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A B S T R A C T

For decades, many aspects of Dinophysis biology have remained intractable due to our inability to

maintain these organisms in laboratory cultures. Recent breakthroughs in culture methods have opened

the door for detailed investigations of these important algae. Here, for the first time, we demonstrate

toxin production in cultures of North American Dinophysis acuminata, isolated from Woods Hole, MA.

These findings show that, despite the rarity of Dinophysis-related DSP events in North America, D.

acuminata from this area has the ability to produce DSP toxins just as it does in other parts of the world

where this species is a major cause of DSP toxicity. In our cultures, D. acuminata cells were observed

feeding on Myrionecta rubra using a peduncle. Culture extracts were analyzed using LC–MS/MS,

providing unequivocal evidence for the toxin DTX1 in the Dinophysis cultures. In addition, a significant

amount of an okadaic acid diol ester, OA-D8, was detected. These results suggest that this Dinophysis

isolate stores much of its OA as a diol ester. Also, toxin PTX-2 and a hydroxylated PTX-2 with identical

fragmentation mass spectrum to that of PTX-11, but with a different retention time, were detected in this

D. acuminata culture. This demonstration of toxin production in cultured North American Dinophysis sets

the stage for more detailed studies investigating the causes of geographic differences in toxicity. It is now

clear that North American Dinophysis have the ability to produce DSP toxins even though they only rarely

cause toxic DSP events in nature. This may reflect environmental conditions that might induce or repress

toxin production, genetic differences that cause modifications in toxin gene expression, or physiological

and biochemical differences in prey species.

� 2009 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Harmful Algae

journa l homepage: www.e lsev ier .com/ locate /ha l
1. Introduction

The dinoflagellate genus Dinophysis is interesting from both
ecological and evolutionary perspectives. Some members of this
genus are responsible for diarrhetic shellfish poisoning (DSP)—a
syndrome associated with human consumption of shellfish that
have accumulated Dinophysis toxins, and less frequently, toxins
from Prorocentrum lima (Lawrence et al., 2000). DSP is a major
public health and economic problem for many countries (Lee et al.,
1989; Boni et al., 1993; Giacobbe et al., 2000) and is among the
most important and widely distributed of the harmful algal bloom
(HAB) associated poisoning syndromes (Van Dolah, 2000). The
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diarrhetic shellfish toxins (DTXs) are a class of polyether
compounds with at least eight congeners and the parent
compound, okadaic acid (OA). OA, DTX1, and DTX2 are the
primary toxins involved in poisonings, with others believed to be
either precursors or shellfish metabolites of the toxins. The DTXs
are inhibitors of serine/threonine protein phosphatases and, when
ingested by humans, cause rapid onset of gastrointestinal
symptoms (vomiting and diarrhea) lasting several days.

On a global scale, DSP is widespread, documented in Western
Europe, East and Southeast Asia, South America, South Africa, New
Zealand and Australia. The situation in North America is
particularly interesting since DSP toxins have only rarely been
detected in North America despite years of testing of shellfish and
plankton tows by many investigators. Two events in Canada were
attributed to the benthic dinoflagellate, P. lima, found in
association with filamentous algae growing on raft cultures of
mussels (Quilliam et al., 1993; Lawrence et al., 2000). OA was
detected in cultures of P. lima isolated from the Gulf of Maine
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Fig. 1. (A) Light micrograph of D. acuminata (DAEP01) cells (scale bar = 10 mm). (B)

Minimum evolution tree of Dinophysis sp. Numbers above the branches are the

results of 500 bootstrap replicates.

J.D. Hackett et al. / Harmful Algae 8 (2009) 873–879874
(Morton et al., 1999; Maranda et al., 2007), and in 2002, LC–MS
analysis for OA revealed low concentrations of the toxin in
plankton net tow material during an extremely dense bloom of
Dinophysis acuminata in the Chesapeake Bay (Tango et al., 2002).
Dickey et al. (1992) detected okadaic acid in oysters in the northern
Gulf of Mexico in 1990. The most significant DSP event attributed
to Dinophysis sp. in North American shellfish occurred in 2008 in
Southern Texas (Texas Department of State Heath Services news
release, March 7th 2008).

