
Harmful Algae 37 (2014) 100–109
Toxic strains of the Alexandrium ostenfeldii complex in southern South
America (Beagle Channel, Argentina)

Gastón. O. Almandoz a,b,*, Nora G. Montoya c, Marcelo P. Hernando d, Hugo R. Benavides c,
Mario O. Carignan c, Martha E. Ferrario a,b

a División Ficologı́a, Facultad de Ciencias Naturales y Museo, Universidad Nacional de La Plata, Paseo del Bosque s/n (B1900FWA), La Plata, Argentina
b CONICET, Av. Rivadavia 1917 (C1033AAV), Buenos Aires, Argentina
c Instituto Nacional de Investigación y Desarrollo Pesquero (INIDEP), Paseo Victoria Ocampo N8 1, Escollera Norte (7602HSA), Mar del Plata, Argentina
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A B S T R A C T

During phytoplankton monitoring in the Beagle Channel (�548520 S, 678320 W) a previously undetected

Alexandrium species was observed in coincidence with mouse bioassay toxicity. Detailed thecal plates

analysis using epifluorescence and scanning electron microscopy revealed the presence of the

Alexandrium ostenfeldii species complex, showing a mixture of the diagnostic features usually used to

discriminate between the morphospecies A. ostenfeldii and A. peruvianum. Cells of the A. ostenfeldii

complex were commonly observed during spring after the main annual diatom bloom, when

temperatures and salinities were respectively around 7.5–10 8C and 30–30.5 psu, and nutrients showed

a seasonal decrease. Toxin analysis by liquid chromatography–mass spectrometry revealed the

production of 13-desmethyl spirolide C and 20-methyl spirolide G in cell cultures. The cellular contain of

spirolides during exponential phase growth was 0.5906 � 0.0032 and 0.1577 � 0.0023 pg cell�1 for 13-

desMe-C and 20-Me-G, respectively. A third unknown compound, with a structure resembling that of

spirolides was also detected in culture. Moreover, an additional compound with a similar m/z (692) than that

of 13-desMe-C but presenting a higher retention time (Rt = 40.5 min) was found in high proportions in

mussel samples. PSP toxins were present at low concentration in mussels but were not detected in cultures.

These results extend the world-wide distribution of toxic strains of the A. ostenfeldii complex to the Beagle

Channel (southern South America), where toxic events have been traditionally linked to the presence of

Alexandrium catenella. This is the first confirmed occurrence of spirolides in mussels and plankton from

Argentina, which highlights the importance of monitoring these toxins and their producing organisms to

protect public health and improve the management of shellfish resources.

� 2014 Elsevier B.V. All rights reserved.
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1. Introduction

The occurrence of some species of the marine dinoflagellate
genus Alexandrium Halim has been usually related to harmful algal
bloom events in many parts of the world (Anderson et al., 2012).
Most of the harmful species of this genus produces paralytic
shellfish poisoning (PSP) toxins, which have shown a high diversity
in cultured and natural populations of Alexandrium from southern
South America (Persich et al., 2006; Montoya et al., 2010).
Moreover, the presence of other toxin families has been also
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recorded (Hu et al., 1996; Cembella et al., 2000; Hsia et al., 2006;
Van Wagoner et al., 2011). From the more than 30 described
Alexandrium species, only A. ostenfeldii and A. peruvianum have
been found to produce cyclic imine neurotoxins called spirolides
(SPXs) (Cembella et al., 2000; Franco et al., 2006). In the last years,
there have been several reports on the production of spirolides by
these two Alexandrium species in North America and Europe (e.g.

Aasen et al., 2005; MacKinnon et al., 2006; Ciminiello et al., 2007;
Borkman et al., 2012; Tomas et al., 2012). Likewise, the first record
on the presence of spirolides in the Southern Hemisphere has been
recently observed in shellfish from northern Chile (Alvarez et al.,
2010), suggesting a more widespread distribution than previously
thought.

