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INTRODUCTION

The dinoflagellate genus, Dinophysis, comprises more
than 100 taxonomically accepted species (Gomez
et al., 2011; Jensen & Daugbjerg, 2009), only 10 of
which have been found to produce one or two kinds of
lipophilic toxins (Reguera et al., 2014). The first group
of toxins includes the closely related polyether toxins
okadaic acid (OA) and Dinophysistoxins (DTXs), as
well as their derivatives, such as esterified analogs
(Yasumoto et al., 1985). Together these toxins consti-
tute the okadaic acid group (Toyofuku, 2006), referred
to in this paper collectively as OA/DTXs. The OA/DTXs
are known as causative agents of diarrhetic shellfish
poisoning (DSP), a human iliness syndrome linked to
the consumption of contaminated shellfish (Dominguez
et al.,, 2010; Reguera et al., 2014). Prominent human
symptoms of DSP are nonlethal gastrointestinal dis-
orders such as diarrhea, nausea, vomiting, and ab-
dominal pain, with complete recovery within three days
(Barceloux, 2008).

The second group of toxins, the pectenotoxins
(PTXs), are another class of lipophilic toxins produced
by some species of Dinophysis. In mice these polyether
lactones were not diarrheagenic after oral administra-
tion (Terao et al., 1986) but were lethal by intraperito-
neal injection (Miles, Wilkins, Munday, et al., 2004),
which led to initial regulation of these toxins in some
parts of the world, including Europe. Because of the
lack of adverse effects in humans who have consumed
food containing PTXs, food safety authorities in sev-
eral countries, including the United States, have not
regulated the content of these toxins in shellfish meat.
Moreover, in light of the most recent toxicological stud-
ies, the European Commission deregulated pecteno-
toxins in shellfish meat (European Commission, 2021).
Recent studies, however, indicate that purified PTXs
have the potential for ecological impacts such as exert-
ing toxicity against various life stages of bivalves and

were identified as D. fortii, and three isolates from the Gulf of Mexico were
identified as D. ovum and D. caudata. Toxin profiles of D. acuminata and D.
norvegica varied by their geographical origin within the United States. Cross-
regional comparison of toxin profiles was not possible with the other three
species; however, within each region, distinct species-conserved profiles for
isolates of D. fortii, D. ovum, and D. caudata were observed. Historical and
recent data from various State and Tribal monitoring programs were compiled
and compared, including maximum recorded cell abundances of Dinophysis
spp., maximum concentrations of OA/DTXs recorded in commercial shellfish
species, and durations of harvesting closures, to provide perspective regard-
ing potential for DSP impacts to regional public health and shellfish industry.
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fish (Gaillard et al., 2020; Pease et al., 2021; Rountos
et al., 2019).

Outbreaks of DSP (ilinesses and/or shellfish harvest-
ing closures due to unsafe levels of OA/DTXs) caused
by Dinophysis spp. are commonly reported in Atlantic
Europe (Reguera et al., 2014; Sechet et al., 2021;
Van Egmond et al., 1993), Pacific and Atlantic
South America (Alcantara-Rubira et al.,, 2018; Diaz
et al., 2022; Sunesen et al., 2021; Uribe et al., 2001)
and Japan (Suzuki et al., 1997). DSP outbreaks have
also been documented in Atlantic South Africa (Pitcher
& Calder, 2000), New Zealand and Australia (Boundy
et al., 2020; Madigan et al., 2006). In the United States,
outbreaks have been rare even though Dinophysis
spp. have been described on the west coast since the
early 1900s and have been known to exist commonly in
coastal waters since the mid-1900s (Horner et al., 1997;
Marshall & Cohn, 1983; Steidinger et al., 2000; Wolny
et al., 2020). Several studies, however, have reported
an expansion and increase in the intensity of blooms
of Dinophysis spp. in the coastal waters of Washington
State (Lloyd et al., 2013; Trainer et al., 2013) and Texas
(Deeds et al., 2010) as well as on the Mid-Atlantic and
Northeast Atlantic coasts (Gobler et al., 2017; Tong
et al., 2015; Wolny et al., 2020). This trend is concern-
ing not only because of public health concerns associ-
ated with the potential for increased exposure to OA/
DTXs but also because of the increased costs of ex-
panding public advisory services and monitoring sys-
tems. Moreover, the economic expenses associated
with potentially more frequent and prolonged closures
of shellfish harvesting will rise.

The first confirmation of OA/DTXs above the regulatory
level (harvesting closure and product recall) in the United
States occurred along the Texas coast of the Gulf of Mexico
in 2008 (Campbell et al., 2010; Deeds et al., 2010). A
month-long shellfish harvesting closure was implemented
after OA was detected in Eastern oysters (Crassostrea
virginica) at levels 2—-3 times above the Food and Drug
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Administration (FDA) regulatory guidance level of 160ng-
g‘1 OA equivalents in raw shellfish meat (combined free
OA, DTX-1, DTX-2 and their acyl esters; equivalent to
160pg- kg‘1; Deeds et al., 2010; FDA, 2020). The causative
organism was identified as Dinophysis cf. ovum (Campbell
et al., 2010). It was not until 3years later, in 2011, that the
first clinical report of DSP in the United States and Canada
occurred on the Pacific Northwest coast. Three people
became ill after consuming recreationally harvested mus-
sels from Sequim Bay, WA that were contaminated with
OA/DTXs at 2—10 times the FDA guidance level (Trainer
et al.,, 2013), and 62 illnesses were reported in British
Columbia after the consumption of cooked mussels con-
taminated with OA/DTXs above the action level (Taylor
et al., 2013). The primary causative organism was identi-
fied as D. acuminata. Notable DSP events since then in-
clude a D. acuminata bloom associated with levels of OA/
DTXs in shellfish greater than seven times the FDA guid-
ance level in Northport Bay, NY, samples collected from
either noncommercial shellfish harvesting areas or areas
already closed due to PSP events (Hattenrath-Lehmann
et al., 2013), and blooms of D. norvegica associated with
levels of the novel analog dihydroDTX1 at one to six times
the FDA guidance level (based on equivalent levels of
DTX1) in eastern Maine, resulting in precautionary shell-
fish harvesting closures (Deeds et al., 2020).

There are 17 species of Dinophysis reported from
the Pacific, Atlantic, and Gulf coasts of the United States
(Campbell et al., 2010; Cembella, 1989; Dickey et al., 1992;
Marshall & Cohn, 1983; Swanson et al., 2010). Among
these, D. acuminata, D. caudata, D. fortii, D. norvegica,
D. ovum, and D. tripos are putative or confirmed produc-
ers of OA/DTXs, with D. acuminata, D. norvegica, and D.
ovum cited as the most common and abundant species
(Marshall, 1996; Trainer et al., 2013; Wolny et al., 2020).
This diversity of Dinophysis species and toxins in different
regions of the United States has complex implications for
monitoring and management of DSP outbreaks, demon-
strating the need for further investigation.

Therefore, this study characterized 20 strains, repre-
senting five species of Dinophysis isolated from three
US coastal regions, for their taxonomic and toxinologi-
cal characterization, to advise monitoring and manage-
ment approaches for OA/DTXs. Results are interpreted
within the context of various State and Tribal monitoring
and management strategies utilized since the emer-
gence of DSP in the United States.

MATERIALS AND METHODS

Field sampling and isolation of clonal
strains

Twenty Dinophysis strains were isolated and estab-
lished as cultures from water bodies in three coastal
regions of the United States: Northeast/Mid-Atlantic,

Pacific Northwest, and Gulf of Mexico. Specific loca-
tions and dates of Dinophysis isolation are given in
Table 1 and Figure 1. Water samples were collected
for isolation from various depths (0—2m) using a 20-
pm plankton net or grab sample (Niskin bottle, or sur-
face bucket sample). Individual Dinophysis cells were
microscopically isolated from these waters using a
drawn glass micropipette and transferred into sepa-
rate wells of tissue culture plates (Thermo Scientific)
preloaded with modified f/2-Si or L1-Si medium
(Guillard, 1975; Guillard & Hargraves, 1993; Guillard
& Ryther, 1962) and the ciliate Mesodinium rubrum
(JAMR).

Culture maintenance and growth

Cultures of the kleptoplastidic, mixotrophic species
of the genus Dinophysis were successfully estab-
lished following the culture method described by Park
et al. (2006), with Mesodinium rubrum and the cryp-
tophyte Teleaulax amphioxeia as prey. The inability
to successfully isolate American Mesodinium strains
under our culture conditions led to the utilization of the
Japanese prey cell line, on which all Dinophysis iso-
lates fed and grew better than they did on other prey iso-
lates, such as the Spanish or Danish Mesodinium and
Teleaulax strains. T. amphioxeia (JATA) and M. rubrum
(JAMR) were both isolated in 2007 from Inokushi Bay
(44°38'30.8" N, 68°23'29.4” W) in the Oita Prefecture,
Japan, as described by Nishitani et al. (2008). The T.
amphioxeia culture was grown in f/2-Si culture media
prepared from 0.22-um filter-sterilized seawater (FSW)
with a salinity of 35, obtained from Wachapreague, VA,
and diluted with molecular-grade water to a 1:5 dilution
ratio to achieve a salinity of 25. The M. rubrum culture
was maintained in f/6-Si medium (salinity 25) and peri-
odically (every 3-5d) fed with T. amphioxeia at a 1:10
(predator: prey) ratio. M. rubrum, after its complete
consumption of the cryptophyte, was used as prey
for the 20 Dinophysis strains. To maintain cultures of
Dinophysis in exponential growth during the experi-
mental period, triplicate flasks of seawater (salinity
25) were inoculated with Dinophysis and fed every 3d
with M. rubrum at a ratio of 1:5 (predator: prey). All
flasks were maintained in a temperature-controlled
incubator at 15°C+1°C and provided ~100+10pumol
photons-m=2. s~ photosynthetically active radiation
(PAR) on a 14:10 light:dark (L:D) cycle. All cultures
were clonal but nonaxenic.

