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ABSTRACT. Shellfish and, specifically, bivalve molluscs are a food commodity of great interest for both commercial and public
health reasons. They consume microalgae from surrounding waters, which are generally beneficial for aquaculture, but they
comprise certain toxin-producing species. These species produce marine toxins which, via the filter-feeding mechanism of bivalve
molluscs, accumulate in their tissues. This accumulation is more intense and more dangerous for public health during the so-called
periods of Harmful Algal Blooms (HABs) when the microalgal population grows. According to their chemical structure, marine
toxins are classified into 8 groups, one of which is the cyclic imines. These lipophilic toxins were accidentally discovered during
routine bioassays for the detection of other lipophilic marine toxins due to the induction of neurological symptoms and acute death
in mice. They include the following subgroups: Spirolides (SPX), gymnodimines (GYM), pinnatoxins (PnTX), pteriatoxins (PtTX),
prorocentrolides and spiro-prorocentrimines. The European Union (EU) is more concerned about the first three subgroups,
because, in contrast with the latter three, they have already been detected in Europe or there is strong evidence supporting their
presence. Spirolides are produced by the dinoflagellate Alexandrium ostenfeldii/peruvianum, gymnodimines by the dinoflagellate
Karenia selliformis and pinnatoxins by a peridinoid dinoflagellate recently described in the new genus Vulcanodinium spp.. Although
there is insufficient information regarding the geographical distribution of cyclic imines, the fact that they have been detected on
multiple occasions in European waters, in combination with their aforementioned acute toxicity in mice after intraperitoneal
injection, has established them, at least within the EU, as a topic of profound scientific research. In spite of their acute toxicity in
mice, no incident of human intoxication has been attributed to cyclic imines. Presently, the EU has neither set any Maximum
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Permissible Limits for the concentration of cyclic imines in shellfish nor appointed any reference method for their detection and
quantification. Currently, the methods applied are biological, biochemical and chemical. The biological method is a bioassay,
which is conducted via the intraperitoneal injection of mice with an extract containing the compound under examination and it
detects total toxicity. This property is essential for the detection of unknown toxins, but the use of laboratory animals raises serious
ethical concerns and animal welfare issues. The biochemical method is based on competition between cyclic imines and a
fluorescently labelled compound for binding to receptors of the electric ray Torpedo marmorata. Finally, in respect of chemical
methods, liquid chromatography with tandem mass spectrometry detection (LC-MS/MS) is the most significant method because
itis fast, of high repeatability and specificity.

