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ABSTRACT

During 2001, the Marine Institute has extended its range of chemical tests to
include the analysis of DSP toxins by Liquid Chromatography coupled to Mass
Spectrometry (LC-MS). Thus the range of compounds determined extends from
domoic acid over DSP compounds (okadaic acid and DTXs) to azaspiracids (AZAs).
These tests complement the mouse bioassay, which is the current reference method
for lipophilic toxins within the European Community. The development and
performance characteristics of the LC-MS method are discussed. Isomer patterns
and interspecies differences are discussed as well as local trends in time and
variability at one production site at a given time. Comparison of the LC-MS results
with the results from the mouse bioassay showed good agreement (93%), and a
small but significant number of discrepancies (7%). Overall, the chemical testing has
proven to be an invaluable tool in the assessment of shellfish toxicity in Ireland.
Lacks of standards and reference materials are discussed as well as the need for
further research into the equivalence of methods.
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INTRODUCTION

Accumulation of algal toxins by shellfish is a naturally occurring, global
phenomenon, which can pose threats to human health and cause substantial
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financial losses to the aquaculture industry. The EC has reacted to this threat to
consumers by adopting a specific Directive (Directive 91/492/EEC) laying down
the health conditions for the production and the placing on the market of bivalve
molluscs (Anonymous 1991).  Over the years, however, it has become clear that
the contamination of bivalve molluscs by lipophilic phycotoxins is a multifaceted,
complex phenomenon. The complexity inherent in the topic is mirrored by the
report of the Working Group on Toxicology of diarrhetic shellfish poisoning (DSP)
and azaspiracid shellfish poisoning (AZP), Brussels, 21-23 May, 2001 (Anonymous
2001), and the recent European Commission Decision (2002/225/EC) (Anonymous
2002) establishing the methods of analysis and the maximum limits of certain
marine biotoxins in bivalve molluscs, echinoderms, tunicates and marine
gastropods. LC-MS methods had been proposed for a range of toxin groups
separately, and more recently also as multitoxin-methods, incorporating several
toxin groups into a single analytical method (Quilliam et al. 2001). Since 2001,
okadaic acid, DTXs and azaspiracids are routinely monitored by LC-MS in shellfish
flesh from all shellfish production areas in Ireland, in parallel with the mouse
bioassay. Production areas are also monitored weekly for phytoplankton species
potentially causing toxic events. The present paper discusses data obtained through
the use of LC-MS as well as the comparability of this technique to the mouse
bioassay, in the routine monitoring of marine biotoxins in shellfish from Irish waters
during 2001 and early 2002.

MATERIALS AND METHODS

Samples

Samples of mussels (Mytilus edulis), oysters (Crassostrea gigas, Ostraea
edulis), razor fish (Ensis siliqgua) and scallops (Pecten maximus) were obtained from
main shellfish production areas as part of the Irish National Marine Biotoxin
Monitoring Programme during 2001. Additional samples of mussels (M. edulis)
were obtained on the 10%" February 2002 from Castletownbere, Bantry Bay
(Southwest Ireland), to determine the variability within a shellfish production site.

Mouse bioassay

During 2001, two mouse bioassay protocols were used in the Irish National
Marine Biotoxin Monitoring Programme. The test according to Yasumoto et al.
(1978), using acetone extraction only, was applied from January to May 2001, while
the test according to Yasumoto et al. (1984), using the diethylether partitioning, was
introduced in May 2001. A positive result was recorded when at least 2 out of 3 mice
were found dead within the 24 hour observation period.