To determine Dinophysis cell densities and calculate
growth rates (Guillard, 1973), two aliquots from each
replicate sample were fixed with unacidified Lugol's
iodine solution (LabChem Inc.; 0.5%) and counted in
a 1-mL Sedgwick—Rafter counting chamber at 250x
magnification (Olympus CKX53 or IX50 inverted micro-
scopes; Olympus Corp).
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TABLE 1 Dinophysis species and strain designations, sampling locations, collection dates, and coordinates.
Coast Species Strain ID Location Date Coordinates
Northeast/ D. acuminata ~ DANY1 Meetinghouse Creek, Peconic May 2013 40°55'42.1" N, 72°36'49.0" W
Mid-Atlantic Estuary, NY
coast D. acuminata DAVA 01 Chesapeake Bay, Nassawadox, May 2017 37°28'18.3" N, 75°58'02.2" W
VA
D. acuminata DATCO03 Nauset Marsh Estuary, Town April 2009 41°47'31.2" N, 69°58'49.4" W
Cove, Orleans/Eastham, MA
D. acuminata DAMD D2 Manklin Creek, Isle of Wight Bay, May 2018 38°14'03.2" N, 75°05'33.1" W
Ocean Pines, MD
D. acuminata DAGMO1 Martha's Vineyard, MA July 2008 41°20'30.1" N, 70°38'30.7" W
D. acuminata DINO2 Eel Pond, Woods Hole, MA September 2006 41°31'34.3" N, 70°40'13.4" W
D. acuminata DASPMO02 Nauset Marsh Estuary, Salt Pond,  April 2009 41°50'07.4" N, 69°58'19.9" W
Eastham, MA
D. norvegica DNBHD3F Gulf of Maine, Blue Hill Falls, ME May 2018 44°38'30.8" N, 68°23'29.4" W
D. norvegica DNBHFE6 Gulf of Maine, Blue Hill Falls, ME May 2018 44°38'30.8" N, 68°23'29.4" W
Pacific D. acuminata NWFSC 806 Budd Inlet, Olympia, WA November 2019 47°03'00.7" N, 122°54'19.7" W
Northwest D. acuminata NWFSC 807  Budd Inlet, Olympia, WA November 2019  47°03'00.7” N, 122°54'19.7" W
coast D. acuminata  NWFSC 808 Budd Inlet, Olympia, WA November 2019 47°03'00.7" N, 122°54'19.7" W
D. acuminata  SB3 Sequim Bay, Sequim, WA June 2018 48°02'14.9" N, 123°1'29.3" W
D. fortii NWFSC 803 Budd Inlet, Olympia, WA November 2019 47°03'00.7" N, 122°01'19.7" W
D. fortii NWFSC 804 Budd Inlet, Olympia, WA November 2019 47°03'00.7" N, 122°54'19.7" W
D. norvegica NWFSC 814 Clam Bay, Manchester, WA February 2020 47°34'17.3" N, 122°32'40.2" W
D. norvegica NWFSC 816 Budd Inlet, Olympia, WA May 2020 47°03'29.9" N, 122°54'21.1" W
Gulf of Mexico D. ovum DOSS 3195 Gulf of Mexico, Surfside Beach, March 2019 28°56'11.2" N, 95°17'45.1" W
TX
D. ovum DOSS 2206 Gulf of Mexico, Surfside Beach, February 2020 28°56'11.2" N, 95°17'45.1" W
TX
D. caudata DCSS 3191 Gulf of Mexico, Surfside Beach, March 2019 28°56'11.2" N, 95°17'45.1" W

X

Microscopic identification

Aliquots of all 20 isolates were preserved in unacidified
Lugol's iodine, examined using an Olympus CKX53 in-
verted microscope (Olympus Corp) and a Zeiss Axiovert
200 inverted microscope (Carl Zeiss), and photographed
and measured using an Olympus DP73 digital camera
system (Olympus America). Photos were processed
using Adobe Photoshop (v. 7.0.1) to rotate or flip images
for consistent orientation. In two laboratories, 20 cells
from each culture were assessed following the mor-
phometric parameters described in Wolny et al. (2020),
including cell length (L) and depth (D). Biovolume was
calculated based on a flattened ellipsoid shape as de-
fined in Olenina et al. (2006), using height (h) and large
diameter (d1) measurements and the estimation of small
diameter (d2) according to Olenina et al. (2006).

Biovolume (um?): V=%><d1 xd2xh.
For scanning electron microscopy (SEM), 1-mL al-

iquots of the preserved samples were centrifuged
(1000g; 10min) and then 0.5mL of the supernatant

was removed. The pellet was then resuspended by
gentle vortex-mixing and 3—4 drops of the suspension
was added to the top of poly-L-lysine (Sigma—Aldrich)
coated coverslips (glass, 12-mm diameter) that were
preplaced into individual wells of 6-well plates. The
suspension was allowed to settle for 30min before
washing twice with 5mL of Milli-Q water. An ethanol
dehydration series (32%, 50%, 72%, 80%, 88%, 96%,
and 100%) was then performed with a 15min incuba-
tion time in each concentration (5mL) before being as-
pirated and replaced with the next concentration. The
100% ethanol step was repeated three times before
adding hexamethyldisilazane (HMDS; Sigma-—Aldrich,
3—4 drops) to the top of the coverslips and allowing it to
evaporate. The HMDS step was repeated once more,
and the coverslips were allowed to dry completely be-
fore being glued to 13-mm aluminum SEM stubs with
graphite conductive adhesive (Electron Microscopy
Sciences). Stubs were dried overnight and sputter-
coated with gold—palladium (Emitech Ltd.) before being
viewed with a JEOL 6360LV SEM (JEOL USA Inc.).
Photos were processed with Gimp (v. 2.10) to rotate or
flip the images for consistent orientation of cells and
insertion of scale bars.
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FIGURE 1

Supplemental DNA-based identification

A subset of the isolates tentatively identified as
Dinophysis acuminata, D. fortii, and D. norvegica
based on morphological characteristics were further
analyzed using DNA-based identification with the goals
of: (1) confirming the classifications of D. fortii and D.
acuminata isolates from the Pacific Northwest coast as
separate species since these isolates shared certain
morphologic characters and similar toxin profiles and
(2) confirming the classification of two isolates from the
Northwestern Pacific and Northeastern Atlantic coasts
with distinct toxin profiles as D. norvegica.

Using an Olympus CKX41 inverted microscope
(Olympus America), single cells from unacidified Lugol's
iodine-preserved culture aliquots were isolated using
mouth aspiration with drawn glass capillary tubing,

Isolation locations for the 20 Dinophysis strains. Dinophysis species are color coded.

then washed four to six times with molecular-grade
water before being placed in either a sterile 1.5-mL mi-
crocentrifuge tube with 40 pL of molecular-grade water
or a well of a Covaris ML230, 8 AFA-tube TPX sonicator
strip tube (Covaris) with 20 uL of molecular-grade water,
and stored at —20°C (1.5-mL microcentrifuge tubes) or
4°C (Covaris strip tubes) until further processing.

Cells were processed following Wolny et al. (2020),
summarized as follows: cells were brought to a vol-
ume of 50puL using molecular-grade water, sonicated
to disrupt the cell, directly amplified using polymerase
chain reactions (PCR) with three sets of primers, and
Sanger-sequenced. Approximately 2,000 bases from
the ITS1-LSU rRNA gene region were included. This
region has been shown previously to reliably distin-
guish the three species in question (Handy et al., 2009;
Wolny et al.,, 2020). Sonication was done manually
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using a probe-tipped sonicator (Branson Ultrasonics
Corp) with 3-5 pulses for 5s as in Wolny et al. (2020) or
with a Covaris ML230 focused ultra-sonicator. In cases
where a Covaris strip tube was used instead of a 1.5-
mL microcentrifuge tube and a probe-tipped sonicator,
the Covaris ML230 focused ultrasonication instrument
disrupted cells with a high rate of success using the
following cycle protocol: %DF of 25, CPB of 50, total
time of 80s, total AFA time of 40s, 4 repeats, AFA on
for 10s AFA off for 10s, at 12°C with a dither of +3mm
Y@ 20mm/s and a plate definition of ML2330_500660
Rack 8 AFA-TUBE TPX Strip +12.7 mm offset, as sug-
gested by Covaris technical support.

Sequence data were analyzed as in Wolny
et al. (2020) using GeneiousPro (version R10.2.3).
In this study, sequence data from all single cells ob-
tained from a clonal culture were combined and edited
manually before generating a consensus sequence.
Consensus sequences for each culture were compared
to previous data (Handy et al., 2009; Wolny et al., 2020)
and to sequences from GenBank NCBI accessions.