Keywords: cyclic imines, spirolides, gymnodimines, shellfish, LC-MS/MS

IMEPIAHWH. Ta ootpaxogid] xot, 7o ouyrexouuéva, to diBuoa uaAdria eivor 1o0@Luo Wiaitepou evolagéovtog yia Adyoug
TG00 OLROVOKOUS GO0 *ow dNUSoLag vyelag. TOEQOVTOL UE WXQOPUKY, TOL OTTOT0L TAQOTL EIVOL ETMPEAN YLOL TNV VOUTOXOMMEQYELD,
OUUTEQIAAUPAVOUV RO OQLOUEVE TOEWVOTTORaYWYd €idN. Ta eidn awtd mapdyouv Bahdootes FLOTOEIVES, OL OTTOLES SLAUETOV TOU
UNYOVIOWoU GvtAnong xat dtmBnong tov vepou, FloovoomEetovianl OTovg LoToUc TV 00Teaxoedwy. H froovoomoevon aut
elvo evTovoTeEQN %o GO 7o ETLXIVOUVY Yo T dnudota vyeia xatd T dudorel TV «emPBAafoV avOoEmV», YVOOTHV ROl O
Harmful Algal Blooms (HABs), dnAadn tmv meuédmv tg minBuowanis aiEnong tmv urgoguradyv. O Buldooies BlotoEiveg
HATOTAOoOVTOL Pe PAom ™) xnuwi] Tous dowr o€ 8 opnddes, nict artd TG OTOTES EIVAL RO OL XURMRES LUIVES. Ot RUNMUES 1ivES
eivar Moguheg ToEiveg, ot 0moleg avaraAlipONray Tuyxaio AGY® TS TEGXANONG VEUQOAOYIXMV CUUTTTMUATMV ROl TOYUTOTWY
Bavdatwv oe pieg rotd TS BLOdOULUES QOUTIVAS Vit THY aviyveLon GAAmV Atd@hov Baldooimv frotoSivav. TTeguhapfdvouy tig
vrroopddes: omelpohidua (spirolides, SPX), yvuvoduuives (gymnodimines, GYM), muvvartogives (pinnatoxins, PnTX), wrepuatogiveg
(pteriatoxins, PtTX), mpogoxevtpohrideg (prorocentrolides) xouw 0meLpo-mpoQoxeVIQUUiveS (spiro-prorocentrimines). Ou mpwiteg
TQELG VTTOOUADES, OL OTTOLES TTOQAYOVTCL ATTO SLVOUAOTLYWTA WXQOQURY, artaoyolotv teproodtepo tv Evpwmaixy “"Evoon (EE),
S0t og avrtifeon ue tg virohouteg, £xouv 110N aviyvevOel omy Evpdmm M urdoyovv toyueototes eVOEEELS ™S TOQOVCINS TOUG.
Ta omelQoAidLL T YOoVTOL 0Ttd T0 dwvopaotywto Alexandrium ostenfeldii/peruvianum, ov yopuvoduuives astd to divouaonywtd
Karenia selliformis »oun ov vvatoEiveg amtd €va teQdvoidEg SIvouaoTiywTo Tou €L TEQLYQOPEL TROOMATA VTG TO VEO YEVOC
Vulcanodinium spp. Av %o vdQyouV OVETUQKRE(S TANQOPOQIES YLaL TV aXOLPY] YEMYQUPLXY TOUS RUTAVOWY, O EVIOTLOUAS TOUG
0€ TTOMES TEQUITTMOELS OTOL EVQMIALRG, VduTaL, 08 CUVOVCOUO e TV TTRoavapeDeion LoyuEdTaT 0Eelin TOERATNTA TOUS ROTA
™ OLevEQYELOL EVOOTEQLTOVUIXIG EYXUONG O UG, TIC ROTECTNOV, TOVAdYLotov otV EE, avirelievo €viovng emotuoviniic
€oguvag. ITapd v 0modedeLyUEVN TOEGTNTA TOUS OTOUS NUG, OV €XOUV 0XOUY EVOXOTONOET YL0L XQOUVOUATO TOEWVMOEMY OE
avOpamouc. ITpog to mapdv, n EE dev €yeL Oeopobemoel Avartata Emrpentd Eninedo (Maximum Permissible Levels) ouyxrev-
TODOEMV TWV HURMHROV LUWVEV OTC 00TQAXO0ELOT] 0UTE T HEBOOO CVOIPOQAS YLOL TNV QLYY VEVON RO TOV TTOCOTIXO TOUS TTQOOOLOQLOUO.
O u€Bodor tov epaudtovrar onuea eival PLoroyrés, froxnuirés xow ynurés. H Brohoyur) néBodog elvan o frodoxiuri wov
dievepyeltor ue evOOmEQLTOVOINY EYXUON EVOS EXYUAIONATOS TTOU TEQLEYEL TNV VTG €EETOION OVOIOL O UUS RO OVLYVEVEL T
ovvolrn toEimdmra. H ididmrta ot Oempeitan omagalTm yio v aviyveuon dyvmotov ToEWVHV, Ouws, MGy e xo1Nons met-
QOUATOLMMYV, EVEYEL ORETTHRIOUO MG TTEOS TNV EVEMIN TOUE ®ow TV MO TS OANS dadiwaoiog. H froynuuxt uéBodog faoitetan
OTOV OVTOYWVIOUS WA POOQOETIONUAOUEVNS TOSIVIG UE TLS XUXMXES LUIVES YLaL T1 OUVOEDT] LE TOVS VITOOOYELS TOU 0QYAUVIOUOU
Torpedo marmorata. TEMOG, artd TG YNUrES neBGd0UG, 1) aviyvevon ne vypoyemuatoyeagia-paopatopetoio pdtag (LC-MS/MS)
elva 1 o aELGAOYY YLt EIVOL YONYOQN, WE UEYAAN ETTOVOAYPLUGTNTO RO ELOROTNTAL.

