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ABSTRACT: Surface bloom-forming species, predominantly of the Dinophyceae, have the capacity to
accumulate high amounts of mycosporine-like amino acids (MAAs). The 3 dinoflagellate species
(Gonyaulacales, Dinophyceae), Alexandrium tamarense (Lebour) Balech, A. catenella (Weedon et
Kofoid) Balech, and A. minutum Halim, are bloom-forming toxic isolates. They are usually found forming blooms near the surface, hence, they are exposed to high light conditions. Using an improved
HPLC methodology, 9 MAAs were separated and identified. Several forms of atypical MAAs, not previously reported in the literature, were also revealed. The chromatographic behaviour of these new
compounds, UV spectra, chemical properties and mass spectra indicate that they contain 2 or more
common MAAs linked among themselves. These atypical MAAs were present in the 3 Alexandrium
species. At the same time, the chromatographic profile of A. minutum, A. tamarense and A. catenella,
showed great differences. The biochemical composition of the cells is highly variable with growth conditions. Hence, we also reported, for the sake of a comparative discussion, the toxin and pigment composition of these Alexandrium isolates. The 3 species showed the same pigment pattern characteristic
of peridinin-containing dinoflagellates. On the contrary, as reported previously, great variation of the
toxin profiles was observed among the Alexandrium species. We conclude that, although MAAs are
common among phytoplankton, the occurrence of different types of novel MAAs in the 3 Alexandrium
species studied here would indicate some degree of biogeographic or ecotypic diversification.
KEY WORDS: Ultraviolet radiation · Mycosporine-like amino acids · Toxins · Photosynthetic
pigments · Bloom-forming species · Alexandrium
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INTRODUCTION
Mycosporines and mycosporine-like amino acids
(MAAs) are amino acids or reduced amino acid derivatives of 2 cyclic units, an aminocyclohexenone
(Mycosporines) and an aminocyclohexenimide (MAA),
having absorption maxima in the 310 to 360 nm ultraviolet region. Mycosporines appear widespread
among the fungi whereas MAAs have now been iso-
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lated from a broad array of marine species, ranging
from a marine heterotrophic bacterium, cyanobacteria,
eukaryotic algae, marine invertebrates, fish and a variety of other marine organisms (Bandaranayake 1998,
Sinha et al. 1998). These compounds are biosynthesised via the shikimate pathway (Favre-Bonvin et al.
1976). Thus, only bacteria and algae can synthesise
MAAs; other marine organisms acquire and metabolise these compounds by trophic transference, symbiotic or bacterial association (Bandaranayake 1998).
Several hypotheses about the role of MAAs in biological systems have been formulated: (a) they may protect
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the cells from UV photodamage by playing a sunscreen role (Yentsch & Yentsch 1982, Carreto et al.
1989, Neale et al. 1998); (b) they may act as antioxidants to prevent cellular damage resulting from
UV-induced production of toxic oxygen species (Dunlap & Yamamoto 1995); (c) they may act as transducer
of UV wavelengths to wavelengths utilisable for photosynthesis (Sinha et al. 1998); (d) they may contribute to
osmotic regulation (Oren 1997); and, (e) they may act
as regulatory metabolites of sporulation (Arpin &
Bouillant 1981). However, experimental evidence indicates that the 2 major functions of MAAs are to act as
photoprotective UV filters (Neale et al. 1998) or to
exercise a regulatory effect on sporulation (Arpin &
Bouillant 1981).
High concentrations of these UV-absorbing compounds have been observed in several species of
bloom forming dinoflagellates which accumulate in
surface waters exposed to high light conditions
(Yentsch & Yentsch 1982, Boalch & Haxo 1984, Carreto
et al. 1989, Vernet et al. 1989, Jeffrey et al. 1999). The
capacity to produce high amounts of MAAs confers on
these species a competitive advantage to grow at high
light intensity and short wavelengths. These conditions seem to prevail during the early development of
near surface blooms. However, only a few dinoflagellate species have been analysed to date (Carreto et al.
1990b, Banaszak & Trench 1995, Lesser 1996, Vernet &
Whitehead 1996, Neale et al. 1998, Jeffrey et al. 1999).
The 3 dinoflagellate species studied here, Alexandrium tamarense, A. catenella, and A. minutum, are
bloom-forming toxic isolates; they produce high amounts
of MAAs, saxitoxin and its derivatives, neurotoxins
responsible for paralytic shellfish poisoning. In this
paper, we report the MAA composition of these species using an improved HPLC method that allows the
identification of previously reported compounds and
revealed the presence of a new type of complex MAA.
The toxin and pigment composition are highly variable
between different clones of the same species isolated
from different regions. Furthermore, the biochemical
composition of cells varies with growth conditions
(Anderson 1990, Oshima et al. 1990, Jeffrey et al.
1997). To take into account these variations, we also
report the pigment and toxin composition of the
Alexandrium isolates.