LC-MS

The chemical method has been adapted from Quilliam et al. (2001) and was
previously summarised by Hess et al. (2001). An extraction was carried out by
blending a 4 g aliquot of whole flesh with 15 mL of 80 % aqueous methanol. The

crude extract was then centrifuged and filtered using a 0.2 um syringe filter, prior to
injection into the LC-MS. The HPLC was a Waters 2690®. The chromatographic
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column was a BDS-Hypersil Cg, 50 x 2 mm, 3 pm with a 10 x 2 mm guard, 3 pm. A
binary gradient run was carried out, starting with 30 % B (95 % acetonitrile) at time
zero linearly rising to 90 % B at 8 min. Then, the 90 % B were held for 0.5 min,
decreased to 30 % B over 0.5 min and was held again for three min until the next
run. Both mobile phase A and B contained 2 mM ammonium formate and 50 mM
formic acid. Phase A was 100 % aqueous. OA, DTX-2 and AZA-1 to 3, were analysed
using a method with a single run by LC-MS-MS, often referred to as a multi-toxin
method. The mass spectrometer used was a triple stage quadrupole (Quattro
Ultima, Micromass) allowing tandem mass spectrometric analysis. In this method,
okadaic acid elutes first at ca. 7 min, followed by DTX-2 at 7.5 min and the
azaspiracids, eluting at approximately 10 =12 min. The total run time per sample on
the LC-MS was optimized to 15 min. Fragmentation in the collision cell of the triple
stage quadrupole mass spectrometer was optimised to produce characteristic
fragments, which were different from losses of water. A minimum of 2 fragment
ions was measured. Quantification was carried out using multipoint calibration
curves made from certified standards or, where these standards were not available,
from standards supplied by internationally accepted authorities (i.e. Profs.
Yasumoto and Satake). Quality control checks were carried out to internationally
accepted protocols, and include analysis of a certified reference material (MUS2). A
positive result was reported when either okadaic acid equivalents (OA eq. = sum of
OA and DTX-2) or azaspiracid equivalents (AZ eq. = sum of AZA-1, -2, and -3,
weighted by their respective toxicity factors) were above the limit of 160 ng/g
shellfish flesh. The toxicity of DTX-2 was estimated to be equal to the toxicity of OA
as reported by Hu et al. (1992). The toxic equivalent factors were estimated from the
LD50s in mice, which were 0.11 mg/kg and 0.14 mg/kg for AZA-2 and -3,
respectively (Ofuji et al. 1999). AZ eq. are calculated to be AZA-1 equivalents. This
is an arbitrary choice adapted by the authors since this isomer was the dominant
isomer in this study. The recovery of the method was checked weekly for the MUS2
certified reference material (National Research Council Canada, certified value 11

ng/g).

Comparison of LC-MS with mouse bioassay

A period of 3 months was chosen for comparison of the LC-MS test with the
mouse bioassay from July to September 2001. The bioassay protocol used during
this period was according to Yasumoto et al. (1984). The total number of samples
was 415, split into 195 of C. gigas, 179 of M. edulis, 22 of O. edulis and 19 of E.
siliqua.

RESULTS

LC-MS development and performance characteristics
Collision-induced fragments were checked for ion ratios, and RSDs of less
than 20 % were obtained for the ion ratio in routine use for standards and samples.
This characterises the method as a robust MS technique. The recovery of the method
was checked weekly for the MUS2 reference material and the average was greater
than 90 %. The between batch variability was also measured using the MUS2 CRM
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and was less than 12.5 %. The run time of ca. 15 min on HPLC allows a fast sample
turnaround of ca. 2 days from receipt of a shellfish sample in the laboratory to the
issue of test results.

Mouse bioassays

During 2001, a total of 1938 samples were analysed using the assay of
Yasumoto et al. (1978), with 17.6 % positive results. In comparison, a total of 1204
samples were analysed using the protocol of Yasumoto et al. (1984), with 16.6 %
positive results. During 2001, the toxin profiles were dominated by DTX-2.

Species dependent accumulation of OA eq. and AZ eq.

The accumulation of lipophilic toxins showed a strong dependence on the
species of shellfish (Tables 1 - 4). Mussels (M. edulis) were affected most, followed
by oysters (C. gigas) and scallops (. maximus). O. edulis and E. siligua showed no
accumulation of either OA, DTX-2 or azaspiracids.