Toxin characterization

Cultures of the 20 strains were sampled to determine
the intracellular (particulate) and extracellular (dis-
solved) toxin content and concentrations of OA, DTX1,
DTX2, dihydroDTX1, PTX2, dehydroPTX2 (putative
PTX12), a putative hydroxyPTX2, and the esterified
forms of OA/DTXs. A 10-mL sample of each triplicate
culture of each Dinophysis strain was collected dur-
ing exponential growth and gently centrifuged (3000g,
15min, 4°C) to separate the culture into cell pellet and
supernatant. The cell pellet was resuspended in 1mL
of methanol and bath-sonicated for 15min at 25kHz.
The supernatant was filtered (PVDF syringe filter;
0.2um, 13mm) and stored at —20°C for later analysis.
An aliquot (500 L) of the cell pellet was hydrolyzed to
measure total (free plus esterified) OA/DTXs, by addi-
tion of 63pL of 2.5M NaOH solution and heating in a
water bath at 76°C for 40min, then cooled and neu-
tralized with 63 pL of 2.5M HCI. The sample was then
filtered (PVDF syringe filter, 0.2um, 13mm) and stored
at —20°C for later analysis.

Toxins in the original supernatant, containing dis-
solved or extracellular toxins, were extracted, con-
centrated, and de-salted using a 60-mg Oasis HLB
solid-phase extraction (SPE) cartridge (Waters) that
was previously conditioned with 3mL of methanol fol-
lowed by 3mL of molecular-grade water. The super-
natant (10mL) was applied to the SPE cartridge and
washed with 3mL of molecular-grade water and then
aspirated for 1min to remove excess water. Toxins
were eluted with 1 mL of methanol, filtered (PVDF sy-
ringe filter, 0.2pm, 13mm) and the eluate was stored at
—20°C for later analysis.

LC-HRMS (method A)

Liquid chromatography—high resolution mass spec-
trometry (LC—HRMS) analysis, based on the method
of Wilkins et al. (2021), was conducted in positive
mode with a Q Exactive-HF Orbitrap mass spec-
trometer equipped with a HESI-II heated electro-
spray ionization interface (Thermo Fisher Scientific)
with an Agilent 1200 G1312B binary pump, G1367C
autosampler (tray set to 10°C), and G1316B column
oven (Agilent Technologies). Analyses were per-
formed with a Symmetry Shield RP18 column (3.5 um,
100x 2.1 mm; Waters) at 20°C, with mobile phases
A and B of H,O and MeCN, respectively, each of
which contained formic acid (0.1% v/v). A linear gra-
dient (0.3mL min-1) was used from 20% to 100% B
over 21 min, held at 100% B (6 min), then returned to
20% B over 0.1min and held at 20% B (2.9 min) to
equilibrate the column (total run time 30.0min). The
flow was diverted to waste for the first 0.91 min and
final 10.01 min, and the injection volume was 2 pL or
4 L. The mass spectrometer was calibrated from m/z
74—-1622, the spray voltage was 3.7kV, the capillary
temperature was 350°C, and the sheath and auxiliary
gas flow rates were 25 units and 8 units, respectively,
with MS data acquired from 2 min to 20 min. MS data
was acquired in data-dependent acquisition (DDA)
mode, with full-scan (FS) spectra at m/z 700-1450,
with the resolution setting 60,000, AGC target 1 x 10,
and maximum injection time (max IT) 50ms, and the
top-5 MS/MS spectra were acquired with an inclusion
list, with the selection width set to m/z 0.7, the reso-
lution set to 15,000, max IT to 75ms, an AGC target
of 2x10°, and a stepped collision energy of 35, 40,
and 65eV (NH," adduct ions). The inclusion list for
acquiring MS/MS spectra covered all putative PTXs
and OA/DTXs observed in preliminary FS chromato-
grams. Data were processed using Xcalibur version
4.0 (Thermo Fisher Scientific). Elemental composi-
tions were determined from the accurate masses and
isotopomer intensities of the [M+NH,]* and [M+ Na]*
adduct ions in the full-scan HRMS (Table S1 in the
Supporting Information) using the NRC Molecular
Formula Calculator (Feb. 2022; Mallia et al., 2019).

LC-MS/MS (method B)

Quantification of analytes was performed using a
tandem quadrupole Xevo TQD ultra-performance lig-
uid chromatography system (Waters) coupled to an
electrospray ionization (ESI) source with a trapping
dimension and at-column dilution (LC-MS/MS trap/
ACD) following Onofrio et al. (2020). Chromatography
was carried out on an Aquity BEH C18 column (130A,
1.7 um, 50 x2.1 mm, Waters). Analyses were performed
under acidic chromatographic conditions in negative
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(OA, DTX1, DTX2, dihydroDTX1) and positive ioniza-
tion mode (PTXs) using scheduled reaction monitoring.
Transitions, chromatography, and mass spectrometer
conditions followed Onofrio et al. (2020). Certified refer-
ence materials for OA, DTX1, DTX2, and PTX2 (NRC-
CNRC, Halifax) were used for verification of retention
times and quantification by comparison to 8-point, trip-
licate standard curves. DihydroDTX1, PTX12, and hy-
droxyPTX2 were identified based on retention time, ion
chromatogram for m/z and 3—4 transitions per analyte
in positive (PTXs) or negative (dihydroDTX1) ionization
mode, and quantified using DTX1 or PTX2 standard
curves, as described by Deeds et al. (2020); Miles,
Wilkins, Samdal, et al. (2004) and Miles et al. (2006);
Table S1. The limit of detection (LOD) and limit of
quantification (LOQ), respectively, were: OA, 0.26
and 0.78ng- mL™"; DTX1, 0.36 and 1.08ng- mL™", and;
PTX2, 0.92 and 2.79ng- mL™". Peaks were integrated
using TargetLynx, MassLynx version 4.2 (Waters). The
intracellular toxins were normalized to the number of
cells extracted or average biovolume of cells and the
extracellular toxins were expressed per culture volume.
Likewise, the percentage of total toxin content was cal-
culated from the sum of the intracellular toxin content
of all analogs (OA, DTX1, dihydroDTX1, PTX2, PTX12,
and hydroxyPTX2) and was expressed on a per-cell
basis.

Statistical analyses

One-way analysis of variance (ANOVA) with pairwise
Tukey HSD multiple comparisons tests were per-
formed on morphometric and toxin data to differentiate
Dinophysis species. All data were normally distributed,
and their variances were homogenous as determined
by the Shapiro—Wilk and Bartlett tests, respectively,
thus permitting the use of parametric statistical analy-
ses. The level of significance (x) was set to 0.05 for all
statistical tests performed in RStudio statistical software
version 1.2.5033 (R Development Core Team, 2021).
The resulting map was generated using the program
“ArcGIS Pro”, version 10.8.

RESULTS

Twenty monoclonal strains of Dinophysis were char-
acterized using morphological and toxin analyses.
Morphology, supplemented with molecular data, iden-
tified five species: D. acuminata (11), D. ovum (2), D.
norvegica (4), D. fortii (2), and D. caudata (1) as shown
in Table 1. Each strain was further characterized using
both a nontargeted and targeted toxin analysis. A sup-
plemental genetic analysis was used to confirm spe-
cies identifications in select cases where morphological

and/or toxin profile patterns deviated from those previ-
ously described.

Microscopic and DNA-based identification

In total, 400 cultured Dinophysis cells were exam-
ined using the morphometrics described by Wolny
et al. (2020), including length and depth measurements
and length-to-depth ratio (Table 2), as these morpho-
logic characters, plus the overall hypotheca shape, are
most commonly used to differentiate Dinophysis spe-
cies (Larsen & Moestrup, 1992). Despite some isolates
being in culture for numerous years, cell lengths, depths,
and overall hypothecal shapes were within ranges
reported from in situ US populations by Campbell
et al. (2010), Handy et al. (2009), Tong et al. (2015),
Trainer et al. (2013), and Wolny et al. (2020).

Cells identified as Dinophysis acuminata came
from the Northeast/Mid-Atlantic and Northwest Pacific
coasts. All D. acuminata cells were characterized by
having a rounded antapical region with minimal taper-
ing below the third sulcal rib, the greatest depth at a
height (in the ventral margin) between the second and
third ribs, and thin sulcal lists. Although cells from all
D. acuminata strains displayed a great deal of morpho-
logical variability, overall, the Northeast/Mid-Atlantic
strains (Figure 2a—g) were smaller (45+2pum average
length) and more elongated (average length-to-depth
ratio=1.6+0.1) compared to the strains from the Pacific
Northwest coast, which had a larger and more angu-
lar antapical region (Figure 2h—k; 56+3um average
length and average length-to-depth ratio=1.4+0.1).
Strains of D. norvegica came from the Northeast/
Mid-Atlantic and Pacific Northwest coasts. All D. nor-
vegica strains were distinguished by the shape of the
hypotheca, which was characterized as being angular
in the antapical region with marked tapering below the
third sulcal rib, the greatest depth at a height between
the second and third sulcal ribs, and pronounced the-
cal pores. As with D. acuminata, D. norvegica strains
from Northeast/Mid-Atlantic coast (Figure 2I,m) were
smaller and more elongated (54 =3 pm average length
and average length-to-depth ratio=1.4+0.1) than the
Pacific Northwest coast strains (Figure 2 N and O;
60+2pm average length and average length-to-depth
ratio=1.2+0.1). The theca of the NWFSC 816 strain
was further characterized by thick reticulate markings
(Figure 20).