MATERIALS AND METHODS
Strains and culture conditions. Alexandrium tamarense (Lebour) Balech clone MDQ1096 isolated from
Mar del Plata coast (Argentina), A. catenella (Weedon
and Kofoid) Balech clone CC08 isolated from the XI
Region of Chile, and A. minutum Halim 1960 clone

AL2V isolated from Ría de Vigo (Spain) were used in
this study. Cultures were maintained at 12°C in L1
medium without silicon addition (Guillard 1995). Mar
del Plata coastal water (0.2 µm filtered) was used as the
medium base. Before the experiments, cultures were
allowed to adapt to experimental conditions for several
weeks at an irradiance of 65 ± 5 µmol quanta m–2 s–1
photosynthetically active radiation (PAR), provided by
‘cool-white’ fluorescent bulbs on a 14:10 h light:dark
cycle. Scalar irradiance (Eo, PAR) was measured inside
the flasks by means of a QSL-100 quantum sensor
(Biospherical Instruments). Cultures were harvested at
late exponential growth phase, 4 to 6 h into the daily
light cycle.
Pigment analysis. Subsamples were concentrated on
Whatman GF/F filters. Pigments were extracted from
the filters with 100% methanol and sonicated (Vibra
Cell TM, Sonic and Materials Inc., Danbury, CT) at 0°C.
Extracts were filtered through GF/F filters to remove
cells and debris. To avoid chromatographic artefacts,
20% water was added (Jeffrey et al. 1997) prior to injection. Aliquots of sample solution were automatically
injected into a high-pressure gradient system HPLC
(Shimadzu LC 10 A). For pigment elution we used the
method described by Garrido & Zapata (1997) with
slight modification. The column was a Vydac 201 TP 54,
250 × 4.6 mm i.d, protected with an Opti-Guard™ C18
(1 mm) guard column. Mixing chamber and column
were thermostated at 27°C by means of a CTO-10 AC
(Shimadzu) column oven. Eluent A was a 45:35:20 mixture of methanol, acetonitrile and aqueous solution
(0.25 M pyridine, pH adjusted to 5.3 with acetic acid),
and Eluent B was always acetone. We adjusted the pH
of Solvent A to 5.3 to obtain a better resolution of dinoxanthin from chlorophyll c 2. Peak detection was carried
out using a model SPD-M10Avp diode array detector
and a FR-10Axl spectrofluorometer (Shimadzu).
Pigments were identified by on-line diode array
spectra and by co-chromatography with authentic
standards purchased from VKI (The International
Agency for 14C determination, Denmark) or isolated
and purified from cultures of Alexandrium tamarense.
Calibration of the HPLC system was carried out using
calibrated authentic standards from VKI or the extinction coefficients reported by Jeffrey et al. (1997) for
prepared pigment standards.
Toxin analysis. Subsamples were concentrated on
Whatman GF/F filters and extracted with acetic acid
0.5 M, sonicated and filtered, as described for pigments, and stored at –20°C before analysis. The
extracts were analysed by the post-column derivatization HPLC method of Oshima et al. (1989) slightly modified (Oshima 1995) using an Inertsil C8, 5 µm analytical column (4.6 × 150 mm), protected with an OptiGuard™ C8 (1 mm) guard column. An HPLC (previ-
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ously described), coupled with a double head reaction
pump (Eldex AA 100-S-2) for delivering both oxidizing
and acid reagents, and 10 m Teflon™ tubing (0.25 mm
i.d.) coiled to an aluminium block dry oven (Eppendorf
FH-40) were used. Toxin calibrated standards were
kindly donated by Dr Y. Oshima (Tohoku University,
Sendai, Japan). The following abbreviations of toxins are used: C1–C4 = sulfocarbamoylsaxitoxins 1–4;
STX = saxitoxin; neoSTX = neosaxitoxin; GTX1–GTX6
= gonyautoxins 1–6; dcSTX = decarbamoylsaxitoxins;
dcGTX3 = decarbamoylgonyautoxin 3.
MAA analysis. Subsamples were filtered onto Whatman GF/F filters and frozen (–20°C) until analysis.
MAAs were extracted with 100% HPLC grade methanol and sonicated. The extracts were filtered (Whatman GF/F) and evaporated to dryness using a centrifugal vacuum evaporator (Centrivap, Labconco, Co.).
The residue was redissolved in water and vortexed.
After passing through a 100 k Daltons ultrafilter (Ultraspin™), samples were analysed by HPLC (previously
described) as follows: individual MAAs were separated by reverse phase, gradient elution on Alltima
(Alltech) C18, 5 µm columns (4.6 mm i.d. × 150 mm
length) protected with an Alltech guard column cartridge (4.6 mm i.d. × 20 mm length) filled with the same
material. They were connected in series and thermostated at 30°C. An initial isocratic hold until 8 min
with 0.2 acetic acid (Solvent A) was followed by a
gradient (Table 1) with Solvent B (methanol:acetonitrile:0.2% acetic acid, 25:25:50) at a flow rate of 1.0 ml
min–1. Peak detection was carried out using a diode
array detector. Individual peaks were identified by
online absorption spectra, retention time and cochromatography with prepared standards from the
red algae Porphyra sp. (shinorine and porphyra-334;
Takano et al. 1979), Porphyra tenera ‘nori’ (palythine
and asterine) and Palmaria decipiens (palythinol and
usujirene; Karentz et al. 1991), and from massive
cultures of the dinoflagellate Alexandrium tamarense
(mycosporine-glycine, palythenic acid and palythene).
The isolation of standards were carried out by column
chromatography on C18 (Alltech) and Dowex 50W
8 H+ form (100 to 200 mesh), followed by semipreparative HPLC fractionation (Econosil C18). Final purification was accomplished using the above-mentioned
analytical method. Chemical identities of prepared
standards were confirmed by alkaline hydrolysis and
analysis of their amino acid composition by the method
of Einarsson et al. (1986). Palythenic acid, palythene
and usujirene were also chemically characterised by
the method outlined by Carreto et al. (1990b), and their
identity confirmed by electrospray mass spectrometry.
Palythine-serine, mycosporine-methylamine:serine and
myco-sporine-methylamine:treonine from the coral
Pocillopora eydouxi, were kindly donated by Dr T. Teai