Alexandrium ostenfeldii and Alexandrium peruvianum are mor-
phologically very similar species that have been originally
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distinguished mainly by the shape of the 10 and the s.a. plates
(Balech and Tangen, 1985). However, a high variability in the shape
of these two diagnostic plates has been recurrently observed in
natural populations or strains from several locations (e.g. Lim et al.,
2005; Touzet et al., 2008; Gu, 2011), making difficult to
unambiguously assign specimens to one of the two species.
Moreover, molecular studies suggest that A. ostenfeldii and A.

peruvianum could represent a species complex with a considerable
cryptic diversity or a single genetically structured species with
high morphological variation (Kremp et al., 2009, 2014).

In temperate-cold waters of the Beagle Channel the presence of
Alexandrium catenella has been linked to one of the most important
PSP event observed worldwide (Carreto and Benavides, 1993;
Benavides et al., 1995). Since that, the occurrence of such toxic
events related to A. catenella has been recurrently reported (Goya
and Maldonado, 2014). During a HAB monitoring programme
carried out in a mussel harvesting area of the Beagle Channel since
2005–2007, the results of toxicity bioassays showed values above
the accepted limits when the presence of A. catenella in plankton
samples was extremely low or undetectable (Hernando et al.,
2007; Goya and Maldonado, 2014). By contrast, the presence of
solitary cells, usually larger and more globose in shape than A.

catenella was observed. This fact promoted further research efforts
to elucidate the source of toxicity, including cell culture
establishment and toxin analysis.

In this study, we provide the first report of spirolide detection in
both mussels (Mytilus edulis) and cultures of the Alexandrium

ostenfeldii complex from the Beagle Channel, together with a
description of its morphology and occurrence in this sub-Antarctic
area that sustains rich aquiculture activities.
Fig. 1. Map of the study area and sam
2. Materials and methods

2.1. Phytoplankton monitoring programme

Field sampling was carried out between July 7, 2005 and
December 6, 2007, at a fixed station (Almanza, Fig. 1) located in the
Beagle Channel (54852022.8500 S, 67832018.7200 W). Sampling fre-
quency was biweekly most of the year and weekly during the
phytoplankton spring bloom. Water temperature and salinity were
measured in situ with a Horiba U-10 multi-parametric sensor
(Horiba Ltd., Kyoto, Japan). Seawater was sampled at 2 m depth
using a 5 l Niskin bottle from a boat. Aliquots of 250 ml were
preserved with 4% borax buffered formalin for quantitative
phytoplankton analysis. In addition, sub-surface qualitative
phytoplankton samples were taken using a 20 mm mesh net and
fixed as previously described. All samples were kept in the dark at
room temperature until analysis. For chlorophyll a (Chl a)
determination, 0.5–1 l of seawater were filtered onto Whatman
GF/F filters and kept frozen (�20 8C) until analysis, which was
performed within one week of sampling. Pigment extracts were
read in a Turner 450 Beckman spectrofluorometer and corrected
for phaeopigments, following Holm-Hansen and Riemann (1978).
Concentrations were calculated according to Holm-Hansen et al.,
1965. Samples for nutrient analyses were filtered through What-
man GF/F filters and kept frozen (�20 8C) until analysis, which was
done within three months after sampling. Nitrates, phosphates and
silicates were measured with an automated analyzer (Autoana-
lyzer Technicon II), following the methods described in Grasshoff
(1969), Grasshoff et al. (1983), Technicon (1977) and Eberlein and
Kattner (1987).
pling sites in the Beagle Channel.
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2.2. Microscopic examination

For quantitative estimations, cells were enumerated with a
phase contrast Iroscope SI-PH inverted microscope according to
the procedures described by Utermöhl (1958). Subsamples of 50 or
100 ml were left to settle for 24 or 48 h respectively in a composite
sedimentation chamber. Net samples were examined using phase
contrast, differential interference contrast (DIC) and UV epifluor-
escence microscopy under two Leica DM 2500 microscopes. For
dinoflagellates identification, thecal plates were stained with
Calcofluor according to Fritz and Triemer (1985). Further scanning
electron microscopy observations of selected samples were made
with a Jeol JSM-6360 LV (SEM).

