observed in mussels was dominated on a molar basis (>88%)
by low toxicity n-sulfocarbomoyl toxins (C1,2 > C3,4 > GTX5 > GTX6). Low
percentages of the higher potency decarbamoyl toxins, dcSTX and dcGTX-2,3 were also
present. The PST profile of abalone viscera was rich in dcSTX (46%) and contained a
lower percentage of dcGTX-2,3 (13%) and the higher potency carbamoyl congener STX
(13%). Abalone viscera also contained low percentages of the n-sulfocarbomoyl toxins
(C1-C4 and GTX5,6). The toxin profile of abalone foot tissue was solely dominated by
two higher toxicity congeners, dcSTX (68%) and STX (32%), and the foot tissue did not
contain quantifiable levels of the n-sulfocarbomoyl toxins.
Following the initial discovery of PST in abalone in 2011, several unidentified
chromatographic peaks were observed in contaminated abalone samples using the UPLC
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method. Further studies were undertaken which led to the isolation, purification and
identification of deoxydecarbamoylsaxitoxin (doSTX) in abalone viscera and foot
samples during 2012 and 2013. Subsequently, toxicity studies were undertaken to
determine the median lethal dose of doSTX in mice, and to establish an interim toxicity
equivalence factor for use in the UPLC screen and confirmatory method. The studies
undertaken demonstrate that doSTX is substantially less toxic than STX. The findings
are discussed in detail in the companion publication, which also provides an evaluation
of the contribution doSTX makes to the total toxicity (STX equivalents) of abalone
viscera and foot samples (Harwood et al 2014, in preparation).

3.6

Detection of Gymnodinium catenatum in abalone, mussels and seawater

During the peak of the 2012 G. catenatum bloom a variety of samples were examined
for the presence of G. catenatum cells and cysts using microscopy, and for the presence
of the G. catenatum genome using qPCR. A seawater sample collected from site 1 on
the 2nd of May 2012 was found to contain 2000 G. catenatum cells L-1 using the standard
microscope based enumeration method. Three additional seawater samples were
collected simultaneously and analysed by qPCR and G. catenatum DNA was detected in
all three samples. Abalone samples collected from site 1 at the same time as the water
samples contained PST in their viscera, but careful bright field and fluorescence
microscopic inspection only revealed (mostly red) seaweed tissue and predominantly an
amorphous green-brown mush, from which no G. catenatum cysts could be visually
detected nor could any intact G. catenatum vegetative cells be discriminated.
Abalone viscera (n=3) and foot tissue (n=2) from samples collected on the same day
from site 1 were also analysed by qPCR and the G. catenatum genome was detected in
one sample of each tissue type. The average PST level in viscera and foot tissue of
abalone (n=6) from site 1 on the 2nd of May 2012 was 1.63 ± 0.30 mg STX eq kg-1 and
0.82 ± 0.18 mg STX eq kg-1 respectively. Mussels (n=1) collected at the same time were
also positive for the G. catenatum genome using the qPCR method and contained 25.52
mg STX eq kg-1.
Following the detection of the G. catenatum genome in the foot and viscera tissue of
abalone from site 1 during the 2012 bloom, two stored abalone viscera samples from the
2011 bloom were also analysed by qPCR and the G. catenatum genome was detected in
both samples. The two samples were collected on the 2nd and 19th of May 2011, the time
period at which the highest PST levels were recorded in the abalone viscera. Two
abalone viscera samples collected in December 2011 and January 2012 were also tested
by qPCR. This represented a period when no G. catenatum had been detected in
seawater samples in the study region, and PST levels in abalone were negligible. G.
catenatum was not detected by qPCR in either sample.