Table 1. Analytical HPLC gradient protocol for MAA separation. Eluent A: 0.2% acetic acid; Eluent B: methanol:acetonitrile:
0.2% acetic acid; 25:25:50. Flow rate: 1 ml min–1
Time (min)
0
8
14
25
32
40
45
50

% Eluent A

% Eluent B

100
100
93
90
80
75
0
0

0
0
7
10
20
25
100
100

(Laboratoire de Biologie du stress en Milieu Marin,
Papeete, Tahiti, French Polynesia). The concentrations
of MAAs were quantified using the molar extinction
coefficients (ε) at the wavelengths of maximum absorption reported by Bandaranayake (1998). At the level of
80 ng injected, the standard deviation (n = 10) for
porphyra-334 and shinorine is ± 0.4 ng. Retention
time reproducibility for these MAAs is ± 0.01 min. The
abundance of new MAAs (M-333, M-320, M-335/360
and M-328/360) was calculated approximately using
the calibration coefficients obtained for their MAA
components. For other unknown MAAs the calibration
coefficient of M-328/360 was used.
Isolation and partial characterisation of novel
MAAs. Novel compounds were isolated from Alexandrium minutum by HPLC and characterised by their
UV-absorption spectra, acid hydrolysis with 0.1 N HCl
at 50°C for 10 min and analysis of their MAAs composition as previously described. Some of these
compounds were also characterised by electrospray
mass spectrometry. Mass spectrometry was performed
using a Hewlett Packard 1100 series LC/MSD system
equipped with an orthogonal electrospray ionization
(API–ES) interface. Compounds previously purified by
HPLC were analysed by automatic flow injection
analysis (FIA) using a fully integrated Hewlett Packard
1100 series HPLC/MSD equipped with variable volume autosampler. The fragmentor voltage was selected at 60 V. Positive and negative-ion scanning were
performed from 150 to 750 m/z.