Dinophysis fortii was only identified in cultures es-
tablished from the Pacific Northwest coast, and D.
ovum and D. caudata were only identified from cul-
tures established from the Gulf of Mexico. These
three species were easily distinguished from other
Dinophysis species based on size and unique overall
cell shape. Dinophysis fortii (Figure 2p,q) cells were
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TABLE 2 Growth rates and morphometric measurements, including average length, depth, length-to-depth ratio, and cell volume, of
20 Dinophysis strains (grown at 15°C, salinity 25, 100 pmol photons- m2. s~ PAR) as well as of the prey species Mesodinium. rubrum and

Teleaulax amphioxeia. Data are means + SD, n=20 and n=3 for morphometric and growth rate measurements, respectively.

Species Strain ID Length (um)
D. acuminata DANY1 47 1
D. acuminata DAVA 01 45+2
D. acuminata DATCO03 45+3
D. acuminata DAGMO1 43+3
D. acuminata DAMD D2 45+2
D. acuminata DINO2 44+3
D. acuminata DASPMO02 43+3
D. acuminata NWFSC 806 51+3
D. acuminata NWFSC 807 61+2
D. acuminata NWFSC 808 61+5
D. acuminata SB3 51+3
D. fortii NWFSC 803 71+1
D. fortii NWFSC 804 73+2
D. norvegica NWFSC 814 55+2
D. norvegica NWFSC 816 64+2
D. norvegica DNBHD3F 53+2
D. norvegica DNBHFE6 54+3
D. ovum DOSS 3195 44+3
D. ovum DOSS 2206 44+4
D. caudata DCSS 3191 73+5
M. rubrum JAMR 29+8
T. amphioxeia JATA 5+1

large (72+2pm average length) and elongated (aver-
age length-to-depth ratio=1.4+0.1), with the greatest
depth at a height just below the third sulcal rib. The
smallest of the Dinophysis species studied, D. ovum
(Figure 2r,s; 44+4pm average length), was ovoid with
little to no tapering of the antapical region (average
length-to-depth ratio=1.3+0.1). D. caudata was the
largest species studied (73+5um average length).
These cells were elongated (average length-to-depth
ratio=2.0+0.1), were widest at the base of the sulcal
list, and had a characteristic ventral projection below
the sulcal list (Figure 2t).

For the supplemental DNA-based identification, nine
of the cultures examined were newly sequenced as part
of this study and were compared to each other as well as
to sequences generated by Handy et al. (2009), Wolny
et al. (2020), and others from NCBI. This approach al-
lowed for the confirmation of four D. acuminata strains
from the Pacific Northwest coast, two strains of D. fortii
from the Pacific Northwest coast, and three strains of
D. norvegica: two from the Pacific Northwest coast and
one from the Atlantic Northeast coast.

The four strains of Dinophysis acuminata from
Pacific Northwest coast (NWFSC 806, NWFSC 807,
NWFSC 808, and SB3) were sequenced for the ITS

length-to- Cell volume Growth

Depth (um) depth ratio (x10%um?®) rate (d)

30+1 1.6+0.1 17 +1 0.30+0.01
29+2 1.6+0.1 16+1 0.24+0.02
28+2 1.6+01 15+2 0.28+0.04
29+2 1.5+041 15+2 0.20+0.01
29+2 1.6+0.1 15+2 0.22+0.06
29+2 1.5+041 15+2 0.22+0.01
27+3 1.6+01 14+2 0.21+0.01
37+2 1.4+0.0 24+3 0.10+0.01
45+3 1.3+01 43+3 0.08+0.02
42+4 1.5+041 42+7 0.07+0.01
40+5 1.5+0.3 38+5 0.12+0.02
53+2 1.3+0.0 74+2 0.16+0.01
55+2 1.4+041 78+5 0.13+0.02
44+3 1.3+0.0 41+3 0.07 +0.01
53+5 1.2+0.0 58+8 0.10+0.02
38+2 1.4+0.0 29+3 0.05+0.01
40+3 1.4+041 31+4 0.06+0.01
35+3 1.3+0.1 18+2 0.06+0.01
34+3 1.3+041 18+3 0.11+0.01

37+4 2.0+0.1 34+6 0.08+0.01
27+8 1.0+0.4 14+5 1.04+0.12
5+1 1.0+0.2 0.06+0.02 0.81+0.03

and LSU rRNA gene region and compared to two
strains of D. fortii (NWFSC 803 and NWFSC 804) from
the same location to confirm their identities because
there is overlap in both morphologic and toxigenic
profiles among these strains. For these four D. acum-
inata strains, final consensus sequences were gener-
ated from 2 to 14 individual sequences, which yielded
lengths ranging from 1,228 to 2,019 bases, with 91%—
99.4% high quality bases, and no ambiguous bases
(Table S2; Figure S1 in the Supporting Information).
Thefinal sequences were nearly identical to each other
(99.85%-100%), the exceptions being a single base
difference in SB3 compared to two of the four other D.
acuminata strains tested (position 134 in Figure Sf1;
NWFSC 808 is also missing sequence data for this
position) and a gap at position 805 compared to the
other three D. acuminata strains. There is also a base
difference at position 280 for NWFSC 806 compared
with two of the four other D. acuminata strains, with
NWFSC 808 again missing sequence data at this site
(Figure S1). These sequences were 3%—4% different
than the two D. fortii strains and 0.4%—-0.8% different
from the D. norvegica sequences described below
(Table S3; Figure S1 in the Supporting Information),
and matched (99.8%-100% identical) other D.
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acuminata sequences from our previous studies in
the Northeast/Mid-Atlantic (Handy et al., 2009; Wolny
et al., 2020) as well as those in the NCBI database.
For the D. fortii strains, consensus sequences were
created from 26 and 27 sequences, respectively. The
sequences were 2,004 and 2,016 bases in length
with 100% high quality bases and no ambiguities
(Table S2). These two cultures had identical se-
quences and were most similar to, albeit seven bases
different from GenBank accession MK860871, which
represents an unnamed Dinophysis sp. described by
Wolny et al. (2020). The new sequences extend rep-
resentation of D. fortii for this gene region, as only
one very short D. fortii sequence with two ambiguities

(590bp, accession AB355145) was available for com-
parison, and that sequence was a 100% match to
these longer ones. The D. fortii strains differed from
the D. acuminata strains as noted above and from the
D. norvegica strains described below by 3.0%—-3.3%
(Table S3, Figure S1). Finally, three D. norvegica
cultures (NWFSC 814, NWFSC 816, and DNBHDS3F)
were sequenced to confirm their identities because
differences were observed in toxin profiles between
the Pacific Northwest (NWFSC 814, NWFSC 816) and
Atlantic Northeast (DNBHDG3F) strains. Consensus
sequences were obtained from nine to 14 individual
sequences that ranged in length from 1,760 to 1,920
bases with 92.8%-97% high quality (Table S2). Of

FIGURE 2 Photomicrographs (upper panels) and the corresponding scanning electron micrographs SEMs (lower panels) of the 20
Dinophysis strains, including D. acuminata strains DANY1 (a), DAVA 01 (b), DATCO03 (c), DAMD D2 (d), DAGMO1 (e), DASPMO02 (f), DINO2
(9), NWFSC 806 (h), NWFSC 807 (i), NWFSC 808 (j), SB3 (k); D. norvegica strains DNBHD3F (I), DNBHFE6 (m), NWFSC 814 (n), NWFSC
816(0), D. fortii strains NWFSC 803 (p), NWFSC 804 (q); D. ovum strains DOSS 3195 (r), DOSS 2206 (s) and; D. caudata strain DCSS
3191(t). Scale bars are 20 and 10 pm for light microscope and SEM images, respectively.
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FIGURE 2

(Continued)

note, the consensus sequence for strain DNBHD3F
from the Gulf of Maine (Northeast Atlantic coast)
had two polymorphic bases (positions 131 and 1163;
Figure S1) that were not observed in the other two
strains from the Pacific Northwest coast. These were
double peaks (an M and a K, ~0.1%), meaning that
some sequences from strain DNBHD3F matched
the NWFSC 814 and NWFSC 816 strains exactly
but that others had an alternate base at that posi-
tion. In addition, NWFSC 816 had a single base dif-
ference (position 559; Figure S1) from the other two
D. norvegica strains (0.05% difference). All three
were 99.7%—-99.8% identical to our previous studies
(Handy et al., 2009; Wolny et al., 2020) as well as to
additional D. norvegica submissions to NCBI.

All Dinophysis sequences produced through this
study have been deposited to GenBank with acces-
sion numbers OM939684—-0M939692 (Table S2). Of

note, cells identified morphologically as D. norvegica
were the most difficult of the isolates to sequence.
Introduction of ultrasonication using Covaris instru-
mentation increased cellular permeability and/or cel-
lular disruption and facilitated the genetic analysis of
cells that consistently failed to yield usable sequences
using the more traditional probe sonication approach.
Implementation of this novel methodology may help
further genomic data collections by giving research-
ers a pathway to examine cells that may otherwise be
unavailable.