Table 1. Occurrence of okadaic acid equivalents in shellfish from Irish waters, as analysed
by LC-MS from July to October 2001

Species (N) Average [pg/g] | Maximum [ng/g] | Percentage > 0.16
ng/g

Mytilus edulis (452) 0.99 48.3 36 %

Crassostraea gigas 0.06 7.76 2.0%

(306)

Ostraea edulis (31) <0.01 0.05 0 %

Ensis siliqua (26) <0.01 0.02 0 %

Table 2. Occurrence of azaspiracid equivalents in shellfish from Irish waters, as analysed
by LC-MS from July to October 2001

Species (n) Average [pg/g] | Maximum [pg/g] | Percentage > 0.16
ng/g

Mytilus edulis (452) 0.07 1.5 8.5 %

Crassostraea gigas 0.03 0.42 1.6 %

(306)

Ostraea edulis (31) <0.01 0.04 0 %

Ensis siliqua (26) <0.01 0.08 0 %

Table 3. Occurrence of okadaic acid equivalents in scallops (Pecten maximus), as
analysed by LC-MS from July to October 2001 (n = 25)

Tissue Average [pg/g] Maximum [pug/g] | Percentage > 0.16
ug/g

Meat <0.01 <0.01 0 %

Gonad <0.01 0.03 0 %

Hepatopancreas 0.23 1.86 40 %

Remainder <0.01 <0.01 0 %

Whole flesh 0.02 0.19 4%
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Table 4. Occurrence of azaspiracid equivalents in scallops (Pecten maximus, as analysed
by LC-MS from July to October 2001 (n = 25)

Tissue Average [pg/g] Maximum [ng/g] | Percentage > 0.16
ng/g

Meat <0.01 <0.01 0%

Gonad <0.01 0.02 0%

Hepatopancreas 0.10 0.32 28 %

Remainder <0.01 0.01 0%

Whole flesh 0.01 0.03 0%

Variability of lipophilic toxin, patterns and temporal trends at the

Castletownbere production site

The levels (CVs) of the OA eq. and AZ eq. in M. edulis from Castletownbere
on the 10 February 2002 were 0.61 pg/g (33%) and 0.16 ng/g (25 %), respectively
(Fig. 1). The analysis of OA-equivalents (OA eq.) and azaspiracid-equivalents (AZ
eq.) by LC-MS on a weekly basis at the same production site showed maximum
concentrations of OA eq. and AZ eq. in mussels during August (Figs. 2a and b). In
the case of OA eq. there was a relatively slow decrease over the subsequent 6
months while peaks in AZ eq. were observed during September and October with a
rapid decrease thereafter. The LC-MS data can be used to analyse time-trends much
better than the mouse bioassay data since the mouse bioassay does not give any
indication of the level of toxins present (Fig. 2c). Both DTX-2 and AZA-1 were the
major toxins present during August 2001. During the second half of August, AZA-
1 represented ca. 74 % of the total AZ eq. with a maximum total AZ eq. of ca. 1.5
ng/g (Table 5). During the same period DTX-2 accounted for between 81 and 100 %
of the total OA eq. (maximum total OA eq. = 12 pg/g).
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Fig. 1. Concentrations and variability of okadaic acid equivalents (left bar) and
azaspiracid equivalents (right bar) in mussels (M. edulis) from Castletownbere, Bantry,
10 Feb 2002. Each sample was a pool of 150 g whole flesh; error bars represent the
standard deviation (n=10).
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Fig. 2. Temporal trend of AZ eq., OA eq. and mouse bioassays at Castletownbere from
May 2001 to February 2002. a) AZ eq. in M. edulis, b) OA eq. in M. edulis and c) Mouse
bioassay results in M. edulis (according to Yasumoto et al. 1978 until June, and according
to Yasumoto et al. 1984 from July onwards). The thick black line in each of the 3 graphs
represents the 0.16 ng/g regulatory limit. Mouse bioassay negatives are represented as
bars of a height of 0.16 png/g while mouse bioassay positives are shown with a height of
0.32 pg/g. This is arbitrary and for visualization purposes only.
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Table 5. Pattern of azaspiracid-1, -2 and -3 in M. edulis from Castletownbere during the
second half of August 2001