This very low level of DSP toxin in North America is noteworthy
even though the Dinophysis species known to be toxic elsewhere
(e.g., D. fortii, D. acuminata, D. caudata, D. norvegica, and D. acuta),
have all been observed in high abundance in US and Canadian
waters (Marshall, 1996; Rehnstam-Holm et al., 2002). The reasons
for this remarkable geographic disparity in toxicity remain
unresolved, but could reflect genotypic heterogeneity among
strains of Dinophysis, or, given recent findings about feeding and
culturing (Park et al., 2006), differential toxin synthesis might be
due to the variability in cryptophyte and ciliate prey.

We have isolated D. acuminata from Eel Pond in Woods Hole,
MA and established cultures grown on Myrionecta rubra and its
cryptophyte prey to investigate toxin production in North
American Dinophysis species. Here we report the first description
of toxin production in a North American culture of Dinophysis.

2. Materials and methods

2.1. Culture methods

A unialgal (but not clonal) culture of D. acuminata was
established from Eel Pond, Woods Hole, MA in September of 2006
by isolating cells from a water sample into individual wells of a
48 well tissue culture plate. These cells were cultured using a two-
step feeding system described by Park et al. (2006) where the
cryptophyte, Geminigera cryophyla (CCMP2564), is fed to the
ciliate, M. rubra (CCMP2563), which is in turn fed to D. acuminata

(DAEP01). All three cultures were maintained in modified f/2-Si
medium (Anderson et al., 1994) at 3 8C on a 14:10 h L:D cycle
(ca. 100 mmol photons m�2 s�1 irradiance provided by cool
white fluorescent bulbs). Borosilicate glass culture tubes
(25 mm� 150 mm) containing 25 mL medium were used. When
the cell density of the cryptophyte exceeded 500,000 cells mL�1 it
was used as food for M. rubra by combining 2 mL of G. cryophyla with
3 mL M. rubra in 20 mL f/2 medium. Following complete consump-
tion of the cryptophyte cells by M. rubra, the ciliate was fed to D.

acuminata by adding 3 mL M. rubra (�14,000 cells mL�1) with 2 mL
D. acuminata (�1800 cells mL�1) in 20 mL f/2 medium. Weekly cell
counts and observations on D. acuminata DAEP01 were conducted
on samples preserved in Utermöhls solution (Utermöhl, 1958) and
examined microscopically at 100�using a Sedgwick Rafter counting
chamber. Additional Myrionecta culture was added to the D.

acuminata cultures when the Myrionecta/Dinophysis cell ratio fell
to less than 1:1. Cultures of D. acuminata were transferred when the
cell density exceeded 1800 cells mL�1 and maximum cell densities
greater than 7000 cells mL�1 could be easily achieved by these
techniques.