3.7

Occurrence of PST in abalone during an Alexandrium tamarense bloom

Between October 2012 and March 2013 A. tamarense cells were detected at various
locations along the eastern coastline of Tasmania in seawater samples (both integrated
and grab samples) collected from around 50 sites as part of the bivalve regulatory
monitoring programme (TSQAP) and the crustacean regulatory response (figure 6).
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Various species of bivalves and crustaceans collected over this period were also found to
contain levels of PST above the maximum permitted limit of 0.8 mg STX eq kg -1
(Campbell et al., 2013). It is beyond the scope of this report to provide a full analysis of
the data collected for all the seafood species collected during this event, however, results
related to PST testing of abalone and species concurrently sampled are summarised
below.
A. tamarense cells were detected between October 2012 and March 2013 and the highest
recorded PST levels (HPLC confirmatory results) in mussels (10 mg STX eq kg-1) and
oysters (3.24 mg STX eq kg-1) occurred in late October/early November 2012 following
the elevated A. tamarense counts, and declined thereafter. PST was not detected in
oyster samples collected after the 3rd of December. Similarly, PST levels in mussels
from the centre of the coast (around site G, figure 1D) declined during November and by
late November levels were below the regulatory limit. However, two of the most
northern sites on the east coast (close to site E, figure 1D), still showed high PST levels
(HPLC confirmation results) in mussels (4.2 and 4.4 mg STX eq kg-1) in late November
and the middle of December respectively. While there was a subsequent apparent peak
in A. tamarense cell numbers in late February (figure 6), this was not accompanied by
elevated PST levels in bivalves sampled over this period. Subsequently, seawater
samples from February were re-analysed, and it was discovered that some cells
originally considered to be A. tamarense were in fact other planktonic species. This may
account for the lack of toxicity in bivalves over this period.
Abalone (H. rubra) samples (n=20) were collected from 8 locations (figure 1D) on four
separate sampling occasions during November 2012 following the initial peak in A.
tamarense cell numbers. All samples (foot and viscera) were tested for PST using the
HPLC confirmation test and were below the regulatory limit (Table 5). The highest level
detected in abalone viscera was 0.24 mg STX eq kg-1 and in abalone foot was 0.30 mg
STX eq kg-1. On three of the four sampling occasions mussels and rock lobsters were
able to be collected alongside abalone. Mussels and rock lobster hepatopancreas
contained higher levels of PST than abalone foot or viscera on each of these sampling
occasions, with the exception of samples collected from site L, at which no toxins were
detected in either abalone or mussels, and extremely low levels of PST detected in rock
lobster hepatopancreas (Table 5). It is thought that this site was on the periphery of the
region impacted by the bloom, and was likely not to have been impacted by it.
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4

Discussion

4.1

Occurrence of PSTs during G. catenatum blooms

While the D’Entrecasteaux channel has a history of closures of bivalve shellfish
harvesting due to unacceptable levels of PSTs (Hallegraeff et al., 1988; Negri et al.,
2007; Oshima et al., 1993; Oshima et al., 1987), the January 2011 bloom of
G. catenatum is the first time that abalone from this region have been documented to
contain elevated levels of PST in this region. Densities of G. catenatum during the
summer of 2011 reached 1.4 million cells L-1 and bivalve toxicity was very high,
elevated levels of which had not been observed in the area since 2002 (Hallegraeff et al.,
2012).
Commercial wild harvest of abalone in regions south of the D’Entrecasteaux channel
have been historically highly productive. In contrast, commercial catch in the Huon
estuary and D’Entrecasteaux channel is very limited (Tarbath and Gardner, 2013).
Although present annually, the G. catenatum blooms demonstrate significant interannual variation. The blooms are thought to originate in the Huon estuary (Hallegraeff et
al., 2012), and only under favourable conditions, do they progress southwards into the
D’Entrecasteaux channel and have the potential to impact on commercial shellfish
stocks.
The main research sites in this study were located in the lower Huon estuary and midD’Entrecasteaux channel, and as such were impacted by the large G. catenatum bloom
in 2011, and the smaller blooms observed in 2012 and 2013. Analysis of the viscera and
foot of abalone collected in these non-commercial abalone areas showed accumulation
of PST in the viscera with mean values below 4.54 mg STX eq kg-1. Accumulation of
PST in foot tissue was much lower with mean values below 0.36 mg STX eq kg-1. It
should be noted that these PST values were determined using the UPLC screen test,
which overestimates the total amount of PST present. In this study we established that
the confirmation result is 26 ± 3% of the screen result for abalone viscera and 55 ± 4%
for abalone foot tissue. This suggests that the maximum mean level in abalone viscera
and foot could have been around 1.18 and 0.20 mg STX eq kg-1 respectively.
Additionally, it should be noted that these values to do not include the recently
characterised low toxicity PST congener, doSTX, the toxicity contribution of which is
discussed in full in Harwood et al 2014 (in preparation).
During the periods intervening the blooms when G. catenatum was not present in the
seawater samples, PST levels in abalone viscera were observed to decrease significantly
to levels well below the regulatory threshold, and then they increased again when the
next G. catenatum bloom occurred the following year. Similar to mussels and viscera,
following the 2011 bloom the PST level in foot tissue decreased significantly, and then
increased again during the 2012 bloom. However, apparent increases and decreases in
PST levels in the foot tissue during 2012 and 2013 were found to be statistically
insignificant.
Seawater samples collected from southern and northern sampling sites between 2011
and 2013 demonstrate that G. catenatum was present sporadically at very low levels,
when compared to the main research sites. Consistent with this abalone collected from
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southern and northern areas that were less impacted by the blooms were noted to
accumulate significantly less PST than those from the central sites. This accords with
current knowledge of the ecology of G. catenatum blooms in this region, which as noted
previously suggests that the blooms originate in the Huon estuary, and only progress
southwards and northwards into and beyond the D’Entrecasteaux channel during very
large scale events.
It is also noteworthy to emphasise that many abalone collected from the periphery of the
area impacted by the G. catenatum blooms in 2012 and 2013 contained no detectable
PST in either foot or viscera tissues. Similarly an abalone sample collected just outside
the area impacted by A. tamarense in 2012 contained no detectable PST in the foot or
viscera tissues. Additionally, separate research currently being undertaken by this team
involves the collection of 227 abalone samples from commercial fishing zones
throughout Australia and testing them for all regulated marine biotoxins. At the time of
publication only one of 187 samples collected and tested contained detectable levels of
PSTs (Navreet Malhi, personal communication, December 2013). The sample that
contained detectable levels of PST was coincidentally collected during the 2012
A. tamarense event in Tasmania.
Previously published studies that focus on PSTs in H. tuberculata did not clearly link
the occurrence of PST in abalone tissues with the occurrence of PST producing
dinoflagellates, casting doubt as to the source of the PST in abalone (Bravo et al., 1996;
Bravo et al., 1999; Martinez et al., 1993). Research undertaken on H. midae in South
Africa indicated that A. catenella was the ‘probable cause of abalone toxicity’, with
recurrent blooms occurring in areas in which abalone were most impacted. However,
low levels of PST were also discovered in some areas not previously thought to be
impacted by A. catenella, which again caused some doubt as to the cause of the PST
(Pitcher et al., 2001). A limitation of the research undertaken on H. midae and
H. tuberculata was that the studies were not reported to involve the collection of paired
phytoplankton and abalone samples at regular intervals during PST producing
dinoflagellate blooms over successive years, making it difficult to assess the potential
for an association between the presence/absence of PST in abalone and plankton
blooms.
In contrast, we found that the time and location at which PST levels in abalone viscera
were elevated clearly coincided with the times at which G. catenatum blooms and
elevated PST levels in mussels occurred. The linkage between the occurrence of
G. catenatum and PST in abalone suggests that the presence of G. catenatum may be a
useful risk factor for indicating potential PST contamination of abalone in the
D’Entrecasteaux channel region.