Growth rate and biovolume

The growth rates of the seven Dinophysis acuminata
strains (DANY1, DAVA 01, DATC03, DAMD D2, DAGMO01,
DINO2, and DASPMO02) isolated from the Northeast/
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Mid-Atlantic coast ranged between 0.20—-0.30per day,
and the biovolumes ranged between 14-17x10%ym?
(Table 2). Neither growth rates nor biovolumes were
significantly different between these strains. In con-
trast, the four Pacific Northwest coast D. acuminata
strains (NWFSC 806, NWFSC 807, NWFSC 808, and
SB3) exhibited significantly lower growth rates (0.07-
0.12day™"; one-way ANOVA, F;16=4.14, p=0.008;
Tukey HSD test, p<0.05), and the average cellular
biovolumes of these strains were significantly higher
(2.4-fold) compared to the Northeast/Mid-Atlantic coast
strains of D. acuminata (37 x 10° vs. 15x10%ym?®, one-
way ANOVA, F,..,=31.39, p=2x10""% Tukey HSD
test, p<0.05; Table 2). The D. fortii strains (NWFSC
803 and NWFSC 804) also exhibited low growth rates
(ca. 0.14day™") and had the highest cellular biovolumes
of ca. 78 x10°um?® (Table 2). The growth rates of the
Gulf of Mexico strains of D. ovum, (DOSS 3195 and
DOSS 2206) were also low, ranging between 0.06—
0.11day™', with similar biovolumes (18x10%um®) to
the Northeast/Mid-Atlantic coast D. acuminata strains
(one-way ANOVA, F1,38=0.39, p=0.53; Tukey HSD
test, p>0.05). The D. caudata strain (DCSS 3191) dis-
played a low growth rate (0.08day™") with a relatively
high cellular biovolume of 39x10°ym?® (Table 2). The
four D. norvegica strains from both coasts (DNBHD3F,
DNBHFE6, NWFSC 814, and NWFSC 816) also had
low growth rates (0.05—0.10day™") and relatively high
cellular biovolumes ranging from 29 to 58x10%um?,
and they showed no significant variations in their
growth rates; however, the cellular biovolumes of the
two Pacific Northwest coast strains were significantly
higher (1.7-fold) compared to the two Northeast Atlantic
coast D. norvegica strains (Table 2).

Toxin profile and content per cell, and
extracellular toxins

Toxin analysis was carried out on all 20 Dinophysis
strains. Extracts from all strains were screened with-
out hydrolysis by LC-HRMS (method A) to determine
which OA/DTXs and PTXs were present, allowing each
toxin analog to be targeted with the correct transitions
and quantified using the most appropriate standard in
LC—-MS/MS (method B). The OA/DTXs identified by
LC-HRMS were free or esterified OA, DTX1, and di-
hydroDTX1, and the major PTXs identified were PTX2,
dehydroPTX2, and hydroxyPTX2. The dehydroPTX2
analog was tentatively identified as PTX12, previously
reported only from Scandinavian Dinophysis blooms
(Lindegarth et al,, 2009; Miles, Wilkins, Samdal,
et al., 2004), based on its elemental composition, elu-
tion as a pair of isomers on either side of the PTX2
peak, and the similarity of its product ion spectra to that
of PTX2 (Figures S2—S4 in the Supporting Information).

The identification of the putative hydroxyPTX2 analog
was also based on its elemental composition, shorter
retention time relative to PTX2, and similarity of its
product ion spectrum to that of PTX2 (Figures S2—-S4).

Intracellular toxin content and toxin profiles are
shown in Table 3 and Figure 3. An aliquot of the in-
tracellular toxin extracts underwent alkaline hydrolysis,
so values represent a combination of free and ester-
ified forms of OA/DTXs. Overall, the most abundant
toxin was PTX2 (in 15 of the 20 isolates) and was the
major toxin in the Pacific Northwest coast Dinophysis
fortii and the Northeast/Mid-Atlantic coast D. acumi-
nata strains, representing 83%—-96% of the total cel-
lular toxin content. OA, DTX1, and dihydroDTX1 were
detected in multiple strains, but DTX2 was not found
in any US strain tested in this study (Table 3). Most
strains (17 of 20) produced at least one toxin of the OA/
DTX group. Exceptions were D. caudata strain DCSS
3191 and the Pacific Northwest D. norvegica strains
NWFSC 814 and NWFSC 816, which produced only
hydroxyPTX2 and PTX2, respectively. DihydroDTX1
was only detected in D. norvegica isolates from the
Northeast Atlantic coast.

Six distinct toxin profiles were detected among
Dinophysis strains (Figure 3). Strains of D. acuminata
had one of two distinct profiles that correlated with their
geographical region (Figure 3). The toxin profiles of the
Northeast/Mid-Atlantic coast D. acuminata (seven iso-
lates) were dominated by PTX2 (mean 92%; 26—-58 pg -
cell™"; Table 3). DTX1 and OA were also present in low
amounts (0.4—8.4 and 0.6-3.3pg- cell™, respectively).
In contrast, the four Pacific Northwest coast D. acum-
inata strains did not produce OA and contained DTX1
as the major OA/DTX analogs, representing an aver-
age of 71% of the total toxin content (Figure 3). PTX2
was also present, but at a lower percentage of the pro-
file (17%—44%). Pacific Northwest coast D. acuminata
also contained up to three orders of magnitude more
DTX1 than was produced by the Northeast/Mid-Atlantic
coast D. acuminata strains (Table 3). Differences in
PTX2 quota did not vary by region; thus, differences
in the toxin profiles were largely driven by the relative
amount of DTX1 in the Pacific Northwest coast strains
(one-way ANOVA, F,, =86.8, p=1.6x10"""; Tukey
HSD test, p <0.05).

Toxin profiles of the Dinophysis fortii and D. acumi-
nata strains from the Pacific Northwest coast were simi-
lar, with DT X1 and PTX2 being the only toxins detected.
PTX2 was the dominant toxin in the D. fortii profiles,
accounting for 91% and 89% of the total toxin content
in strains NWFSC 803 and NWFSC 804, respectively
(Figure 3). Pacific Northwest coast D. norvegica strains
NWFSC 814 and NWFSC 816 had a much different
profile, producing no measured OA/DTXs and high
amounts of PTX2 (155 and 182pg- cell ™, respectively;
Table 3).
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FIGURE 3 The percent composition (%) of intracellular OA, DTX1, dihydroDTX1 (free + esterified) and PTXs for each Dinophysis strain
from the three US coastal regions. The colors indicate the toxins identified.

In contrast, the two Dinophysis norvegica strains
isolated from the Atlantic Northeast coast, DNBHD3F
and DNBHFES6, produced only dihydroDTX1 (0.5 and
O.4pg-ce|l‘1, respectively) and putative PTX12 ([36S,
R]-38[47]-dehydro-PTX2; 10 and 15pg- cell ™!, re-
spectively), which was unique for both OA/DTXs and
PTXs among the United States isolates examined here
(Tables 3 and S3). In addition, PTX12 was the dominant
toxin, accounting for 95% and 97% of the total toxin
content in strains DNBHD3F and DNBHFEG, respec-
tively (Figure 3).

The highest OA content of all 20 strains was found
in the two Gulf Coast Dinophysis ovum isolates DOSS
3195 and DOSS 2206, with OA being the only toxin
detected in the intracellular (44 and 34pg- cell™, re-
spectively) or extracellular (53 and 35pg- cell™!, re-
spectively) fractions and no esterified forms detected
(Table S3). The OA content in D. ovum was, on aver-
age, two orders of magnitude greater than D. acumi-
nata strains from the Northeast/Mid-Atlantic and Pacific
Northwest coasts, where it only accounted for 1%—5%
of the total cellular toxin content (Figure 3). Finally, the
Gulf coast strain, D. caudata, did not produce any of
the measured OA/DTXs but did contain a high amount
of intracellular hydroxyPTX2 (76 pg- cell™"; Table 3).

Maximum concentrations of extracellular OA/DTXs
and PTX2 were produced by cultures that also had
the highest intracellular content (Table 3). The highest
extracellular PTX2 concentrations were found in the
Pacific Northwest coast D. fortii strains NWFSC 803
(58ng -mL™") and NWFSC 804 (20ng- mL™") and the
Pacific Northwest coast D. norvegica strains NWFSC
814 (15ng- mL™") and NWFSC 816 (18ng- mL™"; Table 3).
The highest extracellular concentrations of DTX1 were
found in D. fortii and the four Pacific Northwest coast D.
acuminata strains (NWFSC 806, NWFSC 807, NWFSC
808, and SB3) with amounts ranging from 1.2 t0 3.9ng-
mL™" (Table 3). In addition, D. ovum strains (DOSS 3195

and DOSS 2206) contained the highest concentration
of extracellular OA (53 and 35ng- mL™, respectively),
and were one order of magnitude greater than the av-
erage OA concentrations found in the seven Northeast/
Mid-Atlantic coast D. acuminata strains. PTX12 was
detected in the extracellular fraction in D. norvegica
strains DNBHD3F and DNBHFE®6 at concentrations of
1 ng-mL"and 2ng- mL™, respectively; however, dihy-
droDTX1 was not detectable.