The SSU rDNA gene was amplified by PCR from D. acuminata

DAEP01 using primers CrN1f and BR as previously described (Hoef-
Emden et al., 2002). The PCR products were sequenced on both
strands using an ABI3730 sequencer and deposited in GenBank
(accession FJ869120). The D. acuminata SSU rDNA sequence was
aligned with homologues from other dinoflagellates using BioEdit
(http://www.mbio.ncsu.edu/BioEdit/bioedit.html). The alignment
was used to construct a minimum evolution tree using the Kimura
2-parameter correction with 500 bootstrap replicates in Phylip
(Felsenstein, 2004, Fig. 1B).
The D. acuminata culture for toxin analysis was grown under
high light (300 mmol photons m�2 s�1) in a Fernbach flask
containing 1300 mL of f/2-Si medium at 4 8C. The initial cell
density of M. rubra, CCMP2563, and D. acuminata, DAEP01, was
calculated to be 2000 and 100 cells mL�1, respectively. A sample
for toxin analysis was collected from this culture during the late
exponential/early stationary phase where 120 mL of culture was
passed through a 20 mm Nitex sieve to collect the Dinophysis cells.
At this point in the growth cycle, all of the Myrionecta cells had
been eaten, thus, none were contained in the harvested aliquot.
The material caught on the sieve was backwashed into a pre-
weighed 15 mL centrifuge tube and duplicate, 200 mL aliquots for
cell counts were dispensed from the well-mixed sample into
separate microcentrifuge tubes containing 1 mL volumes of
filtered seawater and 5% formalin. The 15 mL tube was weighed
again and centrifuged at 3000 � g for 5 min. The medium
overlying the resulting cell pellet was carefully aspirated so that
a minimal volume (<250 mL) was remaining above the cell pellets.
The samples were flash frozen and stored in liquid nitrogen, and
later shipped on dry ice for toxin analysis. There were
approximately 236,000 cells in the cell pellet as determined by
averaging the toxin cell counts and multiplying this value by the
total volume within the 15 mL centrifuge tube. Control cultures of
M. rubra and G. cryophyla were grown as described above,
harvested via centrifugation (3000 � g, 5 min), and assayed for
toxins as well. The M. rubra cell pellets contained 256,800 cells
while 1,000,000 cells were concentrated for the G. cryophyla cell
pellets.

http://www.mbio.ncsu.edu/BioEdit/bioedit.html


Table 2
Transitions used for LC–MS/MS analysis.

Precursor ion Precursor mass Fragment mass

OA [M–H]� 803.5 255.5

DTX1 [M–H]� 817.5 255.5

OA-D8 [M+NH4]+ 946.5 751.5

PTX-2 [M+NH4]+ 876.5 823.5

PTX-11 [M+NH4]+ 892.5 839.5

PTX-2sa [M+NH4]+ 894.5 823.5
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2.2. Toxin extraction

At the Irish Marine Institute in Galway (MI), the cell pellet was
thawed at room temperature and 200 mL of methanol was added.
The sample was sonicated (Ultrasonic Bath, Branson 5510, The
Netherlands) for 15 min and then centrifuged at 4200 � g for
5 min. The supernatant was transferred to a spin filter (0.2 mm)
and centrifuged at 13,000 � g for 5 min using a microcentrifuge. A
high recovery LC vial was used to collect the filtrate and this
extraction procedure was repeated another three times to ensure
complete extraction efficiency. The extracts were evaporated to
dryness on a heating block at 40 8C under a stream of nitrogen and
the residues were resuspended in 1 mL of methanol for LC–MS/MS
analysis.

2.3. Analyses using LC–MS/MS hybrid Quadrupole:Time of

Flight Mass Spectrometer

The LC–MS/MS analyses were conducted using a 2795 Waters
HPLC coupled to a Micromass Ultima (Waters Micromass)
quadrupole–time of flight hybrid (QTOF) equipped with a z-spray
ESI source. The QTOF was used in TOF-MS/MS mode, where the
molecular ion (for OA toxins) and ammonium adduct (PTXs) were
isolated in the quadrupole and where after collision in the collision
cell, the whole fragmentation spectrum was obtained in the TOF.
OA, DTX1 and DTX2 were analyzed in negative ionization (ES�).
Accurate mass data was acquired on the instrument operated in
W-mode. Glu-Fib (or Leucin) solution (accurate mass:
785.8426 Da) was infused into a dual-lockspray source for in situ
calibration of the instrument. Fragment ions of Glu-Fib (m/z
684.3579 and 333.1881) were used for the calibration of the entire
mass range for fragment ion analysis.

This system used a binary mobile phase, with both A and B each
containing 2 mM ammonium formate and 50 mM formic acid.
Phase A was 100% aqueous while phase B consisted of 95% aqueous
acetonitrile. A volume of 50 mL was injected using a switching
valve that allowed the injection of large volumes. The chromato-
graphic method was adapted from Hardstaff et al. (2006) and was
reported in detail for the analysis of azaspiracids in shellfish
extracts (Vale et al., 2008). The toxins were first concentrated on an
OASIS HLB column (20 mm � 2.1 mm; 5 mm) and subsequently
backwashed and separated on a BDS Hypersil C8 (150 mm �
1 mm; 3 mm) using the gradient described in Table 1. Accurate
mass of DTX1 was measured on a standard (not certified) obtained
from Bluebiotek (Germany).