2.3. Toxin sampling and cultures of A. ostenfeldii complex

A sampling aimed to toxin analysis in phytoplankton and
mussels was carried out during November 2010 at different
locations in the Beagle Channel (Fig. 1). Sea water samples (2 l)
were filtered through Whatman GF/F filters in order to perform
quantitative toxin analysis in the plankton. Net samples were
additionally filtered through Whatman GF/F filters to obtain a
higher resolution and sensibility of toxin analysis. Mussel samples
(Mytilus edulis) were taken from the benthic community of each
sampling site. Filters and mussels were stored at �20 8C until
laboratory analysis.

A live subsample of net sample from Almanza was used for cell
culture establishment. Isolation was made using a Nikon Biophot
microscope and hand held micropipette. Cells were grown in L1
culture medium at a salinity of 30 psu, a temperature of 11 8C, and
a 14/10 h light/dark period.

2.4. Liquid chromatography–mass spectrometry (HPLC–MS) analysis

of lipophilic toxins

A culture of the Alexandrium ostenfeldii complex in exponential
growth phase, with a density of 63 � 106 cells l�1, was used to
analyze the toxin profile and the SPXs cell concentration. 800 ml of
cell culture were filtered through a Whatman GF/F filter. Toxins
were extracted with 100% methanol and sonicated (Vibra Cell,
Sonic and Materials) at 0 8C. The extracts were filtered through
Whatman GF/F filters to remove cell debris. The obtained extract
was purified by ultrafiltration (Micro Vecta-Spin, 100 kDa) before
the chromatographic analysis. Toxin extraction from phytoplank-
ton net samples was performed using the same methodology.
Lipophilic toxins were extracted from mussels with methanol
100% according to the procedures described by the European Union
Reference Laboratory for Marine Biotoxins (EURLMB, 2011). The
extracts were centrifuged (3000 rpm), filtered (Whatman GF/F)
and cleaned three times with hexane. Finally, additional extract
purification was performed by ultrafiltration (Micro Vecta-Spin,
100 kDa).

Toxin extracts were analyzed by liquid chromatography/
tandem mass spectrometry (LC–MSn) using a HPLC System
(Shimadzu LC20A) interfaced with an ion trap mass spectrometer
(Esquire 6000, Bruker Daltonics, Billerica, MA, USA) equipped with
an electrospray source. Separation and quantitation of SPXs was
performed according to a modification of the method of Ciminiello
et al. (2006) using a Lichrosphere C8 column (3 mm,
4.6 mm � 150 mm). The flow rate was 0.5 ml min�1. A gradient
elution, 35–80% B in 3 min followed by 80% B for 43 min, was used.
Eluent A was a solution of 2 mM ammonium formate and 50 mM
formic acid in water, while eluent B was a solution of
acetonitrile:eluent A (95:5, v/v).

The product ion spectra were acquired in the positive ion mode
with the source and analyzer parameters optimized for the
protonated molecules using infusion (180 ml h�1) of 13-desmethyl
spirolide-C (13-desMe-C) standard. Analyses were done using
nitrogen as a nebulizing (30 psi) and drying gas (10 L min�1,
300 8C). Capillary high voltage was set to 4500 V. Isolation width
was 2.0 Da and collision energy of 30% was used for product ion
spectra acquisition. Seven scans were averaged for each spectrum.
Conditions for tandem mass spectrometry analysis of standard
were the same as described for natural and culture samples. Full
scan mass spectra (m/z 100–750) were acquired for each sample.
Fragmentation studies were used to confirm the identity of cyclic
imines. The characteristic loss of water molecules and the presence
of ions at m/z = 164 were used as indicators of identity of cyclic
imines (Sleno et al., 2004; Aasen et al., 2005; Krock and Cembella,
2007). A 13-desMe-C standard, provided by Dr. Bernd Krock from
the Alfred Wegener Institute (AWI), was used to conduct SPXs
quantification. Relative molar response factors for other spirolides
were assumed to be the same.