4.2

Uptake and elimination of PST by abalone and mussels

Shellfish quality assurance programmes frequently use mussels as an indicator species
of toxicity in other shellfish species that may be grown or present in the same region.
When taking such an approach the absence of toxicity in the indicator species infers the
absence of toxicity in other species in the same area. Therefore, it is important before
using an indicator species in a management programme to verify that this assumption is
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correct, and to ensure that other species will not exceed the regulatory limit prior to the
indicator species.
During the 2012 and 2013 G. catenatum blooms, it was noted that mussels accumulated
higher PST levels than abalone, and that the mussels breached the regulatory limit prior
to abalone in both years. Additionally, the rate of PST accumulation in mussels was
found to be significantly higher than abalone in 2012 at both major research sites.
However, it is apparent that sometimes mussels accumulate PSTs, but abalone in the
same location do not. In 2012, levels of PST in mussels were high at site 2 while in
contrast abalone did not contain elevated levels. The reason for this is not certain,
however, site 2 is more influenced by oceanic waters coming from the southern ocean
than site 1, which is more estuarine. If the mode of uptake of PST in abalone relates to
trophic transfer via the settling of cells and cysts of G. catenatum on to the surface of the
normal diet of abalone, water influx from the southern ocean could potentially disturb
and remove these cells, perhaps providing an explanation for the lack of toxicity in
abalone at this site. Despite this anomaly, the results of the study suggest that mussels
may be a conservative indicator species for abalone during the PST accumulation phase.
Following the termination of G. catenatum blooms, mussels were found to eliminate
PSTs from their tissues more rapidly than abalone viscera, which in turn eliminated
PSTs more rapidly than abalone foot tissue. On some sampling occasions following
blooms individual abalone viscera were found to be above the regulatory limit, whereas
mussels were compliant. This suggests that following blooms of G. catenatum the
absence of PST in mussels does not necessarily infer the absence of PST in abalone
viscera or foot tissue and therefore, mussels may not be an appropriate indicator species
for abalone in the post bloom phase.