2.4. LC–MS/MS analysis using triple quadrupole mass spectrometer:

OA and DTX analysis

LC–MS/MS analyses were performed using a 2695 Waters HPLC
coupled to a Quattro Ultima triple quadrupole (TQ) (Waters
Micromass) with separation being achieved on a C8 Hypersil
column (50 mm � 2.1 mm; 3.5 mm particle size) maintained at
Table 1
Gradient conditions used for the LC–MS/MS analysis of the cell extract.

Time (min) A% B% Flow (mL/min)

0.00 90 10 0.200

2.00 90 10 0.200

2.01 90 10 0.020

2.05 90 10 0.075

2.50 70 30 0.075

12.50 0 100 0.075

30.50 0 100 0.075

31.00 70 30 0.075

40.00 70 30 0.075
25 8C. The flow rate was set at 0.25 mL/min and a volume of 5 mL
was injected. Binary mobile phase was used, with phase A (100%
aqueous) and phase B (95% aqueous acetonitrile), both containing
2 mM ammonium formate and 50 mM formic acid. A gradient
elution was employed, starting with 30% B, rising to 90% B over
8 min, held for 0.5 min, then decreased to 30% B in 0.5 min and held
for 3 min to equilibrate at initial conditions before the next run
started. Quantitation was performed by LC–MS/MS using the
molecular ion or the ammonium adduct as precursor ions (Table 2).
The diol ester derivative of OA, OA-D8, was not quantified but a
reference solution kindly provided by M. Quilliam was used to
confirm the presence of the toxin. A set of OA standards (7 levels)
were used for the quantification of OA and DTX1 and were
prepared using the NRC OA certified reference material (CRM-OA-
b). An internal laboratory reference material prepared from
mussels Mytilus edulis and containing OA, DTX1 and DTX2 was
extracted with MeOH (2 g extracted in 25 mL) and used for the
comparison of the retention times.

2.5. PTX analysis

An Ultra Performance Liquid Chromatography (UPLC) method
was used for the quantification of PTXs. UPLC–MS/MS analyses
were performed using a Waters Acquity system coupled to a
Quattro Ultima TQ (Waters Micromass). Separation was achieved
on a C8 BEH Acquity column (50 mm � 2.0 mm; 1.7 mm particle
size) maintained at 30 8C. The flow rate was set at 0.4 mL/min and a
volume of 5 mL was injected. Binary mobile phase was used, with
phase A (100% aqueous) and phase B (95% aqueous acetonitrile),
both containing 2 mM ammonium formate and 50 mM formic acid.
A gradient elution was employed, starting with 30% B, rising to 90%
B over 10 min, held for 0.5 min, then decreased to 30% B in 0.1 min
and held for 2.4 min to equilibrate at initial conditions before the
next run started. Quantitation of PTX-2, PTX-11 and PTX-2sa was
performed by LC–MS/MS using the ammonium adduct as
precursor ions (Table 2) as described previously (Fux et al.,
2007). A reference solution of PTX-11 was kindly obtained from C.
Miles. PTX-11 and PTX-2sa were quantified against certified
standard of PTX-2 from the NRC, Canada.

3. Results

Cells isolated from Eel Pond (DAEP01) were identified as D.

acuminata using morphology and SSU rDNA sequence similarity
(Fig. 1). The SSU rDNA sequence from our strain is identical to the
SSU rDNA sequence from D. acuminata isolated from Norway
(Genbank accession AJ506972) and had one nucleotide difference
with a D. acuminata isolate from Narragansett Bay, RI, USA
(EU130569). Our sequence was different at nine nucleotides
compared to the SSU sequence of a Japanese isolate. In
phylogenetic analyses, our strain was included in a highly
supported clade with other D. acuminata isolates (Fig. 1B).