RESULTS
MAA composition
HPLC separation of the extracts of Alexandrium species indicated the presence of several MAAs in quantifiable amounts (Fig. 1). Nine specific MAAs previously observed in marine organisms were identified. In the 3
species analysed, palythene was the predominant MAA,
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Fig. 1. HPLC chromatograms of MAA extracts (absorption at 330 nm) from (a) Alexandrium catenella, (b) A. tamarense and (c) A.
minutum. Peak identification: 1 = shinorine, 2 = palythine, 3 = palythine-serine, 4 = porphyra-334, 5 = palythinol, 6 =
mycosporine-glycine, 7 = M-333, 8 = palythenic acid, 9 = M-320, 10 = usujirene, 11 = palythene, 12 = M-335/360, 13 = M-328/360

followed by palythine, mycosporine-glycine, porphyra334 and palythenic acid. Palythinol and usujirene were
the minor components (Table 2). On occasions asterine
was present in trace amounts. In addition to these known
MAAs, the method allowed the detection of a series of
complex-MAAs not previously reported in the literature.
On-line diode array spectra showed a variety of compounds with atypical absorption spectra, characterised
by the presence of 2 absorption maxima or pronounced
shoulders in the UV region. In addition to these, the less
polar compound in our chromatograms (Fig. 1) displayed
an absorption spectrum similar to that of palythene.
Some of these spectra are shown in Fig. 2. Although
these type of compounds are present in the 3 Alexandrium isolates, the chromatographic profile of A. minutum showed the highest diversity and abundance of
Fig. 2. Diode array spectra in HPLC eluent of the MAAs
these novel MAAs (Fig. 1). Several compounds containM-333, M-320, M-335/360 and M-328/360
ing 2 MAAs with absorption maxima at
312 and 335 nm respectively, have been
Table 2. MAA content per cell and MAA percent ratios in Alexandrium species
previously isolated from the cosmopolitan
terrestrial cyanobacterium Nostoc commune (Böhm et al. 1995). In contrast to
A. catenella
A. tamarense
A. minutum
pg cell–1
%
pg cell–1
%
pg cell–1
%
the N. commune compounds, the unknown MAAs detected in Alexandrium
Shinorine
0.70
7.6
0.44
7.2
0.53
5.6
are very unstable in acidic media and
Palythine
0.69
7.5
0.09
1.5
0.12
1.3
they get decomposed during purification
Myc-methylamine-serine 0.12
1.3
0.04
0.6
0.19
2.0
Porphyra-334
0.39
4.2
0.82
13.2
0.19
2.0
by ion exchange chromatography on
Palythinol
0.04
0.4
0.02
0.3
0.02
0.2
Dowex-50W 8 H+ form. Treatment of
Mycosporine-glycine
0.81
8.8
0.35
5.7
0.23
2.4
water extract of A. minutum with 0.1 N
M-333
0.04
0.5
0.08
1.4
0.30
3.1
HCl at 50°C for 10 min hydrolysed these
Palythenic acid
0.51
5.6
0.45
7.4
–
–
compounds with the concomitant inM-320
0.46
5.1
0.17
2.7
0.34
3.6
Usujirene
0.05
0.5
Traces Traces Traces Traces
crease in the amount of some identified
Palythene
4.01
43.9
2.82
45.6
1.09
11.6
MAAs (shinorine, mycosporine-glycine,
M-335/360
1.21
13.3
0.59
9.5
0.86
9.1
palythene and palythine).
M-328/360
–
–
–
–
0.26
2.8
Four of these novel MAAs, named proOther MAAs
0.12
1.0
0.31
5.0
5.30
56.8
visionally as M-333, M-320, M-335/360
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Fig. 3. ESI-mass spectra of the novel MAAs. (a) Negative ion
mass spectrum of M-335/360. (b) Positive ion mass spectrum
of M-333. (c) Negative ion mass spectrum of M-320

and M-328/360 were isolated by reverse phase HPLC
and partially characterised. M-333 showed a typical
symmetrical MAA spectrum centred, like shinorine, at
333 nm (Fig. 2). However, M-333 was less polar than shinorine (Fig. 1). Hydrolysis of M-333 with 0.1 N HCl at
50ºC for 10 min yielded shinorine. The positive-ion mass
spectrum of M-333 (Fig. 3b) was characterised by an
abundant protonated molecule [M + H]+ at m/z 347.3
with no significant fragmentation. The identity of the
molecular ion was confirmed by the presence of a peak
23 mass units higher, attributed to the sodium cationized
adduct. M-333 also exhibited an abundant [M–H]–
(m/z 345.3) in negative ionization. The molecular mass of
this compound (346.3) was 14 units higher than that of
shinorine (332.3), the product of its acid hydrolysis.
These results, together with the polarity and spectral
properties of M-333, support the hypothesis that this
MAA is a monomethyl ester of shinorine.
The spectrum of M-320 showed an asymmetric
shape with maximum absorption at 320 nm (Fig. 2).
This spectrum was similar to the combined molar spectra of shinorine plus mycosporine-glycine. Controlled
acid hydrolysis yielded shinorine and mycosporineglycine in a molar ratio close to 1 (1.0:0.92). M-320