A&&eig evgernoiaons: ¥urMrES wiveg, OmeLQolidLa, yuuvodpives, ootparoewd], LC-MS/MS

1. Introduction which is exported to the EU (Theodorou et al. 2010).

B ivalve molluscs, such as mussels and oysters, and
the marine algal toxins produced by microalgae
associated with them are a topic of global interest due
to both their commercial impact and influence on
seafood safety (Garcia Camacho et al. 2006). World-
wide, marine algal toxins cause more than 60.000 food
poisoning events annually with an associated mortality
rate of 1.5% (Gill et al. 2003).

In Greece, mussel (Mytilus galloprovincialis)
production alone accounted for more than 18% of
total annual fishery output (Eurostat 2008), 80% of

Furthermore, mussel consumption in Greece increases
during fasting periods and, especially, during Lent,
thus making the need to ensure their safety imperative.
Bivalve molluscs are filter-feeding organisms, which
rely mostly on phytoplankton for food. Mass proli-
feration of phytoplankton, known as algal blooms, is
mostly harmless and beneficial for aquaculture (Garcia
Camacho et al. 2006). However, out of 5.000 known
phytoplankton species (Sournia et al. 1991), more than
90 are capable of producing toxins and 70 of them are
dinoflagallates (Hallegraeff 2003). Proliferation of
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toxin-producing microalgae causes HABs, which can
sometimes induce water discoloration, some of which
are known as “red tides”. HABs may indiscriminately
kill sea organisms via oxygen deprivation because of
their high oxygen consumption (Hallegraeff et al. 1995,
Lindahl 1998). The first written reference to the red
tide phenomenon was found in the Bible: “So, Moses
...struck the water that was in the Nile...and all the
water that was in the Nile was turned to blood. The fish
that were in the Nile died and the Nile became foul, so
that the Egyptians could not drink water from the
Nile...” (Exodus 7: 20-21).

Marine toxins tend to accumulate in shellfish via
their filter-feeding mechanism (Botana et al. 2009).
They have various adverse effects on human health
such as amnesic shellfish poisoning (ASP), paralytic
shellfish poisoning (PSP) or diarrhoetic shellfish
poisoning (DSP) (Osek et al. 2006, Christian and
Luckas 2007). Their negative impact on public safety
is exacerbated by the fact that they are odourless,
tasteless, they do not vapourize and they are not
destroyed by cooking (Chisti 1998), thus, they cannot
be identified by human senses or be deactivated by
common food processing technologies.

Historically, marine toxins were classified
according to the induction of the aforementioned
symptoms, i.e. all lipophilic toxins belonged to the DSP
group, until new lipophilic toxins were discovered
(yessotoxins) which do not cause diarrhoea (Christian
and Luckas 2007). In this context, categorization
according to their chemical structure was introduced
and it classifies toxins into eight groups,

® azaspiracid (AZA)
brevetoxin (BTX)
domoic acid (DA)
okadaic acid (OA)
pectenotoxin (PTX)
saxitoxin (STX)
yessotoxin (YTX)
cyclic imines (CI)

(Toyofuku 2006).

2. Cyclic Imines: Chemical structure, categoriza-
tion and distribution in shellfish

Cyclic imines are lipophilic compounds and
accumulate in the hepatopancreas of bivalve molluscs.
They were found in shellfish because of their high

acute toxicity following intraperitoneal injection in
mouse bioassays (MBA), carried out for the detection
of lipophilic marine toxins (EFSA 2010). The CI family
comprises spirolides (SPXs), gymnodimines (GYMs),
pinnatoxins (PnTXs), pteriatoxins (PtTXs), proro-
centrolides and spiroprorocentrimines. The latter two,
along with PtTXs, which have been recently identified
as biotransformation products of PnTXs in shellfish
(Selwood et al. 2010), have not been reported in shell-
fish in Europe (EFSA 2010).