We were unable to isolate co-occurring Myrionecta sp. or
Geminigera sp., so cultures isolated from the Ross Sea (Gustafson
et al., 2000) were purchased from the Provasoli-Guillard Culture
Collection for Marine Phytoplankton (CCMP) and used as the



Fig. 2. Example of chromatogram obtained by large-volume injection with Hybrid

Quadrupole:Time of Flight Mass Spectrometer: (A) Laboratory Reference Material

Chromatogram and (B) chromatogram of cultured Dinophysis cells, strain, DAEP01.
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Dinophysis food source. The Eel Pond D. acuminata cells are able to
tolerate the low temperatures (3 8C) required to maintain these
strains of Myrionecta and Geminigera while growing at rates of
�0.1 divisions day�1. At 10 8C, Dinophysis achieves a growth rate of
�0.34 divisions day�1, however, at this temperature, most Myr-

ionecta appear to die before being consumed by D. acuminata. At
either temperature, cell densities >7000 mL�1 can be routinely
obtained using the feeding regimen described above. D. acuminata

cells were observed feeding on M. rubra using a peduncle as
described in Park et al. (2006).

Chemical analyses of the DSP toxins were initially performed
using a large-volume injection system. OA and DTX1 were detected
(retention times 19.03 and 20.43 min, respectively) and their QTOF
fragmentation spectra matched the standards and reference
compounds of DTX1 (Fig. 2) and OA (data not shown). The ion
ratio in the Dinophysis sample was compared for parent and
fragment ion, 817.8 and 255.2, respectively, and found to be within
2.5% of the ratio of the DTX1 standard. Additionally, the molecular
ion masses of DTX1 in the standard and DTX1 in the sample were
Fig. 3. High resolution fragmentation spectrum of the molecular ion of DTX1 [M�H]� (81

the DTX1 standard (BlueBiotech) and (B) the cell extract DAEP01 1-4 with a collision e
compared and found to be within acceptance criteria for accurate
mass measurement (less than 5 ppm difference, Fig. 3). The
retention time and the fragmentation spectrum of OA contained in
the cells were identical to those of the OA standard. However, the
low concentration of OA in the sample did not allow for accurate
mass measurement to be performed.

LC–MS/MS analyses of the cell extract using the TQ showed the
presence of a peak of OA (8.77 min) and DTX1 (10.27 min, Fig. 4).
The concentration of OA detected in our samples was 18.0 fg cell�1

whereas DTX1 concentration was 203.3 fg cell�1. Additionally, the
presence of a diol ester of OA, OA-D8, was confirmed by
comparison to a reference standard. The amount of OA-D8 was
not quantified because no standards were available for this
compound. However, the signal intensity revealed that a
significant amount of OA-D8 was present in the cells. The
polyether-lactone, PTX-2, was found at a concentration of
20.40 pg cell�1. The degradation product of PTX-2, PTX-2 seco-
acid (PTX-2sa) was quantified at 76.88 fg cell�1 and its more
thermodynamically stable epimeric confirmation, 7-epi-PTX seco-
acid was witnessed but not quantified. PTX-11 was not detected in
the D. acuminata cells. However, the PTX-11 transition trace
(Table 2) that was set on the UPLC–MS/MS method allowed for the
detection of one compound in the sample that eluted before PTX-
11 from the reference solution. Quantitation of the analog
performed against PTX-2 standards indicated a concentration of
731.6 fg cell�1. Analysis on the QTOF system allowed for the
comparison of the fragmentation of PTX-11 and the compound
detected in D. acuminata (data not shown). It appeared that the
compound observed in the culture of D. acuminata is an isomer of
PTX-11 likely to be a previously unreported hydroxylated PTX-2
analog. More detailed information on this will be reported
separately. Cultures of Geminigera and Myrionecta were analyzed
for OA and PTX compounds. No toxins were detected in the control
cultures confirming that the toxin is clearly produced by
Dinophysis.

4. Discussion

We report here the first description and unequivocal evidence
of diarrhetic shellfish poisoning toxin production in cultured North
American Dinophysis. These findings indicate that this suite of
cultures can now be used to study toxin production in these
7.5) obtained by LC–MS/MS Quadrupole/Time of Flight Mass Spectrometer from (A)

nergy of 50 V.