exhibited an abundant [M–H]– ion (m/z 558.5) in negative ionization (Fig. 3c) and an [M + H]+ ion (m/z 560.6)
in positive ionization. The molecular mass of this compound was 18 units lower than the calculated mass
addition of shinorine and mycosporine-glycine (m 577.5),
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Fig. 4. HPLC chromatograms of pigment extracts (absorption
at 436 nm) from (a) Alexandrium catenella, (b) A. tamarense
and (c) A. minutum. Peak identification: 1 = peridininol, 2 =
peridinin, 3 = MgDVP, 4 = Chl c1, 5 = Chl C2, 6 = dinoxanthin,
7 = diadinoxanthin, 8 = diadinochrome, 9 = diatoxanthin, 10 =
Chl a allomer, 11 = Chl a, 12 = β-carotene, 13 = pheophytin a

Table 3. Chlorophyll a content per cell and pigment ratios in
Alexandrium species
A. catenella A. tamarense A. minutum
Chl a (pg cell–1)

21.2

Pigment ratios [pg (pg chl a)–1]
Chl c2
0.35
MgDVP
0.04
Peridinin
1.33
Peridininol
0.07
Diadinoxanthin
0.17
Diatoxanthin
Traces
Dinoxanthin
0.07
β-carotene
0.04

16.5

11.3

0.29
0.04
1.22
0.05
0.14
Traces
0.07
0.02

0.38
0.03
1.13
0.07
0.18
0.03
0.12
0.04

the products of its acid hydrolysis. These results are
compatible with the polarity and spectral properties of
M-320 and suggest that this compound is formed by
condensation of shinorine with mycosporine-glycine,
with the concomitant losses of a water molecule. The
formation of an ester is compatible with the structure of
these MAAs.
The spectrum of M-335/360 showed a peak at
335 nm and a pronounced inflection at 360 nm (Fig. 2).
Controlled acid hydrolysis yielded shinorine, palythene and palythine in a molar ratio of 1.0:0.6:0.4.
Shinorine and palythine are quite stable under acidic
conditions, whereas palythene yielded palythine by
treatment with dilute hydrochloric acid (Takano et al.
1978). Under our experimental conditions, the hydrolysis of palythene was partial (about 45%) and yielded
only palythine. These results suggest that M-335/360
contain shinorine and palythene in a 1:1 molar ratio.
Moreover, the UV-visible absorption spectrum of this
compound can be reconstructed from the molar spectra of these 2 MAAs. The negative-ion mass spectrum
for the M-335/360 compound (Fig. 3a) showed a clear
ion at m/z 597.6 that was assigned to the molecular ion.
The identity of the ion was confirmed by the presence
of a peak 23 mass units higher, attributed to the sodium
adduct. As in the case of M-320, the molecular mass of
this compound was 18 units lower than the calculated
mass addition of their constitutive MAAs: shinorine
(332.3) and palythene (284.1). These results together
with the polarity, chemical and spectral properties of
M-335/360 support the hypothesis that this compound
is an ester formed by condensation of shinorine with
palythene.
The absorption spectrum of M-328/360 showed a
more complex shape (Fig. 2), with an extended plateau
near the maximum absorption at 328 nm and an inflexion near 360 nm. Controlled acid hydrolysis yielded
shinorine, mycosporine-glycine and palythene as principal products. Their molar ratio was close to 1.0:1.0:
0.6, respectively. Palythine and minor amounts of other
unknown MAAs with maximum absorption at 320 nm
were also detected as secondary products. These
results suggest that M-328/360 contains shinorine, mycosporine-glycine and palythene in 1.0:1.0:1.0 molar
ratio. These MAAs are probably linked among themselves, although we do not have spectroscopic data
available to confirm this hypothesis.