2.1. Spirolides (SPX5s)

SPXs, which have a molecular weight of appro-
ximately 700 Da (Cembella and Kroc 2008), are mainly
produced by the marine dinoflagellate Alexandrium
ostenfeldii/peruvianum (Cembella et al. 2000, Franco
2006, Pigozzi et al. 2008). They are the largest CI group
and they are categorized in eight major groups, which
are SPX A, B,C, D, E, F, G and 20-Me-G, in addition
to two desmethyl derivatives (Cembella and Krock
2008). These are SPX 13-desMeC, which is derived
from SPX C, and SPX 13-desMeD, which originates
from SPX D (Ciminiello et al. 2006). The toxicity of
SPXs in mice varies widely depending on their
structural differences (Ciminiello et al. 2006). SPXs
that contain an extra methyl group on the imine ring
compared with spirolide A and B resist enzymatic
hydrolysis conditions in shellfish and, therefore, might
pose a threat to consumers (Christian et al. 2008). On
the other hand, spirolides E and F, which are regarded
as hydrolysis products of spirolides A and B (Hu et al.
1996, 2001), are biologically inactive (Christian et al.
2008). This hypothesis is reinforced by the stability of
the doublemethylated spirolides C and D under
hydrolytic conditions in shellfish (Hu et al. 2001).

SPXs were first discovered and characterized in
1991 in cultured blue mussels (Mytfilus edulis) and sea
scallops (Placopecten magellanicus) in Nova Scotia,
Canada (Hu et al. 1996). Alexandrium ostenfeldii /
peruvianum has been found in the United States
(Gribble et al. 2005) and in New Zealand (Mackenzie
2004). In Europe, it has been identified along the
Emilia Romagna coasts in the Italian part of the
Adriatic Sea (Ciminiello et al. 2006), in Ireland
(Touzet et al. 2008), in Scotland (John et al. 2003), and
in Denmark (MacKinnon et al. 2006). Furthermore,
SPXs’ presence in shellfish has been reported in Italy
(Pigozzi et al. 2008), in Spain (Villar Gonzilez et al.
2006) and in Norway (Aasen et al. 2005). In Greece,
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the presence of Alexandrium ostenfeldi | peruvianum
has been confirmed and SPXs have been detected
(Katikou et al. 2010). However, their distribution and
concentrations have not yet been studied in detail.

2.2. Gymnodimines (GYMs)

GYMs, which are the smallest CI with a molecular
weight around 500 Da (Cembella and Krock 2008), are
produced by the dinoflagellate Karenia selliformis,
formerly known as Gymnodinium selliforme (Seki et al.
1995; Mackenzie et al. 1996, Miles et al. 2003, Hay-
wood et al. 2004). They consist of three groups, namely
GYM A, B and C (Cembella and Krock 2008). All
GYM-analogues have a six-membered imino ring and
their macrocycle contains 16 carbon units and one
ether bridge (Cembella and Krock 2008). GYM-C is
an oxidised analogue of GYM-A and it is isomeric with
GYM B at C-18, thus, it is highly probable that both
GYM B and C are final derivatives of GYM A (Miles
et al. 2000, 2003).

GYMs were first identified in 1992-1993 in New
Zealand, after an unusual neurotoxicity incident
caused by their interference in MBAs for lipophilic
toxins (Mackenzie et al. 1993; Mackenzie 1994;,
Mackenzie et al. 1996). They have also been reported
in Tunisia (Biré et al. 2002), whereas in Europe, no
published reports exist regarding their occurrence
(EFSA 2010). However, the presence of GYMs in
Greek shellfish has been strongly indicated by our
preliminary investigations (Greek National Reference
Laboratory for Marine Biotoxins, unpublished data)

2.3 Pinnatoxins (PnTXs)

The organism producing PnTXs has been
described as a peridinoid dinoflagellate (Rhodes et al.
2010) and it has recently been described in the new
genus Vulcanodinium spp., and, specifically, as Vulca-
nodinium rugosum (Nezan and Chomerat 2011).
PnTXs have a similar chemical structure to SPXs and
their molecular weight varies from 712 to 832 Da
(Selwood et al. 2010). This CI group was believed to
include only four groups, PnTX A, B, C, D (Cembella
and Krock 2008). However, new PnTX analogues have
recently been discovered in oysters in New Zealand
and Australia, namely PnTx E, F and G (Selwood et al.
2010). The same research group suggests that all
known PnTXs and PtTXs originate from PnTXs G and
F after metabolic and hydrolytic transformation in
shellfish (Selwood et al. 2010).