The percentage of toxins in esterified forms was
calculated by comparing the OA/DTX profiles from the
original intracellular extracts to aliquots that underwent
alkaline hydrolysis. Dinophysis fortii and D. acuminata
isolates (from both Northeast/Mid-Atlantic and Pacific
Northwest coasts) had the highest percentages of OA/
DTXs in esterified forms, ranging from 70% to 90%
(Table S4 in the Supporting Information). In contrast, the
two Northeast Atlantic D. norvegica isolates (DNBHD3F
and DNBHFES6) contained mostly unesterified dihy-
droDTX1, with only 42% and 43% esters, respectively.
However, separately prepared samples of these isolates
contained only esterified forms of dihydroDTX1 by LC—
HRMS, suggesting that the degree of esterification can
be variable, possibly due to other factors such as the
growth and feeding stage of the culture and small vari-
ations in sampling procedure. No esterified forms were
found in D. ovum strains which produced only unesteri-
fied OA (Table S4). As described above, the two Pacific
Northwest D. norvegica strains (NWFSC 814 and
NWFSC 816), as well as the D. caudata strain (DCSS
3191) from the Gulf of Mexico did not contain any OA/
DTXs, even after alkaline hydrolysis (Table S4).

DISCUSSION

This study characterizes the morphological features
and toxin profiles of 20 strains representing five species
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of Dinophysis isolated from three distinct coastal re-
gions of the United States. Three of these species have
been associated with shellfish harvesting closures in
the United States over the past 14years (Campbell
etal., 2010; Lloyd et al., 2013; Trainer et al., 2013; Wolny
et al.,, 2020; Table 4). Supplemental genetic analysis
was used to confirm species identifications in cases
where morphologic and toxin profile patterns deviated
from those previously described. Using these multiple
lines of evidence, isolates were identified as D. acumi-
nata, D. fortii, D. ovum, D. caudata, or D. norvegica.

Species determination

In this study, as in previous studies, it was shown
that large Dinophysis acuminata cells can appear
similar morphologically to small D. norvegica cells in
situ, particularly along with the Northeast/Mid-Atlantic
coast (Wolny et al., 2020). Within this geographic re-
gion there seems to be greater morphological variabil-
ity between individual cells and a greater departure
from the type descriptions provided by Claparéde and
Lachmann (1859). Similarly, visual discrimination be-
tween in situ D. acuminata and a small morphotype of
D. fortii from the Pacific Northwest coast can also be
challenging. Understanding species' variability in mor-
phology and toxigenicity helps protect public health by
guiding correct species identification.

One commonly used genetic approach for dino-
flagellate species identification is sequencing of ri-
bosomal SSU/LSU rDNA and ITS regions (e.g., John
et al., 2014; Litaker et al., 2009). Previous studies of
Dinophysis have shown that these regions can identify
many, but not all, of the species occurring in the United
States (Handy et al., 2009; Wolny et al., 2020). In this
study, ITS1-LSU sequencing confirmed the identity of
D. acuminata and D. fortii from the Pacific Northwest
coast, two species with statistically distinct but over-
lapping morphologic characters and similar toxin
profiles. Sequencing of ITS1-LSU regions was also
consistent with the region-specific differences in toxin
profiles within the same species (D. acuminata and D.
norvegica from the Northeast/Mid-Atlantic and Pacific
Northwest coasts).

The Dinophysis acuminata complex is a grouping
devised by Lassus and Bardouil (1991) to accommo-
date numerous small Dinophysis species with over-
lapping morphologies, including D. acuminata, D.
sacculus, and D. ovum. Because ITS1-LSU sequences
are not differentiated within the D. acuminata complex,
D. acuminata and D. ovum isolates from this study, as
well as cultured isolates and samples from field ma-
terial in previous studies by our group, were discrimi-
nated according to their morphology and toxin profiles,
as discussed in more detail in Wolny et al. (2020) and

as done in other global regions with Dinophysis blooms
(Fernandez et al., 2019; Uchida et al., 2018). For exam-
ple, Park et al. (2019) named their Korean cultures of
D. ovum based on comparable overall cell measure-
ments to those reported for D. ovum in Spanish wa-
ters by Raho et al. (2008). However, Park et al. (2019)
noted that both D. ovum-like and D. acuminata-like
cells, as described by Raho et al. (2008) were present
in monoclonal cultures, and they suggested that mor-
phological features cannot be used to distinguish be-
tween these species. In this study, strains of D. ovum
were statistically distinct from D. acuminata based on
morphometrics and produced only OA, whereas all
D. acuminata strains produced OA and/or DTX1, and
PTX2, in varying combinations depending on location
(Figure 3; Table 3). Further investigation is needed, and
work is ongoing to identify genome regions that reliably
differentiate species within the D. acuminata species
complex, perhaps including other morphologically sim-
ilar cryptic species.

Growth rate and biovolume

Dinophysis species with larger cell volumes (i.e.,
D. fortii, D. caudata, D. norvegica, and the Pacific
Northwest D. acuminata strains) grew about two-
fold slower than the smaller species evaluated in this
study (Table 2; Figure 2). Differences in biovolume
were substantial, with the largest Dinophysis isolate
(i.e., D. fortii and D. caudata) being approximately
three times larger than the smallest isolates (i.e., D.
acuminata from the Northeast/Mid-Atlantic coasts
and D. ovum).

These differences may not be apparent in sity;
however, because all isolates were grown under the
same culturing conditions (i.e., Mid-Atlantic water
used for f/2 medium, 15°C, salinity of 25, 100 umol
photons -m™2. s™' PAR, and the same ciliate and
cryptophyte prey) rather than under region-specific
conditions or prey-matched species that could mod-
ulate growth rate, biovolume, and toxin production
(Basti et al., 2015, 2018; Fiorendino et al., 2020;
Gaillard et al., 2021; Garcia-Portela et al., 2018, 2020;
Hattenrath-Lehmann et al., 2010, 2015; Hattenrath-
Lehmann & Gobler, 2015). Measured growth rates
were, therefore, neither optimized nor necessarily re-
flective of species' behavior in situ. Instead, uniform,
controlled conditions were applied to obtain an initial
direct comparison of the growth rates and biovolumes
for the 20 isolates. Studies are underway to charac-
terize growth and toxin production of these isolates
under a variety of physicochemical conditions to bet-
ter assess their potentials for bloom formation, toxin
production, and ecological success in rapidly chang-
ing coastal ecosystems.
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Toxicity of Dinophysis species

The Pacific Northwest Dinophysis acuminata and D.
ovum from the Gulf of Mexico contained the great-
est toxin concentrations on a per-cell basis (Table 3;
Figure 3). Other species contained OA/DTXs in lower
concentrations (e.g., Northeast/Mid-Atlantic D. acumi-
nata), including the as-yet only partially characterized
congener, dihydroDTX1 (Northeast Atlantic D. nor-
vegica). PTX2, putative PTX12 (dehydroPTX2), and an
unidentified hydroxyPTX2 analog were also present in
various isolates (Table 3 and Figure 3). PTXs are li-
pophilic toxins that appear to be less toxic than OA/
DTXs to humans (Miles, Wilkins, Munday, et al., 2004),
but which may still severely impact marine life (Gaillard
et al., 2020; Pease et al., 2022).

Conservation of intracellular toxin profiles was ob-
served within each Dinophysis species by region,
where available, in this study (Figure 3). The region-
specific toxin profiles reported here (under standardized
culturing conditions) were similar to previous laborato-
ries or field investigations, suggesting region-specific
toxin profiles for this genus may be largely conserved
and not highly responsive to environmental conditions.
Previously characterized D. acuminata populations from
the Northeast/Mid-Atlantic coasts also contained mostly
PTX2, with lesser amounts of OA and DTX1 in both
water samples and laboratory cultures (Fux et al., 2011;
Hattenrath-Lehmann et al., 2013; Wolny et al., 2020).
Also, in line with profiles reported here, cultures and
shellfish extracts from the US Pacific Northwest coast
contained only DTX1 and PTX2 (Trainer et al., 2013).
On the Gulf coast of Texas, OA was the sole OA/DTX
analog reported from D. ovum, which is thought to be
the primary DSP producer in this region (Campbell
et al., 2010; Deeds et al., 2010; Fux et al., 2011). In ad-
dition, D. acuminata complex isolates from laboratory
and field studies in China (Gao et al., 2018), Japan
(Kamiyama & Suzuki, 2009; Nagai et al., 2011), Norway
(Miles, Wilkins, Samdal, et al., 2004) and New Zealand
(Mackenzie, 2019) had comparable toxin profiles to
those found in this study, including the presence of
PTX2 and OA/DTXs. Exceptions exist globally, how-
ever, as blooms of D. acuminata in Sweden (Lindahl
et al., 2007), Spain (Raho et al., 2008), and northern
France (Marcaillou et al., 2001) have been associated
with only OA, and D. acuminata isolates from Denmark
(Nielsen et al., 2012), Argentina (Fabro et al., 2016), and
Chile (Blanco et al., 2007; Fux et al., 2011) only con-
tained PTX2.

Previous work by Deeds et al. (2020) detected di-
hydroDTX1 in two additional isolates of Dinophysis
norvegica (DNBHFB4 and DNBHB3F) from the central
coast of the Gulf of Maine on the Northeast Atlantic
coast. Deeds et al. (2020) also identified PTX2 in
these D. norvegica isolates; however, the current study

tentatively identified PTX12 in isolates of D. norvegica
(DNBHD3F and DNBHFES6; Tables 1 and 3) with no
detectable PTX2. The current study used LC—HRMS
to initially identify PTX12, whereas Deeds et al. (2020)
used an LC—MS/MS method, which targeted PTX2
specifically. Furthermore, the two isolates tested in
the study of Deeds et al. (2020) were found to have
an average of 37% of the total cellular toxin quota as
PTXs, whereas the D. norvegica strains from this study
had an average of 96%, suggesting that only a frac-
tion of the total PTXs was being measured in that initial
study. Unfortunately, the two isolates studied by Deeds
et al. (2020) have been lost and are no longer available
to test for the presence of PTX12, but it is likely that
PTX12 was misidentified as PTX2 in that study.