Fig. 4. Example of chromatogram obtained from DAEP01 obtained by LC–MS/MS triple quadrupole using the gradient method on a Hypersil C8 column. OA and DTX1 analyses

were performed in negative ionization mode and OA-D8 in positive mode.
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organisms, and in particular, the reasons behind the dramatic
differences in toxicity between geographically separated strains of
Dinophysis.

Initial trials on the chemical analysis of the cultured Dinophysis

were carried out in order to establish if the culture is capable of
producing DSP toxins. Confirmation of DTX1 and OA production in
the Dinophysis sample is based on the comparison of the
corresponding spectra with those of the OA and DTX1 standards.
Additional evidences for DTX1 were obtained by LC–MS/MS using a
QTOF instrument equipped with a switching valve and included:
(1) retention time in 2-dimensional chromatography (<0.05 min
shift); (2) mass spectral comparison through ion ratios (<2.5%
difference); and (3) mass spectral comparison through mass
accuracy (<5 ppm). The exact mass of OA in the Dinophysis sample
was not measured due to its low concentration.

Quantitation of the samples was then performed by LC–MS/MS
using the TQ system, which allowed for the analyses with higher
sensitivity, wider linearity range and the capabilities of monitoring
compounds in positive (OA-D8) and negative (OA and DTX1) in a
single analytical run. The DTX1 and OA concentrations in the
Woods Hole D. acuminata were approximately 203 and 18 fg cell�1,
respectively. These are at the low end of toxin content measure-
ments for D. acuminata, which range from 100 fg cell�1 (Yasumoto,
1985) to 158 pg cell�1 (Marcaillou et al., 2005) for DTX1 and 0.1–
2.7 pg cell�1 for OA (MacKenzie et al., 2005). In the only other
documented account of DSP toxins in cultured Dinophysis,
Kamiyama and Suzuki (2008) found that their D. acuminata

isolated from Kesennuma Bay, Japan produced 2.5–4.8 pg cell�1 of
DTX1, 14.7–14.8 pg cell�1 of PTX-2 and undetectable amount of
OA. These cultures were grown in a manner similar to the culture
described here, however, they utilized prey and Dinophysis species
isolated from Japanese waters and the cultures were incubated at
15 8C. Suzuki et al. (2009) found similar DTX1 per cell concentra-
tions in wild D. acuminata from Hokkaido Bay, Japan. Those cells
also had amounts of PTX-2 comparable to those found in our
culture, as mentioned below.

In addition to DTX1 and OA, the Woods Hole Dinophysis culture
produced the diol ester of OA, OA-D8. Although no standard
solution was available, pronounced signals indicated that a
significant amount of the toxin was present. The relative
concentration of OA and OA-D8 suggests that there is little free
OA in the cell—i.e., that most of it is stored in the ester form in the
Woods Hole Dinophysis. This is in agreement with toxin profiles for
P. lima and D. acuta samples from New Zealand (Suzuki et al., 2004;
Quilliam et al., 1996). The diol ester forms of OA are rapidly
converted into free toxins in culture media as well as in shellfish
and, therefore, have the potential to cause DSP.

Quantitation of PTXs was performed by UPLC–MS/MS with TQ
detection because separation on the Hypersil C8 did not allow for
the separation of the isomer of PTX-11 and PTX-2sa. Separation of
these compounds was required because the isomer of PTX-11 was
detected in the PTX-2sa trace due to the detection of its isotopes
which have their molecular mass increased by 2 mass units
(894.5 m.u. instead of 892.5 m.u.). PTX-2 was present in the cell
extracts at a concentration of 20.40 pg cell�1 and the isomer of
PTX-11 at 400 fg cell�1. The concentrations of PTX-2 are consistent
with some published values for D. acuminata (e.g., Miles et al.,
2004b; MacKenzie et al., 2005; Kamiyama and Suzuki, 2008),
however, they are lower than those reported by Blanco et al. (2007)
who found PTX concentrations of 180 pg cell�1 in D. acuminata