2.5. Paralytic shellfish poisoning (PSP) toxins analysis

Subsamples of Alexandrium ostenfeldii complex in exponential
growth phase were concentrated on Whatman GF/F filters and
extracted with acetic acid 0.5 M, sonicated and filtered, before
analysis. Mussel extracts according to AOAC (1984) were obtained
from each sample for toxin content.

PSP toxin composition of extracts of Alexandrium ostenfeldii

culture and mussel samples were analyzed by the post-column
derivatization HPLC method of Oshima (1995). Two different
columns were used: a YMC-Pack ODS-AQ, 3 mm,
150 mm � 4.6 mm (Waters Corp., MA, USA) for N-sulfocarbamoyl
toxins and an Alltima C18, 3 mm, 150 mm � 4.6 mm (Alltech, IL,
USA) for the other PSP. Toxins were identified by comparison of
their retention times and fluorescence emission maxima with
those of standards, by the disappearance of peaks by eliminating
post-column oxidation, and by spiking experiments (Onodera
et al., 1996).

3. Results

3.1. Occurrence of the A. ostenfeldii complex in the Beagle Channel

The annual phytoplankton cycle was characterized by a low
density and biomass, estimated as Chl a, during the autumn-winter
period and a significant increase during spring and summer
(Fig. 2a). Phytoplankton biomass peaks were observed during
spring, reaching 6.6 (October 2005), 8.6 (October 2006) and 3.2 mg
Chl a l�1 (November 2007). These peaks were recurrently
associated to diatom blooms (Fig. 2b). Towards the end of spring
and during summer, diatom density decreased and assemblages
were enriched by unidentified tiny phytoflagellates and dino-
flagellates.

Along the study period (July 2005–December 2007), the
Alexandrium ostenfeldii complex was observed in 50% of total
samples analyzed and represented, on average, 11.1% and <0.05%
of total dinoflagellate and total phytoplankton abundance,
respectively. During winter, when phytoplankton assemblages
were dominated by small phytoflagellates (<5 mm), A. ostenfeldii

was almost absent. By contrast, it was commonly observed during
spring, reaching maximum abundances of 5860 (2005), 3850
(2006) and 200 cells l�1 (2007). These highest densities were
recurrently observed after the main annual diatom bloom (Fig. 2b),
when temperatures and salinities were respectively around 7.5–
10 8C and 30–30.5 psu (Fig. 2c), and nutrients showed a seasonal
decrease (Fig. 2d). Finally, it abundances started to decrease in
summer, and it was only occasionally observed during autumn,
with relatively low densities (<100 cells l�1).



Fig. 2. Temporal distribution of (A) total phytoplankton abundance and chlorophyll a concentration, (B) abundance of the A. ostenfeldii complex and total diatoms; (C)

temperature and salinity, and (D) nitrates, phosphates and silicates concentrations during sampling period in the Beagle Channel.
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Fig. 3. Specimens of the Alexandrium ostenfeldii complex in field samples from the Beagle Channel. Calcofluor stained cells viewed with epifluorescence. (A–C) Cells of different

size; (D and E) morphology of Plates 10 (with a prominent ventral pore) and 60 0; (F) Detail of cingulum and sulcal plates; (G) Epitheca showing the connection between the

apical pore plate (Po) and 10; (H) apical view showing a detail of the apical pore plate (Po); (I) antapical view showing the sulcal posterior plate (Sp).
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3.2. Morphology