On a per-cell basis, Pacific Northwest coast
Dinophysis acuminata and D. fortii were found to con-
tain the highest loads of total OA/DTXs (OA, DTX1,
dihydroDTX1 and their esters; one-way ANOVA,
F,16=48.31, p=1.4x107% Tukey HSD test, p <0.05).
The D. ovum strains from the Gulf of Mexico contained
nearly as much toxin per cell but were smaller overall.
Normalizing by biovolume, the Pacific Northwest coast
D. acuminata and Gulf of Mexico D. ovum cells had the
highest amounts of OA/DTXs, while D. fortii, the largest
cells in this study, had somewhat lower OA/DTXs loads
(one-way ANOVA, F1!9=287.3, p=3.9><10‘8; Tukey
HSD test, p<0.05; Table S4). Growth rates for these
three more toxic species, however, were relatively low
under the culturing conditions when compared to the
other isolates. Caution should be taken in extrapolating
these growth rates to field conditions or assessing risk
for a bloom or DSP, as all isolates were grown under
standardized (i.e., nonoptimal) culturing conditions. It
is also important to note that if phytoplankton or water
samples from the field are not subjected to alkaline
hydrolysis prior to toxin analysis, total OA/DTXs levels
may be underestimated because esterified precursors
present in most of these species will not be detected
(Table S4). In agreement with the current study, sev-
eral studies of Dinophysis cultures and blooms have
indicated that a high proportion of the OA/DTXs can
be in the esterified form (Deeds et al., 2020; Miles
et al., 2006) as is also often the case for OA/DTX-
producing Prorocentrum spp. (Hu et al., 1992; Kilcoyne
et al., 2020; Suarez-Goémez et al., 2001).

Total PTX loads were distributed somewhat differ-
ently across the surveyed isolates. Cells from the Pacific
Northwest coast Dinophysis fortii (PTX2) and D. nor-
vegica (PTX2) isolates contained the highest quotas of
intracellular and extracellular PTXs (one-way ANOVA,
F7’16=32.7, p=2.6><10‘8; Tukey HSD test, p<0.05;
Table 3). Except for the two Atlantic Northeast coast
D. norvegica strains and two Pacific Northwest coast
D. acuminata strains (NWFSC 808 and SBS3), which
had the lowest PTX content on a biovolume basis,
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there was no difference in PTX concentration on a per-
volume basis (14 isolates, one-way ANOVA, F3’38=2.6,
p=0.07; Tukey HSD test, p>0.05; Table S4).

Across PTX analogs, PTX2 was most prevalent,
found in 15 of the 20 isolates, three species, and two of
the three US coastal regions. The other PTXs detected,
hydroxyPTX2 and PTX12, were found only in one spe-
cies each, from two coastal regions (Table 3). Toxins
from the PTX-group are frequently found in shellfish
along with toxins from the OA-group. Since there have
been no reports of human intoxication by PTXs, there
are currently no regulations restricting the presence of
this toxin group in shellfish in the United States (Trainer
et al.,, 2013) or, with a recent change, the European
Union (European Commission, 2021). Purified PTX2,
on the other hand, has been shown in recent studies
to affect the development and survival of the early life
stages of a variety of aquatic organisms negatively,
including the bivalves Crassostrea virginica (Eastern
oysters; Pease et al., 2022), C. gigas (Pacific oysters;
Gaillard et al., 2020), and the finfish Cyprinodon var-
iegatus (Gaillard et al., 2020). It should also be noted
that although PTX2 showed no detectable toxicity to
mice via the oral route, it was very toxic when injected
intraperitoneally (Miles, Wilkins, Munday, et al., 2004)
and is a potent blocker of polymerization of the protein
actin that is a crucial component of the cytoskeleton
(Allingham et al., 2007; Hori et al., 2018). These find-
ings suggest that exposure to PTX2 has the potential
to cause significant harm to some aquatic organisms.

There have been few studies of the effects of PTX
analogs other than PTX2 and its seco acid derivative;
thus, the effects of these other PTXs on marine organ-
isms require further investigation. Further work is also
needed to discriminate among PTXs. For example, it is
likely that PTX12 has sometimes been misidentified as
PTX2 due to the similarity in structure and molecular
weight for these two compounds ([M+NH4] * m/z 876.5
for PTX2 and [M+NH,]* m/z 874.5 for PTX12) (Miles,
Wilkins, Samdal, et al., 2004). Though not common
across the surveyed species, PTX12 dominated the
toxin profiles of the two Atlantic Northeast Dinophysis
norvegica strains.

DSP harvesting closures

To date, DSP caused by the genus Dinophysis is con-
sidered a relatively new threat in the United States.
Dedicated laboratory and field research on Dinophysis
did not begin in earnest nationally until OA/DTXs were
detected for the first time in the Gulf of Mexico in 2008
(Campbell et al., 2010; Deeds et al., 2010). During this
event, which was linked to the presence of D. ovum,
concentrations of OA/DTXs in shellfish (470ng/g OA)
exceeded the FDA regulatory guideline (160ng/g OA
eq.) and resulted in a 35-day closure of recreational

and commercial shellfish harvesting as well as product
recalls of Eastern oysters; however, no human ilinesses
were reported (Table 4). Four shellfish harvesting clo-
sures have since occurred along with the Gulf coastline,
ranging between 19 and 64 days. Closures or precau-
tionary closures have now occurred on all coasts of
the United States, with the Pacific Northwest coast-
line (Puget Sound, including Sequim Bay, WA) expe-
riencing prolonged closures, ranging between 14 and
118days. The Northeast/Mid-Atlantic coastline has not
undergone a sustained closure due to OA/DTXs, but
has experienced precautionary closures, lasting 10—
36days during the 4years since 2008, concentrated in
the Long Island Sound, NY (1), Nauset Marsh Estuary,
MA (2), and Gulf of Maine, MA (2). The Chesapeake
Bay, VA underwent a precautionary closure for 19days
in 2002, but the Delmarva region (DE, MD, and VA) has
not experienced a closure since. While the Gulf coast
has the longest history of enduring DSP events, the
Northwest Pacific coastline has undergone the long-
est closure (118days) and been impacted for the great-
est number of years (7) thus far. Overall, six closures
(precautionary or prolonged) have occurred across
all three coasts from 2018 to 2021, demonstrating the
issue has had recent impact on commercial fisher-
ies. Bivalve molluscan shellfish and gastropod fisher-
ies impacted by OA/DTXs include surf clams (Spisula
solidae), hard clams (Mercenaria mercenaria), Manila
clams (Venerupis philippinarum), blue mussels (Mytilus
edulis), Eastern and Pacific oysters (Crassostrea gigas
and C. virginica), geoduck (Panopea generosa), scal-
lops (Pecten maximus), moon snails (Euspira heros),
conchs (Strombus Linnaeus), and whelks (Buccinum
undatum; Table 4). Harvest closures have impacted
these species either because toxins were detected in
the edible tissues above the FDA's regulatory guide-
lines or because the restriction was broadly extended
to all commercial species in the harvesting area based
on an elevated toxin load (above FDA's guidelines) in a
sentinel species.