4.3

Distribution of PST in abalone viscera and foot tissue

During the course of the G. catenatum blooms at the major study sites significantly
higher levels of PST were detected in the abalone viscera than in the foot tissue, but in
the intervening periods between blooms PST levels were low and there were similar
quantities present in the two tissue types. This finding has several important
implications.
Firstly, commercially fished abalone is sold in various product formats, including: live
abalone (whole), canned or pouched and retorted foot muscle (eviscerated abalone), and
viscera-based products (e.g. ‘abalone essence’). Given that the level of PST is higher in
the viscera than in the foot during G. catenatum blooms, it is possible that products
comprising different tissue types may present varying levels of risk to consumers.
Secondly, when trophic transmission of PST occurs generally the digestive organs are
the part of the marine animal with the greatest level of toxin, this pattern has been
observed for a range of species previously, including, scallops, clams, crabs and lobsters
(Bricelj and Shumway, 1998; Deeds et al., 2008; Sephton et al., 2007; Shumway, 1995)
(and references therein). Therefore, the finding of higher levels of PST in the viscera of
abalone may also suggest a trophic pathway of uptake.
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While the majority of abalone tested in our study followed the pattern of higher levels of
PST in viscera than foot tissue during G. catenatum blooms, levels of PST in 8 abalone
samples collected during the 2011 bloom contained higher levels of PST in the foot than
in the viscera. Six of these abalone were collected from a northern site (site 3) at which
G. catenatum was not detected in 2011. Notably, site 3 is impacted periodically from
G. catenatum blooms that originate in the Derwent Estuary, slightly north of site 3. A
possible explanation for these results could be that the PST detected in the foot of these
animals represents toxin that has been retained in the foot tissue following a previous
bloom event originating in the Derwent Estuary.
Our finding of higher levels of PST in abalone viscera than in foot tissue during the
course of the G. catenatum blooms (and immediately thereafter) is consistent with
earlier studies undertaken in South Africa on H. midae potentially impacted by
A. catenella. While the early investigations in South Africa indicated moderate toxicity
in both the viscera and foot, subsequent follow up investigations indicated the highest
levels of PST were present in the gill and digestive gland, with low levels detected in the
foot tissue (Pitcher et al 2001).
In contrast to our findings, research undertaken in Spain suggested that PST was found
in much higher quantities in the foot and foot epithelium of H. tuberculata than in the
viscera (Bravo et al., 1996; Bravo et al., 2001; Bravo et al., 1999; Martinez et al., 1993).
However, as noted previously, the samples collected in the Spanish studies were not
reported to have been collected during the course of PST producing-plankton blooms
and one possibility could be that the PST detected in the foot tissue represents retained
toxin from previous bloom events. Consistent with this hypothesis, Martinez et al (1993)
state that the collection of H. tuberculata was undertaken between April and June 1991,
whereas the previous G. catenatum bloom in the area had occurred in October 1990. The
authors suggest that the detection of elevated levels in the foot relates to a higher
capacity of locomotory organs of some molluscs to retain toxins than other parts of the
body. Supporting this, our results suggest that the elimination rate of PST from abalone
foot tissue was significantly less than that for abalone viscera tissue.

4.4

Occurrence of PSTs during A. tamarense blooms

During the 2012 A. tamarense bloom which affected the east coast of Tasmania, PST
levels in abalone foot and viscera were very low (≤0.3 mg STX eq kg-1), in contrast
mussel samples collected concurrently showed much higher levels (1.7 – 4.5 mg STX eq
kg-1). The reason for the low level of accumulation of PST by H. rubra during the A.
tamarense event is uncertain, several possibilities exist.
Firstly, it has been suggested that the A. tamarense may have been swept into the coastal
waters from populations that exist in deeper offshore waters, rather than arising locally
from inshore cyst beds (Campbell et al., 2013). Consistent with this, data presented on
the presence of A. tamarense in the Gulf of Maine (USA) suggests the presence of two
distinct populations, onshore and offshore, for which proliferation may be controlled by
different factors (Anderson and Keafer, 1987). If this is the method by which
A. tamarense contaminated bivalve shellfish along the eastern seaboard in 2012, it is
possible that the cells and cysts that were swept in did not settle onto the inshore reefs in
large numbers (as might be expected when inshore estuarine populations bloom and then
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decline), or adhere to the mucilage layer of benthic macroalgae for subsequent
consumption by abalone. Therefore, if the foregoing is correct, it could be expected that
A. tamarense may not have presented as a significant food source to abalone.
Secondly, the abalone samples were collected during November, and mussel samples
appeared to peak in toxicity in October. It is unclear whether November represented the
maximum period of risk to abalone. Therefore, it is recommended that further abalone
samples be collected at various time intervals during subsequent A. tamarense blooms to
verify the risk that this dinoflagellate may pose to abalone.