PnTXs have lately been determined in Norwegian
shellfish (Miles et al. 2010), whereas Vulcanodinium
rugosum has been found in water samples from Medi-
terranean lagoons (Nezan and Chomerat 2011).

3. Toxicity of cyclic imines

Toxicity of cyclic imines is currently under
investigation because, despite the fact that they can be
bio-transformed via detoxification by reduction
(GYM) or by ring opening (SPX A and B) in molluscs
(Hu et al. 1996, Stewart et al. 1997, Munday 2008),
there is limited information regarding their absorption,
distribution, metabolism and excretion in animals or
in humans. Therefore, no conclusions could be drawn
with respect to any possible risk to consumers of
contaminated shellfish (EFSA 2010).

So far, no reports of human illness directly caused
by SPXs, GYMs, Pn'TXs or PtTXs have been identified
(EFSA 2010). Incidents involving non-specific sym-
ptoms including gastric distress and tachycardia, such
as the one recorded in Nova Scotia, Canada, raise
reasonable suspicions, but they cannot be attributed to
the consumption of SPX-containing shellfish, because
similar episodes in the area took place at times when
MBA results indicated absence of SPXs (Richard et al.
2001). In New Zealand, which was the first country to
detect the presence of GYMs in shellfish, the regula-
tory authorities decided that GYM-contaminated
shellfish do not pose a human intoxication risk, as,
according to their epidemiological data, no illnesses
after shellfish consumption had been observed during
the contamination incident (Mackenzie et al. 1996,
Stirling 2001). Moreover, in Rangaunu Harbour, New
Zealand, where PnTXs had been detected in oysters at
considerable concentrations, no adverse effects to con-
sumers’ health have been noticed (Munday et al. 2004).

On the other hand, cyclic imines present an acute
neurotoxic action to mice after intraperitoneal
injection and they may interfere with the MBA for the
detection of other lipophilic toxins (FAO/IOC/WHO
2004). SPXs induce mouse death within 30 minutes
after the i.p. injection. The reason for this response is
their high solubility in polar organic solvents, such as
methanol, aqueous ethanol or acetone, which are used
for the extraction of the lipophilic toxins under detec-
tion (Cembella and Krock 2008, Otero et al. 2010a,
2010b). GYMs have similar effects on mice, whose
death is observed approximately 3 to 15 minutes after
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injection, but they completely recover if they survive
the first 30 minutes (EFSA 2010). The possible cause
for this toxicity is the intact cyclic imine-group that
some SPXs and GYMs possess (Munday 2008, Bourne
et al. 2010). There is evidence that the neurotoxic
action of SPXs and GYMs is based on their inhibition
of both muscarinic and nicotinic acetylcholine recep-
tors (mAChR and nAChR) in the central and
peripheral nervous system (Munday 2008). The afore-
mentioned suggestion has been confirmed via binding
of 13-desmethyl SPX C and GYM A to nAChRs in
binding assays and voltage-clamp recordings on muscle
and neuronal nAChR, hence revealing potent anta-
gonism for both types of receptors (Bourne et al. 2010).
Nevertheless, the main difference between GYMs and
SPXs is that GYMs show a reversible effect, whereas
binding of SPXs seem to be irreversible (Molg6 et al.
2007, 2008, Vilarifio et al. 2009, Fonfria et al. 2010).
Furthermore, the fact that SPXs containing an extra
methyl group on the imine ring survive enzymatic
hydrolysis conditions in shellfish implies that they
might be toxic to humans, as well (Christian et al.
2008). Finally, according to a recent study, SPX analo-
gues 13-desmethyl spirolide C and 13,19-didesmethyl
spirolide C can cross human intestinal epithelium at
levels exceeding 80% and 50%, respectively, thus
proving that SPXs can be absorbed and enter the
circulatory system (Espifia et al. 2011).