Sample Date AZA-1 AZA-2 AZA-3
[%0] [%] [%]
13 August 2001 73.8 20.0 6.2
20 August 2001 67.8 25.1 7.1
20 August 2001 74.1 211 4.8
27 August 2001 77.7 16.1 6.2
Average 734 20.6 6.1
STD 4.1 3.7 0.9

Comparison of LC-MS with mouse bioassay

When comparing the results obtained using the LC-MS method with those
obtained with the mouse bioassay, a large agreement was found over a three-month
period from July to September (415 shellfish samples). Approximately 80 % of the
samples were negative and 13 % positive using both techniques, thus leading to a
93 % agreement between techniques. In the remaining 7 % of samples there were 19
mouse bioassay negatives with positive chemical analysis, 8 chemical negatives
with positive mouse bioassays and 2 samples where the mouse bioassay was
negative but the chemical result could be considered positive if cumulative effects
were observed between OA eq. and AZ eq. (Table 6). The 19 mouse bioassay
negatives with an OA eq. content greater than 0.16pg/g or an AZ eq. content greater
than 0.16 ng/g may be considered false negatives which might have led to incorrect
management decisions, if chemical data had not been available. The 8 mouse
bioassay positives where OA eq. and AZ eq. were below the limit may point
towards the presence of other toxins since in 5 out of 8 cases the OA eq. and/or AZ
eq. were equal to or less than half the closure level. The 2 cases of mouse bioassay
negatives which had levels of OA eq. close to the limit with relatively high levels of
AZ eq. present in addition, are listed for discussion purposes. The authors could not
see a trend of false negatives or false positives either in relation to time or location.
The fact that all mouse bioassay false negatives were observed in M. edulis may be
due to the large number of M. edulis in the data set.
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Table 6. Subset of 29 samples (of a total of 415) for which mouse bioassay (Yasumoto et
al. 1984) and chemical testing (LC-MS-MS) showed results that would lead to a different
opening or closing status.

Location Sample Date Species  Bioassay (Y84) AZE [pg/g] OAE [pg/g]
Inishlaughill 16-Jul-01 M. edulis Negative n.d. 0.27
Ardgroom 16-Jul-01 M. edulis Negative n.d. 0.23
Roaringwater Bay 16-Jul-01 M. edulis Negative n.d 0.27
Killary Harbour Inner 23-Jul-01 M. edulis Negative 0.03 0.23
Roaringwater Bay 23-Jul-01 M. edulis Negative n.d. 0.32
Newtown 23-Jul-01 M. edulis Negative 0.02 0.65
North Chapel 23-Jul-01 M. edulis Negative 0.14 1.28
Dunmanus Bay 23-Jul-01 M. edulis Negative n.d. 0.68
Ardgroom 23-Jul-01 M. edulis Negative n.d. 0.2
Kinvarra 24-Jul-01 M. edulis Negative n.d. 0.17
Ardgroom 30-Jul-01 M. edulis Negative 0.46 0.11
Roaringwater Bay 13-Aug-01 M. edulis Negative 0.02 0.29
Killary Harbour Inner 27-Aug-01 M. edulis Negative 0.02 0.28
Roaringwater Bay 27-Aug-01 M. edulis Negative n.d. 0.25
Ballysadare Bay 28-Aug-01 M. edulis Negative 0.03 0.2
Poulnaclough Bay 1-Sep-01 M. edulis Negative 0.05 0.29
Greenore 3-Sep-01 M. edulis Negative 0.04 0.21
Roaringwater Bay 10-Sep-01 M. edulis Negative <0.01 0.26
Goleen 24-Sep-01 M. edulis Negative <0.01 0.33
Ballysadare Bay 7-Aug-01 M. edulis Negative 0.1 0.12
Inisquirk 14-Aug-01 C. gigas Negative 0.06 0.15
Killary Harbour 16-Jul-01 M. edulis Positive n.d. 0.14
Middle
Inishlaughill 23-Jul-01 M. edulis Positive 0.03 0.08
Gweebarra 23-Jul-01 C. gigas Positive 0.04 n.d.
The Holmes Donegal 23-Jul-01 C. gigas Positive 0.09 n.d.
Corraun 24-Jul-01 C. gigas Positive n.d. n.d.
Sligo Harbour 24-Jul-01 M. edulis Positive 0.09 0.01
Ballysadare Bay 14-Aug-01 M. edulis Positive 0.01 0.05
Corraun 21-Aug-01 C. gigas Positive 0.03 0.01