5

Conclusions

From this study, the following observations are noteworthy:
1. PSTs were found to be present in H. rubra during PST-producing G. catenatum
and A. tamarense blooms;
2. PST levels in H. rubra declined following the dispersal of G. catenatum blooms;
3. The G. catenatum genome was detected in the viscera of H. rubra samples
collected during the 2011 and 2012 blooms, but was not detected in samples
collected during the periods intervening the blooms;
4. During G. catenatum blooms, the toxin profiles of abalone viscera and mussels
were similar (six PST congeners were common to both tissue types), whereas the
PST profile of foot tissue comprised only three congeners (possibly indicating
biochemical conversion post toxin ingestion);
5. Significantly higher levels of PST were found in the digestive tract than the foot
tissue of H. rubra during the G. catenatum blooms;
6. The lost rate of PST from H. rubra was lower for the foot tissue than the viscera
tissue, potentially accounting for low levels of PST detected in the foot tissue in
the absence of significant toxicity in the viscera of a small number of animals
collected outside the major bloom impacted areas;
7. A large number of non-toxic specimens of H. rubra were collected from the
periphery of the G. catenatum and A. tamarense blooms, and collected from
other areas throughout Australia in periods when no blooms were known to be
occurring.
Collectively, these observations support a trophic pathway for PST uptake in H. rubra
which seems likely to occur via the consumption of planktonic cells or cysts of the PSTproducing dinoflagellates, G. catenatum and A. tamarense. The mechanism by which H.
rubra, an herbivorous gastropod, ingests these PST producing dinoflagellates is
uncertain. It is known that G. catenatum in Tasmanian waters exhibits strong diurnal
vertical migrations, descending to a depth of 20 m at night-time (Doblin et al., 2006;
Hallegraeff et al., 2012). Possibly mucilage coating the macroalgae on which H. rubra
feeds entraps the planktonic cells when they descend at night, which then forms part of
the abalone diet.
PST accumulation and loss rates were also calculated, and these demonstrated that
mussels accumulated PSTs more rapidly than abalone and thus may be an appropriate
indicator of toxicity in abalone during the uptake phase. However, mussels also
eliminated PSTs more rapidly than H. rubra and they may not adequately predict
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abalone toxicity following the decline of G. catenatum blooms in this region. While
these accumulation and loss rates provide useful information on the potential validity of
using mussels as an indicator species for PST in abalone, it is likely that site-by-site
validation would be needed to ensure that the patterns noted in this study are also
observed in other locations.
While this study describes the accumulation of PSTs in H. rubra, it is important to note
that elevated levels were mainly associated with abalone sourced from non-commerical
sites located in the Huon Estuary and the centre of the D’Entrecasteaux channel.
Abalone sourced from commercial sites south of the main research areas were not
significantly impacted by the smaller G. catenatum blooms in 2012 and 2013, and
contained lower levels of PST in the major bloom of 2011 than those collected from the
research sites. When the confirmation to screen test ratio is considered levels in abalone
foot throughout the study were estimated to be less than the regulatory limit for PSTs.
These latter findings, in conjunction with the fact that there have been no recorded
human cases of paralytic shellfish poisoning relating to the consumption H. rubra from
Australia, raise important questions as to whether PSTs in this species of abalone present
a risk to human health. A human health risk assessment is required to objectively
evaluate any potential risk.
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Figure 1. Sample collection sites for abalone (panel 1B), and phytoplankton (panel 1C) from the
D’Entrecasteaux channel region, Tasmania, Australia in 2011 – 2013. Panel 1D shows abalone
sample collection sites in the mid-north eastern coastline of Tasmania, Australia in 2012.
Numbers and letters within panels B, C and D refer to sites referenced in the text.

This report is commercial-in-confidence. No part of it may be copied, distributed, or divulged to any
agency or person without the express permission of the authors.