Pigment composition
The 3 species analysed here showed the same pigment pattern (Fig. 4, Table 3). They contained chlorophyll a, chlorophyll c2, peridinin and diadinoxanthin
as major pigments, and dinoxanthin, β-carotene, peri-
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dininol and diadinochrome as minor pigments. In the
shade adapted cells, diatoxanthin was present in trace
amounts; in accordance with the findings of Demers et
al. (1991). This pigment composition supports other
analyses of peridinin-containing dinoflagellates (Johansen et al. 1974, Jeffrey et al. 1975), although the
peridinin related xanthophylls, pyrroxanthin and
pyrroxanthinol (Johansen et al. 1974) were not detected
in our Alexandrium isolates. In addition, the method
here employed showed minor amounts of divinyl protochlorophyllide a (MgDVP) and trace amounts of
chlorophyll c1, which is in agreement with the results
obtained by Zapata et al. (1998) for another strain
(ALV1) of Alexandrium minutum. Only traces of pheophytin a were found. The 3 species showed similar pigment ratios (Table 3), although the proportion of photoprotective carotenoids (diadinoxanthin + diatoxanthin)
to peridinin was slightly higher in A. minutum.
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Toxin composition
Toxicity and toxin composition varied widely among
the Alexandrium isolates analysed (Fig. 5, Table 4). The
toxin contents of A. tamarense and A. catenella were
similar (63.2 and 50.5 fmol cell–1) and several times
higher than that of A. minutum (1.0 fmol cell–1). The
low toxicity of this isolate (AL2V) of A. minutum
(0.37 pgSTXeq cell–1) is coincident with the results of
Franco et al. (1994). Nevertheless, the toxin profile of the
culture of AL2V analysed here, was more complex
(Fig. 5) than that previously reported (Franco et al. 1994).
In addition to the major toxins GTX4 (69.5%) and GTX1
(15.8%), small amounts of GTX2, GTX3, C1, C2,
neoSTX and dcSTX were also observed. The toxin profile of A. tamarense and A. catenella, were very different
from that of A. minutum. Both isolates (A. tamarense and
A. catenella) contained sulfocarbamoyl derivatives in

Fig. 5. HPLC chromatogram (fluorometric detection, λex:330 nm, λem: 390 nm) of (a) sulfocarbamoyltoxins, (b) gonyautoxins and
(c) saxitoxins from: A = Alexandrium catenella, B = A. tamarense, C = A. minutum. Peak identification: 1 = C1, 2 = C2, 3 = GTX1,
4 = GTX2, 5 = GTX3, 6 = GTX4, 7 = GTX5, 8 = GTX6, 9 = dcGTX3, 10 = neoSTX, 11 = dcSTX, 12 = STX
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drium, which could be used to distinguish one species from another. A. minutum, the most divergent taxa relative
A. minutum
to
representatives of the Tamarense spefmol cell–1 %
cies complex (Scholin et al. 1994), also
showed the most distinctive toxin pro0.02
1.9
0.03
2.9
file. In addition, our results showed that
0.17
15.8
the toxin profiles of A. minutum and A.
0.02
1.9
tamarense
were different from those
0.03
2.8
previously obtained by Franco et al.
0.73
69.5
–
–
(1994) and Montoya et al. (1998), for the
–
–
same isolates (AL2V and MDQ1096, re–
–
spectively). Toxin composition has long
0.02
1.9
0.04
3.4
been recognised as a stable conser–
–
vative property of a clone (Hall 1982,
1.049
Oshima et al. 1990). On the other hand,
0.37
recent studies have found considerable
variation in toxin composition according
to variations in growth conditions (Anderson et al. 1990,
Taroncher-Odenburg et al. 1997). The predominant
toxin composition of A. minutum has been reported to
vary according to region and season, and also with environmental conditions and nutrient availability (Oshima
et al. 1989, Franco et al. 1994, Alvito et al. 1995, Chang
et al. 1997, Hwang et al. 1999,). Hence, the observed
discrepancies are probably the result of differences in
growth conditions.

Table 4. Paralythic shellfish toxin content per cell and toxin percent ratios in
Alexandrium species
A. catenella
fmol cell–1 %
C1
C2
GTX1
GTX2
GTX3
GTX4
GTX5
GTX6
dcGTX3
neoSTX
dcSTX
STX
Total
Toxicity (pgSTXeq cell–1)

0.78
37.65
0.17
0.08
3.94
2.41
4.03
0.44
Traces
1.0
Traces
Traces
50.50
4.65

1.5
74.6
0.3
0.2
7.8
4.8
8.0
0.9
–
2.0
–
–

A. tamarense
fmol cell–1 %
1.65
42.13
0.67
0.06
0.88
15.58
–
–
0.03
2.10
0.03
0.11
63.24
9.28

2.7
66.6
1.1
0.1
1.4
24.6
–
–
0.1
3.3
0.1
0.2

large proportions (almost exclusively as the β epimer).
On the other hand, the relative abundance of other
toxins was different in these 2 species. The most remarkable difference in the toxin profile of these isolates
was the lack of GTX5 and GTX6 in A. tamarense.