As regards PnTXs, it has recently been demon-
strated that they, also, bind to nAChR (Miles et al.
2010), thus accounting for the rapid mice death
induced in the MBA for lipophilic toxins, when PnTXs
are present in the shellfish under examination.
However, there is no evidence that they cause human
illness (Selwood et al. 2010).

Due to the relatively recent discovery of cyclic imi-
nes, there are insufficient data regarding their distri-
bution and toxicology, which partly explains the current
absence of regulatory limits on cyclic imines in shellfish
in Europe or in other regions of the world. However, the
toxicology working group of the EU Reference Labo-
ratory for marine toxins (EU-RLMB) has proposed a
guidance level for the sum of SPXs of 400 ug/kg shellfish
meat (CRLMB 2005, Pigozzi et al. 2008).

4. Methods of detection

4.1 Mouse bioassay (MBA)
Although, according to EU Regulation 2074/2005,

the MBA has until recently been the reference method
for the detection of lipophilic marine toxins, it
produces false positive results when cyclic imines are
present (EFSA 2010). The symptomatology caused by
the presence of cyclic imines’ comprises neurological
signs, convulsions and cramps and it usually ends 30
minutes after injection with the death of one or more
of the three mice used in the examination (EFSA
2010). The i.p. injection of the 25g shellfish extract into
a 20g mouse provides a limit of detection (LOD) of
about 5.6 pg/kg shellfish for 13-desmethyl SPX C
(Munday 2008), 6.4 ug/kg shellfish for SPX C (Munday
2008) and 77 ug/kg shellfish for GYM A (Munday et
al. 2004). The method’s LODs for PnTx E, F and G are
40, 36 and 13 ug/kg shellfish, respectively (Selwood et
al. 2010). MBA is a relatively simple and inexpensive
method that can determine total toxicity which is of
crucial importance for the detection of emerging toxins
(EFSA 2010). However, it is not a quantitative method,
it lacks specificity and has not yet been validated for
the detection of cyclic imines (EFSA 2010). Further-
more, it involves ethical issues regarding the use of
animals, since each examination entails the death of
three mice (EFSA 2010). In Europe, Directive 86/609/
EECwill be replaced on 1/1/2013 by Directive 2010/63/
EU (article 62 of 2010/63/EU) with more strict require-
ments with regard to animal welfare. In this latter
Directive, the need for the implementation of the
principle known as the three Rs’ is stressed (EU 2010),
which is the process of replacing an animal test with
alternative methods. This principle can be defined by
the following criteria: reduction of the number of
animals being used, refinement of the use of animals
in terms of suffering and performance, and replace-
ment of the animal by alternative methods (Hess et al.
2006). Finally, according to EU Regulation 15/2011,
LC-MS/MS has replaced MBA as the reference
method for the detection of lipophilic marine toxins
since 1/7/2011, with a transition period until 31/12/
2014.

4.2 Biochemical assays

A biochemical assay with a fluorescence polariza-
tion has recently been developed. It is based on the
high affinity of GYM A and 13-desmethyl SPX C for
the nicotinic acetylcholine receptor (nAChR) of the
electric organ of the ray Torpedo marmorata, and their
competition for binding to this receptor with a-
bungarotoxin, which is fluorescently labelled (Vilarifio
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et al. 2009). The method’s limit of quantification
(LOQ) is 80 ug/kg for GYM A and 85 pg/kg for 13-
desmethyl SPX C in shellfish (Fonfrfa et al. 2010). This
method is easy, fast, inexpensive and it detects any CI-
analogue that may interact with nAChR. Nevertheless,
it depends on the availability of receptors from
Torpedo marmorata, the organism used in the assay,
and it has not yet been validated (EFSA 2010).