29

P a g e | 30

Figure 2. Gymnodinium catenatum cell numbers in 10 m integrated water column samples from sites throughout the D’Entrecasteaux study region (Fig 1c) in
2011, 2012 and the first half of 2013.
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Figure 3. Gymnodinium catenatum cell numbers in 10 m integrated water column samples (panel
A) and PST levels determined by the screen test in mussels (Mytilus galloprovincialis) (panel B),
abalone (Haliotis rubra) viscera (panel C), and abalone foot tissue (panel D) from sites 1 and 2
(figure 1) in the D’Entrecasteaux Channel region, Tasmania during the 2011, 2012 and 2013 HAB
events.
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Figure 4. Loss of PST (STX eq mg kg-1) from mussels, abalone viscera and abalone foot following
the 2011 G. catenatum bloom, between May 2011 and January 2012 (left hand panels), and
accumulation of PST in the same tissue types during the 2012 G. catenatum bloom between January
and June (right hand panels), for both sites 1 (top) and 2 (bottom).
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Figure 5. PST (mean ± SEM) determined by the UPLC screen test in abalone (Haliotis rubra)
viscera and foot samples from site 1 and 2, Huon Estuary and D’Entrecasteaux Channel, Tasmania,
Australia, in 2011, 2012 and 2013.
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Figure 6. Alexandrium tamarense cell numbers in 10 m integrated water column samples and grab samples collected from 53 sites on the eastern coastline of
Tasmania between September 2012 and May 2013. While there was a subsequent apparent peak in A. tamarense cell numbers in late February, this was not
accompanied by elevated PST levels in bivalves sampled over this period.
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Table 1. A constant-rate growth or decay model of the form:
where represents the concentration of PST toxin,
is the initial PST toxin
concentration, is the constant rate and is time, was fitted to PST concentration as a function of time to describe the accumulation and the depuration of
toxins. Values in the table indicate the rate of increase or decrease in PST concentration over time (mg STX eq kg -1 d-1). Rates > 0 indicate an increase in PST
concentration over time (higher values indicate quicker rates of accumulation), rates < 0 indicate a decrease in PST concentration over time (lower values
indicate quicker rates of loss). Unless otherwise stated, observed increases and loss of PST in each tissue type were statistically significant. To provide an
indication of how well the actual data points fitted the model, r2 values are provided in brackets following the rate.

Bloom/Post Bloom Year

Abalone Site

Mussels

Viscera

Foot

p-valuea

Accumulation Rate (r2)
2012 G. catenatum bloom
2013 G. catenatum bloom

1
2
1

0.0181 (0.99)
0.0141 (0.99)
0.0180 (0.99)b

0.0072 (0.59)
0.0009 (0.03)b
0.0189 (0.80)

0.0018 (0.13)b
0.0021 (0.36)b
0.0039 (0.18)

0.0002
<0.0001
0.0003

-0.0018 (0.35)
-0.0027 (0.35)
-0.0010 (0.04)c
-0.0027 (0.33)c

0.0016
0.0050
0.0018
<0.0001

Loss Rate (r2)
Post 2011 G. catenatum bloom
Post 2012 G. catenatum bloom

1
2
1
2

-0.0055 (0.74)
-0.0065 (0.95)
-0.0083 (0.88)
-0.0144 (0.98)

-0.0046 (0.60)
-0.0063 (0.67)
-0.0055 (0.63)
-0.0014 (0.08)c

a

The null hypothesis states there is no difference between the rate (accumulation or loss) between mussels, viscera and foot collected from the same site over the same period (p>0.05), the
alternate hypothesis (p<0.05) states that there is a difference in the rates of accumulation (or loss) between the different matrices over time. Acceptation of the null hypothesis is taken when
p>0.05, else rejection of the null hypothesis (p<0.05).
b
Accumulation of PST over the bloom period specified was not found to be statistically significant.
c
Loss of PST following the G. catenatum bloom specified was not found to be statistically significant.
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Table 2. PST content (mg STX eq kg tissue-1, mean (X) ± standard error of mean (S.E.M.) and range for all abalone viscera and foot samples, single values
for mussels) of black lip abalone, Haliotis rubra, and mussels, Mytilus galloprovicialis, from several locations around the D’Entrecasteaux Channel region,
Tasmania, May 2011. PST levels were obtained using the UPLC screening test. Values presented for abalone viscera and foot tissues for samples collected on
the same date from the same location were obtained from the analysis of tissues derived from the same animals.