DISCUSSION
The 3 species studied here showed noticeable differences in their toxin and MAA composition. In contrast,
they had similar pigment pattern, characteristic of
peridinin-containing dinoflagellates.

Toxin composition
Results found in the present study show large differences in the toxin profiles among isolates of Alexan-

MAA distribution
In contrast to the limited number of algal species
reported to synthesise saxitoxins, many phytoplankton
organisms from different regions and taxonomic
groups have been found to contain MAAs (Jeffrey et
al. 1999). However, the capacity to accumulate high
amounts of these compounds, appears to be restricted

Table 5. Relative abundance of MAAs in some dinoflagellate species
Alexandrium Alexandrium Alexandrium Lingulodinium Gymnodinium Prorocentrum Gymnodinium
tamarense a
catenella a
minutum a
polyedra b
sanguineum c
micans d
catenatum e
Shinorine
+++
+++
+++
–
–
+++
Palythine
+++
+++
+
+++
+
–
Asterine
±
–
–
–
–
++
Myc-methylamine-serine +
+
+
–
–
–
Porphyra-334
+++
++
+++
++++
++++
–
Palythinol
+
+
+
+
–
–
Mycosporine-glycine
++
+++
++
–
+++
++++
Myc-glycine-valine
–
–
–
+
–
–
Palythenic acid
++
++
±
–
–
–
M-320
++
++
+++
++?
–
–
Usujirene
+
+
+
–
–
–
Palythene
++++
++++
+++
+++
+++
–
New MAAs
+
+
++++
–
–
–
a
This study; b Vernet & Whitehead (1996); c Neale et al. (1998); d Lesser (1996); eJeffrey et al. (1999)

++
–
–
–
+++
–
+++
–
–
++++?
–
–
+
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to surface bloom-forming dinoflagellates, cryptomonads and raphidophytes (Carreto et al. 1989, Sinha et al.
1998, Jeffrey et al. 1999).
Among dinoflagellates, only a few species are
known to establish distribution patterns (Table 5).
Dinoflagellates have a suite of common widespread
MAAs, although it is evident that MAA composition is
species dependent. Species of the genus Alexandrium
have the most complex MAA profiles. To talk about the
possibility of distinguishing species according to their
MAA profiles, would only be valid if inter-specific
variations are larger than intra-specific physiological
variations. In dinoflagellates, the MAA composition is
modified by a variety of environmental factors, such as
light intensity (Carreto et al. 1989, Lesser et al. 1996,
Neale et al. 1998), spectral light composition (Carreto
et al. 1990b, Lesser et al. 1996), temperature, growth
phase and probably to a small extent, time of sampling
in the diurnal cycle (Carreto et al. unpubl. results). For
example, in the dinoflagellate A. excavatum (= A.
tamarense), the transfer from low (20 µmol quanta m–2
s–1 PAR) to high (200 µmol quanta m–2 s–1 PAR) irradiance leads to a change in MAA composition and an
overall increase in the cell content of MAAs in a time
scale of a few hours (Carreto et al. 1989). Similar
results have been reported for the dinoflagellate
Gymnodinium sanguineum (Neale et al. 1998) and
observed by ourselves in A. catenella (Carreto et al.
1999). A typical response observed for these species to
increasing light conditions is a dramatic increase in the
relative abundance of palythene (Carreto et al. 1990a,
Neale et al. 1998). The methodology used is another
complicating factor as the development of new analytical methods has allowed the detection of new or previously unresolved compounds. Among the studied
dinoflagellates, usujirene has only been detected in
the Alexandrium isolates. However, this is probably related to the methodology employed, which allows the
separation of palythene from their isomer usujirene.