Field specimens from the Beagle Channel were observed as
solitary cells, ranging from 32 to 60 mm length and 34 to 57 mm
Fig. 4. Scanning electron images of specimens of the Alexandrium ostenfeldii complex in 

detail of the apical pore plate; (C) detail of Plate 10; (D) detail of sulcal plates; (E) who
wide. Cells presented a globose appearance, with both epi- and
hipotheca margins lightly rounded (Fig. 3a–c). The cingulum was
little excavated and slightly displaced (<1). The first apical (10)
plate was narrow and elongated, and it was arranged in two
cell cultures isolated from the Beagle Channel. (A) Whole theca in ventral view; (B)

le theca in dorsal view.



Fig. 5. High performance liquid chromatography/mass spectrometry (HPLC–MS)

extracted-ion chromatogram of the Alexandrium ostenfeldii extracts. Peak

identification (1) 20-methylspirolide G; (2) 13-desmethylspirolide C; (3)

unknown spirolide m/z = 592.
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straight segments with a prominent ventral pore located at its
inflexion point (Fig. 3d, e and g). The sulcal anterior (s.a.) was
approximately as long as wide, and usually triangular in shape
(Fig. 3e and f). The sixth precingular (600) was wider than tall (Fig. 3e
and g). The apical pore plate (Po) was almost completely occupied
by a big comma (Fig. 3h). Both, this last plate and the sulcal
posterior (sp) lacked a connection pore (Fig. 3h and i).

In culture, specimens were relatively smaller (less than 35 mm
long) and presented a more delicate structure (Fig. 4a–e). Under
SEM, they showed several small scattered pores on the thecal
plates (Fig. 4c). The pore plate (Po) revealed a prominent comma
shaped apical pore, surrounded also by small pores (Fig. 4b).

3.3. Spirolide and PSP analyses

HPLC–MS analyses showed detectable amounts of spirolides in
both cultures and net phytoplankton samples from Almanza. By
N

O
O

O

OH
O

O
OH

13

O

Spirolides RT (min)

peak n°( )

[M+H]
+

Ion 

spe

20-methyl G (A) 33.8 (1) 706 688

13-desmethyl-C  (B) 35.5 (2) 692 674

Unknown 692 (U692 ) 40.5 (4) 692 674

Unknown 592 (U592) 43.6 (3) 592 574

BA

Fig. 6. Molecular structure and list of compounds observed in Alexandrium ostenfel
contrast, SPXs were not detected in water samples, in which
phytoplankton cells are less abundant.

Chromatographic analyses revealed the presence of three
different SPXs in cultures, with retention times (Rt) of 33.8, 35.5
and 43.6 min respectively (Figs. 5 and 6). The compound with
Rt = 35.5 min (m/z = 692) was identified as 13-desmethyl spirolide
C (13-desMe-C). The identity of 13-desMe-C was confirmed by its
retention time and daughter ion spectra, which were identical to
those of authentic standards. Likewise, the compound with
Rt = 33.8 min (m/z = 706) was identified as 20-methyl spirolide
G (20-Me-G). In the absence of authentic standards, the identity of
20-Me-G was tentatively established from their daughter ion
spectra (Fig. 7), which closely corresponded with those reported
previously for these compounds (Hu et al., 2001; Sleno et al., 2004;
Aasen et al., 2005). Finally, a third compound with Rt = 43.6 min
(m/z = 592) that does not coincide with previously described SPXs,
presented a product ion spectra (Fig. 8) similar to those of cyclic
imines (Takada et al., 2001; Selwood et al., 2010).

Total spirolide concentration during exponential growth phase
was 0.74 pg cell�1, of which 0.5906 � 0.0032 pg cell�1 corre-
sponded to 13-desMe-C and 0.1577 � 0.0023 pg cell�1 to 20-Me-G.
The net phytoplankton samples presented a similar toxin profile than
that of cultures of Alexandrium ostenfeldii.