Sampling Date

Abalone Sample Location

Abalone viscera

19/5/2011

Site 1
Site 2
Site 3

(x ± S.E.M.)
4.54 ± 0.81 (n=5)
3.51 ± 0.75 (n=5)
0.04 ± 0.01 (n=6)

26/5/2011

Site 2
Site 1
Site 28
Site 27
Site 23
Site 20
Site 21

2.65 ± 0.96 (n=5)
2.22 ± 0.40 (n=5)
1.86 ± 0.57 (n=5)
1.19 ± 0.20 (n=5)
0.74 ± 0.13 (n=5)
0.40 ± 0.08 (n=5)
0.32 ± 0.06 (n=5)

Abalone foot

Mussels

Range
2.69 – 6.62
2.28 – 6.35
0 – 0.55

(x ± S.E.M.)
0.28 ± 0.06 (n=5)
0.35 ± 0.15 (n=5)
0.23 ± 0.04 (n=6)

Range
0.16 – 0.46
0.15 – 0.94
0.15 – 0.42

x
15.86 (n=1)
12.51 (n=1)
-

0.65 - 5.88
1.42 - 3.71
0.75 - 3.93
0.71 - 1.82
0.36 - 1.03
0.23 - 0.66
0.16 - 0.51

0.24 ± 0.06 (n=5)
0.23 ± 0.04 (n=5)
0.14 ± 0.06 (n=5)
0.23 ± 0.08 (n=5)
0.18 ± 0.06 (n=5)
0.11 ± 0.03 (n=5)
0.11 ± 0.03 (n=5)

0.07 - 0.38
0.09 - 0.33
0.07 - 0.37
0.08 - 0.55
0.05 - 0.42
0.00 - 0.18
0.05 - 0.19

6.16 (n=1)
9.83 (n=1)
-
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Table 3. PST confirmation data (mg STX eq kg-1 tissue) and associated screen results for
abalone and mussel samples collected during the 2011, 2012 and 2013 Gymnodinium
catenatum events in Tasmania.
Sample Location

Sample Type

Date

Confirmation

Screen

Ratio (conf/screen)

Site 1

Mussels
Mussels
Mussels
Mussels
Mussels
Mussels
Mussels
Mussels
Mussels
Abalone Foot
Abalone Foot
Abalone Foot
Abalone Foot
Abalone Foot
Abalone Foot
Abalone Foot
Abalone Foot
Abalone Foot
Abalone Foot
Abalone Foot
Abalone Viscera
Abalone Viscera
Abalone Viscera
Abalone Viscera
Abalone Viscera
Abalone Viscera
Abalone Viscera
Abalone Viscera
Abalone Viscera
Abalone Viscera
Abalone Viscera
Abalone Viscera
Abalone Viscera
Abalone Viscera
Abalone Viscera
Abalone Viscera
Abalone Viscera
Abalone Viscera
Abalone Viscera
Abalone Viscera
Abalone Viscera
Abalone Viscera
Abalone Viscera
Abalone Viscera

05/10/11
08/12/11
04/04/12
02/05/12
07/08/12
15/06/11
25/07/11
02/05/12
27/06/12
26/05/11
07/08/12
14/01/13
19/11/12
19/11/12
21/04/11
26/05/11
15/06/11
25/07/11
27/06/12
19/11/12
05/10/11
05/10/11
05/10/11
05/10/11
05/10/11
05/10/11
05/10/11
02/05/11
26/05/11
16/06/11
25/07/11
05/10/11
08/12/11
08/12/11
02/05/12
14/01/13
29/01/13
29/01/13
27/06/12
27/06/12
07/08/12
26/05/11
16/06/11
05/10/11

0,28
0,05
0,94
1,14
0,08
0,29
0,31
0,55
0,19
0,16
0,42
0,17
0,07
0,14
0,59
0,14
0,36
0,38
0,11
0,11
0,20
0,39
0,21
0,12
0,30
0,14
0,14
2,44
0,90
1,12
0,56
0,49
0,08
0,08
0,23
0,06
0,39
0,51
0,13
0,20
0,13
1,96
0,53
0,20

0,77
0,50
12,74
25,52
1,10
3,77
3,47
7,75
5,25
0,33
0,77
0,37
0,15
0,23
0,75
0,38
0,49
0,63
0,18
0,24
1,25
2,28
1,17
0,51
1,06
0,49
0,39
6,71
3,71
2,12
1,45
2,14
0,93
0,59
1,63
0,98
2,60
3,27
0,36
0,54
0,65
5,88
1,34
0,43