cells isolated during a bloom. PTX-2 can quickly degrade through
hydrolysis in shellfish (Suzuki et al., 2001; Miles et al., 2004a) and
by the release of algal enzymes during sample processing
(MacKenzie et al., 2002) into PTX-2 seco-acid which epimerizes
into its more thermodynamically stable confirmation, 7-epi-PTX
seco-acid (Miles et al., 2004a). The hydroxylated PTX-2 exhibited
identical fragmentation pattern as PTX-11 and eluted earlier than
the latter. This suggests that oxidation of PTX-2 may have occurred
at a different position than for PTX-11 and MS evidence has
indicated that this new hydroxylated PTX is different to PTX-1 and
to PTX-13. Further work is required to assign the structure of this
compound. The role of PTX compounds in DSP is unclear and their
toxic manifestations are not well understood; in mice PTX-2 and
PTX-11 are toxic when injected intraperitoneally, however, these
compounds along with 7-epi-PTX seco-acid are much less toxic
when given orally to mice (Miles et al., 2004a; Suzuki et al., 2006).
Presently PTX-1 and PTX-2 are included in shellfish safety
regulations in the European Union.

This demonstration of toxin production in cultured Dinophysis

sets the stage for more detailed studies investigating the causes of
geographic differences in toxin content. It is now clear that North
American Dinophysis have the ability to produce DSP toxins, but
appear to only rarely cause toxic DSP events. Although Dickey et al.
(1992) detected OA in oysters in the northern Gulf of Mexico in
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1990 and Tango et al. (2002) reported trace levels of OA in shellfish
in the Chesapeake Bay, the first significant episode in North
America whereby shellfish became highly toxic during a Dinophysis

bloom occurred only recently (2008) along the Texas coast, and
most efforts to find DSP toxins during previous Dinophysis blooms
have failed. There are several possible causes for the regional
differences in toxin content. The first are environmental conditions
such as temperature, light, nutrient availability, or other physical
factors that might induce or repress toxin production. Production
of toxins in other dinoflagellates is influenced by some of these
conditions. For example, cellular concentrations of saxitoxin in
Alexandrium sp. increase under phosphorus stress and decrease
under nitrogen stress (Boyer et al., 1987; Anderson et al., 1990).
Likewise, individual cultures of the diatom Pseudo-nitzschia show
considerable variability in toxin content under different growth
conditions (Bates et al., 1998). The second are genetic differences
that cause modifications in toxin gene expression. In Dinophysis,
these could be changes in promoters or transcription factors that
regulate toxin gene expression. These alterations could cause an
overall decrease in toxin production, or change how toxin
production is regulated in response to environmental conditions.
A third explanation invokes differences in species or strains of M.

rubra or G. cryophila, the prey and plastid source of Dinophysis. This
possibility is particularly intriguing given that DSP toxins have
been localized to the plastid and PAS-bodies in Prorocentrum

species (Zhou and Fritz, 1994; Lawrence and Cembella, 1999;
Barbier et al., 1999). This distribution of DSP toxins in the cell has
been suggested to be a sequestration strategy to prevent the toxin
from affecting the cells own protein phosphatases (Barbier et al.,
1999). Prorocentrum sp. have typical dinoflagellate plastids
containing peridinin, not cryptophyte kleptoplasts like those
found in Dinophysis sp. It is possible that some cryptophyte
plastids are better than others for toxin production or sequestra-
tion. If North American Dinophysis are not able to effectively
sequester toxins, they may respond by reducing toxin production,
or shifting the relative proportion of the different congeners. OA
and DTX1 have been shown to have an inhibitory effect on the
growth of non-DSP producing algae (Windust et al., 1996; Sugg and
VanDolah, 1999), indicating that poor control of toxin localization
could have adverse effects on Dinophysis cells. It is currently
unknown what role the plastid may play in toxin production,
however we now have the tools to test if local M. rubra or G.

cryophila strain availability influences toxin production.
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