The presence of 13-desMe-C was detected in all mussel samples
analyzed whereas 20-Me-G was only detected in the mussel
sample from Lapataia Bay (Fig. 9). Moreover, an additional
compound, which was neither detected in cultures nor in
phytoplankton samples, was found in high proportions in mussel
samples. This compound showed the same m/z ratio (692) than
that of 13-desMe-C but presented a higher retention time
(Rt = 40.5 min, Fig. 10) and a product ion spectra similar to that
obtained for the standard of 13-desMe-C (Fig. 11).

Maximum concentration of SPXs (249.6 mg kg�1) was found in
mussels from Almanza, corresponding 68.46 � 1.82 mg kg�1 to 13-
desMe-C and 181.21 � 1.99 mg kg�1 for the unknown SPX (Fig. 9).

HPLC PSP analysis showed low toxicity (2.5–1.7 mmol kg�1) in
all mussel samples. The maximum PSP toxin content was
2.5 mmol kg�1 (GTX2/3 = 55%, STX = 30% and neoSTX = 15%) cor-
responding to mussels from Ensenada Bay (Fig. 9).

No peak corresponding to PSP toxins was detected in the
chromatogram from A. ostenfeldii culture.
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4. Discussion

4.1. Occurrence and distribution

Even when Alexandrium peruvianum was originally described
from Peru (Balech and Rojas de Mendiola, 1977), little is known
about the distribution of the Alexandrium ostenfeldii complex in
southern South America. In the southern Pacific coast of Chile, its
presence has been occasionally mentioned in southern channels
206 344
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Fig. 8. MS/MS product ion spectra of (a) unknown compound m/z = 592 from Alexandrium

fragmentation pattern. Insert shows low-mass fragments.
and fjords (Avaria et al., 2003; Lembeye, 2008; Haro et al., 2013). By
contrast, and as far as we know, there is no record of the A.

ostenfeldii complex in the South Atlantic coast of Argentina. From a
biogeographical point of view, the A. ostenfeldii complex appears to
have a cosmopolitan distribution, since it occurs from the Arctic to
warm waters (Lundholm and Moestrup, 2006). In this sense, and
considering the apparently absence of records of this species
complex from Antarctic waters, the Beagle Channel (�558S) could
be regarded as its southernmost distribution.
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In the present study, the Alexandrium ostenfeldii complex was
frequently observed during spring, after the main annual diatom
bloom. However, it was never observed as a conspicuous
component of phytoplankton assemblages during the study
period. This pattern agrees with that observed by Avaria et al.
(2003), who mentioned A. ostenfeldii as one of the most frequently
occurring but not abundant species during a cruise conducted
between the Strait of Magellan and Cape Horn from 9 to 23 October
1998. Likewise, it was observed in November at the inner-fjord of
Seno Ballena (Strait of Magellan, �548S) with a density of only
16.5 cells l�1 (Haro et al., 2013).

The range of temperature in which the Alexandrium ostenfeldii

complex mainly occurred in the Beagle Channel (7.5–10 8C) is low
when compared with field results from other latitudes or
experimental studies. For example, in the northern Baltic Sea
blooms of A. ostenfeldii occurs at water temperatures around 20 8C
(Hakanen et al., 2012); in the Narragansett Bay (USA) the
temperature during the annual maximum of Alexandrium per-

uvianum ranges from 14.8 to 17.8 8C (Borkman et al., 2012),
whereas in the Gulf of St. Lawrence (Canada), relatively high
concentrations of A. ostenfeldii were found at 10.0–12.4 8C
(Levasseur et al., 1998). In batch culture experiments from Danish
waters, growth occurred at 11.3–23.7 8C and maximum division
rates took place at 20 8C (Jensen and Moestrup, 1997), while
Chinese isolates showed obvious growth at temperatures between
12 and 24 8C, with the highest exponential division rates around
24 8C (Gu, 2011). On the other hand, the A. ostenfeldii complex was
observed in the present study in a salinity range between 29.5 and
32.5 psu. A wide range of salinity tolerance from 2 to 35 psu has
50 010 20 30 40