4.3 Chemical methods

4.3.1 High performance liquid chromatography
with ultra violet detection (HPLC-UYV)

A HPLC-UV method was developed for the
routine analysis of GYMs in shellfish at a wavelength
measuring up to 210nm and the LOD of GYM A was
reported to be 2.4 ug/kg of digestive gland of clams
(Marrouchi et al. 2009). However, cyclic imines lack
chromophores and, therefore, optical detection
methods, such as ultraviolet (UV), do not provide
sufficient selectivity because the UV absorption of
cyclic imines is low (EFSA 2010). Hence, the results
provided by HPLC-UV will need confirmation by
another method.

4.3.2 Liquid Chromatography with tandem mass
spectrometry detection (LC-MS/MS)

Chromatographic techniques with UV or fluore-
scence detection provide separation of the components
of a mixture, but they cannot unequivocally identify
these components (Ardrey 2003). On the other hand,
mass spectrometry can identify compounds with a high
degree of confidence because mass spectra are suffi-
ciently specific, however, it is incapable of separating
mixtures of many components and, therefore, it cannot
produce credible results when the sample under
analysis is a mixture (Ardrey 2003). The power of LC-
MS/MS lies in the fact that it combines the strengths
of these two methods and eliminates their limitations.
Currently, LC-MS/MS methods are considered the
methods of choice for cyclic imines analysis in shellfish
(EFSA 2010). Several publications have reported LC-
MS/MS methods for SPXs, GYMs, PnTXs and PtTXs
(Cembella et al. 1999, Quilliam et al. 2001, Takada et
al. 2001a, 2001b, Stirling 2001, Biré et al. 2002, Aasen
et al. 2005, Ciminiello et al. 2006, Villar Gonzailez et al.
2006, Fux et al. 2007, Gerssen et al. 2009a, 2009b, Miles
et al. 2010, Selwood et al. 2010). These methods are
based on reversed-phase LC coupled with electrospray
ionization MS used in either the selected ion

monitoring (SIM) or the selected reaction monitoring
(SRM) modes (EFSA 2010). Recently, multitoxin LC-
MS/MS methods have been developed for a compre-
hensive phycotoxin monitoring of lipophilic marine
toxins under acidic (Fux et al. 2007) or alkaline con-
ditions (Gerssen et al. 2009a, 2009b). An LC-MS/MS
method implemented by Fux et al. (2007) was capable
of detecting 21 lipophilic marine toxins in a total run
time of 6.6 min.

LC-MS/MS methods can provide a LOD of 0.8
ug/kg shellfish meat for 13-desmethyl SPX C, 3.7 ug/kg
shellfish meat for GYM A (Gerssen et al. 2009b) and 5
ug/kg shellfish for Pn'TX G (Miles et al. 2010). In sum-
mary, LC-MS/MS is very fast, very specific and it has a
detection limit for cyclic imines lower than any other
method. Nonetheless, the method is costly to imple-
ment and requires expensive equipment and highly
trained personnel, as well. Moreover, reference
materials for most of the analogues of SPXs, GYMs,
PnTXs and PtTXs are lacking (EFSA 2010) and LC-
MS/MS methods can identify and accurately quantity
only toxins for which standards are available (Campbell
etal. 2010). Therefore, it cannot detect all CI-analogues
or other emerging toxins. Nevertheless, certain inter-
laboratory validations have successfully been under-
taken and have enabled the EU to appoint LC-MS/MS
as the reference method for the detection of lipophilic
marine toxins (EU 2011, These et al. 2011).

5. Conclusion

Cyclic imines are a novel research area with limited
data about their distribution and their concentration
levels in European waters. According to the relevant
European Food Safety Authority (EFSA) opinion,
they constitute a possible concern regarding seafood
safety. Thus, further investigation of cyclic imines is
necessary, firstly, to collect more epidemiological data,
and, secondly, to investigate the discrepancy between
acute adverse health effects in mice after i.p. injection
and the absence of incidents in humans directly
attributed to the presence of cyclic imines in order to
determine if they pose a public health risk. Finally, the
process for acquiring more data, in combination with
the need for preventive measures to protect public
safety, might lead to the establishment of regulatory
limits for cyclic imines in shellfish and the appointment
of a reference method for their detection, probably
LC-MS/MS. B
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