Occurrence of novel MAAs
Our study also documents that an important distinctive feature of Alexandrium species is the occurrence
of novel MAAs, not previously reported in the literature. However, in cultures of Lingulodinium polyedra,
Vernet & Whitehead (1996) reported the presence of
an unknown, low polarity MAA with absorption maximum at 320 nm, that seems to be similar to our M-320
compound. Recently, Jeffrey et al. (1999) showed that
the toxic dinoflagellate Gymnodinium catenatum, in
addition to mycosporine-glycine, shinorine and porphyra-334 also contained major quantities of unknown
UV-absorbing compounds. The most abundant of
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these compounds also showed a 320 nm absorption
maximum, but differ from palythine in their polarity.
Spectrally similar compounds containing 2 chromophores with absorption maxima at 312 and 335 nm
have been isolated in the terrestrial cyanobacterium
Nostoc commune. These high molecular mass, water
soluble compounds are the first MAAs to be described
covalently linked to oligosaccharides (Böhm et al.
1995). Other spectrally similar MAAs have also been
isolated from another strain of terrestrial cyanobacteria, but the chemical nature of these compounds is still
unknown (Garcia-Pichel & Castenholz 1993).
In our study, partial characterisation of 4 novel
MAAs from Alexandrium species indicates the existence of 2 types of compounds closely related to known
MAAs. One of them (M-333) appears to be a monomethyl ester of shinorine. The other type of compounds
contain 2 (M-320: shinorine and mycosporine-glycine,
M-335/360: shinorine and palythene) or 3 (M328/360:
shinorine, mycosporine-glycine and palythene) MAAs
covalently linked among themselves. We believe that
they are esters, although we do not have NMR data
available to confirm their structure.
The 3 Alexandrium species studied here, can synthesise these novel compounds. The chromatographic profile of A. minutum, however, was noticeably distinct from
those of A. tamarense and A. catenella. Thus, A. minutum, the most divergent taxa relative to A. tamarense
and A. catenella (Scholin et al. 1994), showed the most
distinctive toxin composition and MAA profile. One explanation for this, is that variations in MAA composition
between different isolates or species reflect genetic differences in their ability to synthesise MAAs. This explanation is still speculative, since their synthesis in Alexandrium and Gymnodinium catenatum (Jeffrey et al. 1999)
has yet to be achieved. Another possible explanation for
variations in MAA content and composition in different
isolates or species of bloom-forming dinoflagellates, is
the role that other organisms — most notably bacteria —
can play in MAA synthesis. It is feasible that endosymbiotic bacteria present in some of these organisms
(Doucette 1995) are capable of the de novo synthesis of
MAAs. Also they can be the provider of at least some of
the intermediate metabolites, or may be responsible for
interconversions of MAAs, such as the transformation of
common MAAs to complex compounds. Dunlap & Shick
(1998), for instance, suggested that Vibrio harveyi can
hydrolyse the hydroxyamino acid substituents of shinorine and porphyra-334, to yield mycosporine-glycine.

Ecological considerations
The experiments performed by Neale et al. (1998),
provided optical evidence that MAAs act as spectrally
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specific UV sunscreens and are direct protectans in the
red tide dinoflagellate Gymnodinium sanguineum, and
possibly other MAA-accumulating phytoplankton with
similar size as G. sanguineum. The advantage of the
cumulative effect of having several MAAs with different absorption maxima between 310 and 360 nm is that
the filtering capability is broadened. Thus, increased
protection across a large range of deleterious UVA and
UVB wavelengths is attained (Carreto et al. 1990a,
Neale et al. 1998, Jeffrey et al. 1999). On this basis, the
functionality of the novel compounds is not clear, since
they absorb light in the same spectral range of their
constitutive MAAs. However, there may be physiological limitations to the accumulation of osmotically active
compounds such as common MAAs within the cells and
probably the maximal specific content of MAAs in the
cell is regulated by osmotic mechanisms (Oren 1998,
Sinha et al. 1998). The reduction of the number of ionizable groups that accompany the synthesis of novel
MAAs could be a mechanism to counteract these limitations and explain the high accumulation capacity observed in the studied Alexandrium species and probably in other surface bloom-forming dinoflagellates.
One of the most conspicuous characteristics that accompanies red tide development is high isolation and
calm periods (Carreto et al. 1993). In these meteorological conditions, the increase of UV radiation in combination with others factors (nutrients and stability) may
alter the phytoplanktonic community, thus favouring
the development of the best adapted species. Moreover, UVB reaching the Earth’s surface is increasing as
a result of anthropogenic damage to the stratospheric
ozone layer. Ozone depletion is expected to increase
and spread to lower latitudes in the next century
(Madronich et al. 1995). This could alter the floristic
composition of temperate marine phytoplankton species to favour harmful surface bloom-forming species.

CONCLUSION
Our study documents for the first time the occurrence of novel complex MAAs in some species of
bloom-forming dinoflagellates. The abundance and
distribution of these novel compounds are species specific, suggesting some degree of biogeographical or
ecotypical diversification. Alexandrium minutum, the
most divergent taxa relative to representatives of the
Tamarense complex, showed the most distinctive toxin
and MAA profiles. However, the use of these compounds as biological markers should be taken with
caution, as only a few species of the group have been
analysed until now and the physiological regulation of
their synthesis — including the role of bacteria — is still
unknown to a great extent.
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