Time [min]

0

1

2

3

4

5

6

EIC 692

2

4

Fig. 10. High performance liquid chromatography/mass spectrometry (HPLC–MS)

extracted-ion chromatogram of the mussels (Mytilus edulis) extracts. Peak

identification, (2) 13-desmethylspirolide C; (4) unknown spirolide m/z = 692.
been globally observed for A. ostenfeldii and A. peruvianum

(Suikkanen et al., 2013, and references therein).

4.2. Morphological features

According to the morphological revision of the genus Alexan-

drium by Balech (1995), A. ostenfeldii and A. peruvianum are very
similar, and the main distinction among them is based on the
shape of the s.a. and 10 plates. In A. ostenfeldii the right sides of the
10 are nearly straight and broken by a large ventral pore forming a
distinct angle, whereas in A. peruvianum they are curved and
interrupted by a relatively smaller ventral pore (Balech and
Tangen, 1985). Likewise, the shape of the s.a. is approximately
triangular with a pointed anterior end in A. peruvianum, while is
more rectangular and with a flattened anterior side in A. ostenfeldii

(Balech and Rojas de Mendiola, 1977; Balech and Tangen, 1985).
Other studies, however, have shown a marked variation in the
shape of these diagnostic plates, creating uncertainties about the
delimitation of both species (Kremp et al., 2009; Gu, 2011).
Moreover, recent phylogenetic and morphological data suggest
that the A. ostenfeldii complex should be regarded as a single
genetically structured species (Kremp et al., 2014). After examin-
ing cultured isolates from different geographic regions, these
authors showed that the traditional morphological delineation of
A. peruvianum from A. ostenfeldii is not well supported, suggesting
that A. peruvianum should be discontinued as species name and
consider a synonym of A. ostenfeldii. Even when no material from
southern South America was included in the global analysis by
Kremp et al. (2014), the specimens from the Beagle Channel are in
agreement with their proposal, since they presented a 10 plate that
is in accordance with that described in A. ostenfeldii but usually
showed a triangular s.a. typical of A. peruvianum.

4.3. Toxin analysis

Strains isolated from the Beagle Channel produced mainly
spirolide 13-desMe-C and a lower concentration (�20%) of 20-Me-
G. The simultaneous production of these two spirolides has been
previously reported in strains isolated from the North Sea
(Suikkanen et al., 2013). However, in such cultures 20-Me-G
was the most abundant spirolide. A third compound, with an m/
z = 592 that do not coincide with previously described SPXs, was
also detected in our cultures. The neutral loss of water, the loss of a
fragment with m/z = 230 and the presence of ions m/z = 164 and
206 in the sequential product ion spectrum of this compound
(Fig. 8), is indicative of its structural similarity with cyclic imines
(Sleno et al., 2004; Aasen et al., 2005; Krock and Cembella, 2007;
Selwood et al., 2010). However, more spectroscopy studies (high
resolution MS and 1D and 2D Nuclear Magnetic Resonance
experiments) are necessary to resolve the chemical structure of
this unknown moiety. The total spirolide concentration during
exponential growth phase of A. ostenfeldii cultures (0.74 pg
SPX cell�1) was similar to those recorded in the North Sea
(0.97 pg cell�1, Suikkanen et al., 2013) but lower than those
observed in the Adriatic Sea (3.7 pg cell�1) by Ciminiello et al.
(2006).