DISCUSSION

The LC-MS method developed showed acceptable performance
characteristics for in-house validation. These initial results will be used in
combination with results from other laboratories to design a full validation of the
LC-MS technique, which will also include intercomparisons between laboratories.

The species dependence of toxin accumulation observed was very similar to
results summarised by Bricelj and Shumway (1998), who showed that mussels
accumulated paralytic shellfish toxins earlier than oysters, and to higher levels. The
data obtained on variability, species dependent accumulation of toxins and
temporal trends demonstrates the usefulness of the LC-MS technique for the
monitoring of marine biotoxins in shellfish.

The high variability of lipophilic toxins in pooled samples suggests an even
higher variability in individual mussels and points to the need for further studies to
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ensure sample and pool size are representative in routine monitoring. The temporal
trends found for OA eq. and AZ eq. suggest that the occurrence of these toxins is
mainly a summer phenomenon. However, the very slow detoxification of mussels
at this production site raises further questions relating to the occurrence of the
causative organism during autumn and the management of contamination levels in
shellfish above the regulatory limit without the presence of the causative organism
in the water column. Also, the co-occurrence of AZs and DTX-2, which was
observed during August 2001, was in contrast to the previous findings by McMahon
and Silke (1996) who reported high levels of AZA-1 during the winter of 1995/1996
(ca. 2 pg/g shellfish flesh, (unpubl.data from Yasumoto and Satake) with the
presence of only trace levels of OA and DTX-2 in Killary Harbour on the west coast
of Ireland.

Mouse bioassay results could be largely explained using LC-MS analyses (93
% agreement), however, 4.6 % of samples that gave negative results in the mouse
bioassay showed values above the regulatory limit when analysed by LC-MS. 16 of
the 19 mouse bioassay negatives, where the chemical test results were positive, may
be explained by the error margin of either test (ca. 10 — 20 %), however, a further
three showed very high values by LC-MS and small-scale variability within the
sample is likely to play an additional role. Those samples, where chemical test
results were negative and the mouse bioassay gave a positive result, may indicate
the presence of other toxins, which were not analysed for by LC-MS. This
discrepancy suggests the need for further tests into the reproducibility of the mouse
bioassay and the comparability of the mouse bioassay with LC-MS techniques. The
different nature of the 2 tests also requires a clear definition of the performance
characteristics and scope of either test for regulatory purposes, in order to guarantee
the protection of public health. Future analyses using LC-MS should also include a
larger range of compounds, in particular esters of okadaic acid and DTX-2, which
have been shown to be present in mussels from Irish waters (Hu et al. 1992).
Although both methods showed a good correlation, there is a strong need for the
isolation and validation of pure standards for the wider range of lipophilic toxins
analysed by the LC-MS. The Marine Institute proposes to extend the comparison
between LC-MS techniques and the bioassay techniques to a longer period and will
then present the data to the European national reference laboratories and EU
authorities to strengthen the case for chemical testing as an alternative method to
the bioassay. Future research should also focus on the applicability of small
mammal assays to all the toxins described in the Commission Decision
2002/225/EC (Anonymous 2002) and the additive, synergistic or antagonistic
effects toxins may have in bioassays. Equally important are investigations into the
protocols for multitoxin methods, including bioassays, in particular in respect to the
extraction solvents used and the potential clean-up steps that may be applied or
required. Unfortunately, these studies depend on the availability of shellfish
contaminated with particular patterns of toxins.
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