0,37
0,11
0,07
0,04
0,07
0,08
0,09
0,07
0,04
0,49
0,54
0,48
0,48
0,59
0,78
0,38
0,72
0,59
0,59
0,44
0,16
0,17
0,18
0,24
0,29
0,29
0,35
0,36
0,24
0,53
0,39
0,23
0,08
0,13
0,14
0,06
0,15
0,16
0,36
0,37
0,21
0,33
0,39
0,46

n
9
11
23

Ave. ratio (conf/screen)
0.10
0.55
0.26

Site 2

Site 1

Site 15
Site 2

Site 25

Site 27

Site 1

Site 15

Site 2

Summary:
Sample Type
Mussels
Abalone Foot
Abalone Viscera

SEM
0.03
0.04
0.03
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Table 4. PST content (mg STX eq kg tissue-1) of black lip abalone, Haliotis rubra, from commercial fishing zones around the D’Entrecasteaux Channel
region, Tasmania, 2012 and 2013. PST levels were obtained using the UPLC screening test. PST values are either: mean (X) ± standard error of mean
(S.E.M.) and range, or single values (n=1) derived from the analysis of the pooled tissues of five abalone. Values presented for abalone viscera and foot
tissues for samples collected on the same date from the same location were obtained from the analysis of tissues derived from the same animals.
Sampling Date

Abalone Sample Location

04/04/12

Site 27
Site 30
Site 15
Site 21
Site 30
Site 19
Site 26
Site 32
Site 22
Site 21
Site 22
Site 19
Site 15
Site 26
Site 30
Site 15
Site 15
Site 15
Site 19

02/05/12

31/05/12
27/06/12

07/08/12
19/11/12
20/02/13

Abalone viscera
(x ± S.E.M.)
0.03 ± 0.02 (n=5)
0.04 ± 0.02 (n=5)
0.36 ± 0.04 (n=5)
ND (n=1)
ND (n=1)
0.04 (n=1)
ND (n=1)
ND (n=1)
ND (n=1)
ND (n=1)
ND (n=1)
ND (n=1)
0.30 ± 0.07 (n=5)
0.08 (n=1)
ND (n=1)
0.25 ± 0.13 (n=5)
0.05 ± 0.03 (n=5)
0.23 ± 0.04 (n=4)
ND (n=5)

Abalone foot

Range
ND - 0.1
ND – 0.12
0.26 – 0.48
0.13 – 0.54
ND – 0.65
ND – 0.13
0.18 – 0.33
-

(x ± S.E.M.)
NT
NT
0.03 ± 0.02 (n=5)
ND (n=1)
ND (n=1)
ND (n=1)
0.08 (n=1)
ND (n=1)
ND (n=1)
0.20 (n=1)
ND (n=1)
ND (n=1)
0.01 ± 0.01 (n=5)
ND (n=1)
ND (n=1)
0.03 ± 0.02 (n=5)
0.12 ± 0.03 (n=5)
0.27 ± 0.12 (n=4)
0.09 ± 0.05 (n=5)

Range
ND - 0.12
ND - 0.061
ND – 0.10
0.05 – 0.23
0.12 – 0.63
ND – 0.23
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Table 5. PST content (mg STX eq kg tissue-1) of black lip abalone (Haliotis rubra), mussels (Mytilus galloprovincialis), and rock lobsters (Jassus edwardsii)
from sites (Figure 1d) on the eastern coastline of Tasmania, November 2012. PST levels were obtained using the HPLC confirmatory test. PST values are
either: mean (X) ± standard error of mean (S.E.M.), or single values (n=1) derived from the analysis of the pooled tissues of either five abalone, >12 mussels,
or 3 lobster hepatopancreas. Values presented for abalone viscera and foot tissues were obtained from the analysis of tissues derived from the same animals.
Mussels and lobsters were collected directly adjacent to abalone samples unless otherwise stated. aNo mussels were available for sampling at the same
location as the abalone, mussels were therefore collected from a site ~17km south of site L. bNo mussels were available for sampling at the same location as
the abalone, mussels were therefore collected from a site ~8km south of site E.
Sampling Date

Abalone Sample Location

Abalone Viscera

Abalone Foot

Mussels

05/11/12

H
I
F
J
K
L
G
E

0.18 (n=1)
0.05 (n=1)
0.04 ± 0.02 (n=5)
0.06 ± 0.03 (n=5)
0.09 (n=1)
ND (n=1)
0.1 (n=1)
0.04 ± 0.03 (n=5)

ND (n=1)
ND (n=1)
ND (n=1)
ND (n=1)
ND (n=1)
ND (n=1)
ND (n=1)
0.25 ± 0.02 (n=5)

1.7 (n=1)
4.5 (n=1)
NDa (n=1)
0.26 (n=1)
4.4b (n=1)

27/11/12
28/11/12
29/11/12

Lobster
Hepatopancreas
0.06 (n=1)
0.91 ± 0.10 (n=3)
0.47 ± 0.33 (n=3)
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