In mussels, the total SPX concentration was 249.6 mg kg�1

meat, which results similar to those recorded by several authors
(Aasen et al., 2005; Villar Gonzalez et al., 2006; Amzil et al., 2007).
Both 13-desMe-C and 20-Me-G were also found in mussel samples.
However, the major compound was a spirolide analogue, which
was not observed in cell cultures. This compound showed the same
protonated molecule ([M+H]+, m/z = 692) than that observed for
13-desMe-C, but showed a longer retention time (Rt = 40.5 min) in
HPLC, indicating a less polar closely related molecular structure.
The comparative analysis of the product ion spectra of this
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compound, showed great similarity to that obtained for the 13-
desMe-C standard, but with different peak intensities (Fig. 10). It is
possible that this compound was formed in the mussel, due either
to metabolism or the steaming step used in the preparation of the
mussels (Aasen et al., 2005). However, the occurrence of analogues
with structural similarity to spirolides has been noted previously
in other strains of the A. ostenfeldii complex (Van Wagoner et al.,
2011). Further conclusion about the structure of this compound
cannot be made at this time.

The widespread toxic dinoflagellate Alexandrium ostenfeldii

complex is the producer of different classes of marine biotoxins
depending on its geographical origin (Kremp et al., 2014). The A.

ostenfeldii strain of the Beagle Channel seems to present a simple
spirolide composition, although trace levels of the other spirolides
is not discarded. By contrast, the production of PSP toxins was not
detected in culture during exponential growth phase.

HPLC analyses for PSP showed low concentration values in all
mussel samples. This was in accordance with mouse bioassay
results reported for a PSP monitoring programme in this area by
Goya and Maldonado (2014). These low PSP values could be the
result of a detoxification process that began after a high toxicity
event (5600 mg STX equiv. 100 g�1) observed in this region in late
February 2010 (Goya and Maldonado, 2014), associated to high
abundances of Alexandrium catenella (Hernando, unpublished
results).

Spirolides are known to display ‘‘fast-acting’’ toxicity in the
traditional bioassay, causing rapid death in mice after injection
(Cembella et al., 2000; Richard et al., 2001). This could explain the
rapid death times in the mouse bioassay observed in the Beagle
Channel during December 2005 that led to closure of harvesting
areas (Hernando et al., 2007), when the Alexandrium ostenfeldii

complex reached abundances of �6 � 103 cells l�1 and Alexan-

drium catenella was almost undetectable.

5. Conclusions

Spirolide production by the Alexandrium ostenfeldii complex is
reported for the first time in the Beagle Channel (southern
Argentina). Even when relatively low abundances of this taxon
were observed during the study period, spirolide accumulation in
mussels was also detected. SPXs are known to accumulate in
shellfish from several regions of the world and be toxic to animals,
but at present, there is no conclusive evidence linking them to
human intoxications, and there are not regulatory limits for these
toxins in shellfish (Munday and Reeve, 2013). This highlights the
importance of assessing the risk of such toxins as the basis for
establishing tolerance levels in shellfish. PSP toxins, which are
recurrently detected in the Beagle Channel associated to Alexan-

drium catenella, were not produced by strains of the A. ostenfeldii

complex. Further studies will be needed to reveal the genetic
identity of the analyzed specimens as wells as to elucidate the
structure of the new spirolide derivatives.
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can Shellfish Safety. Springer, Netherlands, pp. 15–23.

Grasshoff, K., 1969. A simultaneous multiple channel system for nutrient analyses
in seawater with analog and digital data record. In: Technicon International
Congress, Chicago. Technicon Publication Board, Chicago, pp. 133–145.

Grasshoff, K., Ehrhardt, M., Kremling, K., 1983. Methods of Seawater Analysis. Verlag
Chemie, Weinheim.

Gu, H., 2011. Morphology, phylogenetic position, and ecophysiology of Alexandrium
ostenfeldii (Dinophyceae) from the Bohai Sea, China. J. Syst. Evol. 49, 606–616.

Hakanen, P., Suikkanen, S., Franzén, J., Franzén, H., Kankaanpää, H., Kremp, A., 2012.
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