To date, Dinophysis blooms in US waters have been
the most concentrated along with the Northeast/Mid-
Atlantic and Gulf of Mexico coastlines (Table 4). In
contrast, the Pacific Northwest coast has had lower
Dinophysis bloom densities (maximum Dinophysis cell
count equivalent to 9x 10%cells - L™"; Table 4), but more
frequent and prolonged closures and the highest re-
corded OA/DTX load in shellfish meat (1600 ng/g OA eq
in shellfish meat in 2011; Trainer et al., 2013). Also, in
2011, one of the most concentrated Dinophysis blooms
ever recorded in the US waters was detected in Long
Island Sound, NY. Maximum cell concentrations of D.
acuminata were recorded at 2.12x 108 cells- L™, cor-
responding to OA/DTXs concentrations of 1245ng/g
OA eq. in edible shellfish meats (Table 4). In Nauset
Marsh estuary a cell density of >108 cells- L™ of D.
acuminata was recorded during a bloom in 2015. This
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was associated with toxin in sentinel shellfish exceed-
ing FDA safety thresholds (190ng/g OA eq. in shellfish
meat; Table 4). Interestingly, elevated concentrations of
Dinophysis spp. are not consistently linked to harmful
levels of toxins in shellfish, as was seen with the pre-
cautionary closure in the Chesapeake Bay, VA, in 2002
(elevated abundance, maximum of 236x 103cells- L™,
but only trace OA/DTXs in shellfish; Tango et al., 2004).
Similarly, Wolny et al. (2020) reported blooms of D.
acuminata in the MD and DE coastal bays (2015—-2016)
ranging from 40x10° - cells L to 1700x103cells-
L™ with toxins in shellfish reaching only 0.5-2 times
the FDA's guidance level and only in nhoncommercial
species and/or in noncommercial harvesting areas.
In contrast, lower-abundance but highly toxic blooms
of Dinophysis spp. (mainly D. acuminata) have oc-
curred regularly in Puget Sound, WA, since 2011 with
a maximum of 5x10%cells- ! but an average maxi-
mum toxin load 3.5 times the FDA's guideline in shell-
fish meat (Table 4 and references therein). In 2011, a
bloom of Dinophysis spp. with a maximum abundance
of 9x10%cells- L™ from Sequim Bay, WA, resulted in
the first DSP illness in the United States when three
persons fell ill after eating blue mussels (Mytilus edulis)
containing OA/DTX levels 10 times the FDA guidance
level (1600ng/g OA eq. in shellfish meat; Table 4). This
incident resulted in great economic impact, including
the closure of recreational and commercial shellfish har-
vesting sites, as well as the recall of 92 dozen oysters
and 263 kg of Manila clams (Venerupis philippinarum;
Shultz et al., 2019; Trainer et al., 2013; Table 4).
Different management strategies are currently em-
ployed among affected regions in the United States
(Table 4). For example, the Northeast/Mid-Atlantic
region requires a maximum cell concentration of 10—
50x10%cells- L™ to trigger increased water sampling or
precautionary closures before analyzing the toxin con-
centration accumulated in the shellfish. Alternatively,
when 1 x 10% Dinophysis cells - L' and 5 x 103 Dinophysis
cells- ™" are observed in water samples along with the
Pacific Northwest and Gulf of Mexico coasts, respec-
tively, the respective health departments and man-
agement authorities in these areas initiate additional
sampling and/or precautionary closures. Due to differ-
ences in methods for water sampling and cell enumer-
ation between monitoring programs, current Dinophysis
bloom concentrations may not be comparable. Recent
studies have reported high Dinophysis abundances in
subsurface waters as thin-layer aggregates just above
the pycnocline (Broullén et al., 2020; Diaz et al., 2021;
Farrell et al., 2014). For instance, Diaz et al. (2021)
showed that in the Puyuhuapi Fjord in Chilean
Patagonia, the highest ever recorded cell abundance of
D. acuta (664x10° cells-L™") was associated with strat-
ification at the pycnocline (at ca. 8m depth). Therefore,
the surface-sampling method typically used in US mon-
itoring programs may underestimate Dinophysis cell

concentrations, particularly when they form thin layers
at depth (Marshall & Egerton, 2009; Rines et al., 2010).
Hence it is important to consider the vertical distribution
of Dinophysis populations for future estimations and
monitoring of blooms in the United States.

CONCLUSIONS

Overall, shellfish harvesting area closures due to
Dinophysis blooms or accumulation of OA/DTXs in ed-
ible shellfish meat have had recent impacts to fisher-
ies along with all three coastlines of the United States.
The profiling here of geographically distinct laboratory
isolates demonstrated varying dominant toxin analogs
based on coasts, with surprising conservation within a
species and area. Generally, D. acuminata and D. fortii
from the Pacific Northwest and D. ovum from the Gulf
of Mexico contained the most OA/DTXs per cell. The D.
acuminata cells from the Northeast/Mid-Atlantic, gen-
erally had lower cell quotas but still have the potential to
impact fisheries once higher abundances are metin situ,
as seen in Hattenrath-Lehmann et al. (2013; Table 4).
For D. norvegica, the toxicity of dihnydroDTX1 relative
to the currently regulated analogs OA, DTX1 and DTX2
remains to be assessed as does the wider occurrence
of this congener beyond the Northeast Atlantic. Thus
far, isolates of D. norvegica from the Pacific Northwest
coast have not been found to produce dihydroDTX1.
From the comparison of US harvesting closures, it is
evident that FDA toxin regulatory guidelines in edible
shellfish meat can be exceeded under low cell con-
centrations of Dinophysis spp., (<10x10% cell- L™;
Pacific Northwest coast) and high-cell concentrations
do not always lead to shellfish toxicity (>100x 10cell-
L™": Northeast/Mid-Atlantic coast). More research is
needed to assess the environmental parameters that
lead to optimal growth of each species and to better
understand species-specific bloom dynamics that lead
to accumulation of OA/DTXs in US seafood products.

AUTHOR CONTRIBUTIONS

Nour Ayache: Conceptualization (lead); data cura-
tion (lead); formal analysis (equal); investigation (lead);
methodology (lead); software (lead); validation (lead);
visualization (lead); writing — original draft (lead); writing
— review and editing (lead). Brian D. Bill: Data curation
(equal); formal analysis (equal); methodology (equal);
resources (equal); software (equal); validation (equal);
visualization (equal); writing — review and editing (equal).
Michael Brosnahan: Funding acquisition (equal);
project administration (equal); resources (equal); su-
pervision (equal); writing — review and editing (equal).
Lisa Campbell: Funding acquisition (equal); project
administration (equal); resources (equal); supervision
(equal); writing — review and editing (equal). Jonathan
R. Deeds: Data curation (equal); funding acquisition



DINOPHYSIS AND TOXINS IN US COASTAL WATERS

|w

(equal); methodology (equal); project administration
(equal); supervision (equal); validation (equal); writ-
ing — original draft (equal); writing — review and editing
(equal). James Fiorendino: Resources (equal); writing
— review and editing (equal). Christopher J. Gobler:
Funding acquisition (equal); project administration
(equal); resources (equal); supervision (equal); visuali-
zation (equal); writing — review and editing (equal). Sara
Handy: Data curation (equal); formal analysis (equal);
methodology (equal); validation (equal); visualization
(equal); writing — original draft (equal); writing — review
and editing (equal). Neil Harrington: Data curation
(equal); funding acquisition (equal); project adminis-
tration (equal); resources (equal); writing — review and
editing (equal). David M. Kulis: Data curation (equal);
methodology (equal); resources (equal); writing — re-
view and editing (equal). Pearse McCarron: Funding
acquisition (equal); project administration (equal);
resources (equal); supervision (equal); writing — re-
view and editing (equal). Christopher Miles: Formal
analysis (equal); methodology (equal); resources
(equal); validation (equal); visualization (equal); writ-
ing — original draft (equal); writing — review and edit-
ing (equal). Stephanie Moore: Funding acquisition
(equal); project administration (equal); supervision
(equal); writing — review and editing (equal). Satoshi
Nagai: Resources (equal); writing — review and editing
(equal). Vera Trainer: Conceptualization (equal); fund-
ing acquisition (equal); project administration (equal);
resources (equal); supervision (equal); writing — review
and editing (equal). Jennifer L. Wolny: Data curation
(equal); formal analysis (equal); methodology (equal);
resources (equal); software (equal); validation (equal);
writing — original draft (equal); writing — review and edit-
ing (equal). Craig Young: Data curation (equal); soft-
ware (equal); visualization (equal). Juliette L. Smith:
Conceptualization (equal); funding acquisition (equal);
investigation (equal); project administration (equal); re-
sources (equal); supervision (equal); writing — original
draft (equal); writing — review and editing (equal).

ACKNOWLEDGMENTS

The authors express their gratitude to Marta Sanderson
and Dr. Gao Han (VIMS) for their assistance in culture
maintenance and toxin analysis and Claude Mallet
(Waters Inc.) for technical assistance and donation
of analytical instrumentation. We also thank Sameer
Vasantgadkar (Covaris) and Elizabeth Sage Hunter
(FDA) for assistance with developing a workable pro-
tocol for Dinophysis cell shearing using the Covaris
instrument and SoundToxins Partnership for providing
Dinophysis samples from the Pacific Northwest coast.

FUNDING INFORMATION

This research was supported by the National Oceanic
and Atmospheric Administration National Centers
for Coastal Ocean Science Competitive Research

ECOHAB Program under awards NA17NOS4780184
to JLS, LC, CJG, VLT, JRD, and NA19NOS4780182 to
JLS, LC, CJG, VLT, JRD, MLB, SM, NH, and PM. This
paper is ECOHAB publication number (1064).

ORCID

Nour Ayache © https://orcid.
org/0000-0002-8857-0176
Stephanie K. Moore © https://orcid.
org/0000-0003-3319-5070
Jennifer L. Wolny © https://orcid.
org/0000-0002-3556-5015

Juliette L. Smith © https://orcid.
org/0000-0002-9788-3772

REFERENCES

Alcantara-Rubira, A., Barcena-Martinez, V., Reyes-Paulino, M.,
Medina-Acaro, K., Valiente-Terrones, L., Rodriguez-Velasquez,
A., Estrada-Jiménez, R., & Flores-Salmén, O. (2018). First re-
port of okadaic acid and pectenotoxins in individual cells of
Dinophysis and in scallops Argopecten purpuratus from Peru.
Toxins, 10(12), 1-8. https://doi.org/10.3390/toxins10120490

Allingham, J. S., Miles, C. O., & Rayment, |. (2007). A structural
basis for regulation of Actin polymerization by pectenotoxins.
Journal of Molecular Biology, 371(4), 959-970.

Barceloux, D. G. (2008). Diarrhetic shellfish poisoning and okadaic
acid. In Medical toxicology of natural substances: Foods,
fungi, medicinal herbs, plants, and venomous animals (pp.
222-226). Wiley. https://doi.org/10.1002/9780470330319.ch30

Basti, L., Suzuki, T., Uchida, H., Kamiyama, T., & Nagai, S. (2018).
Thermal acclimation affects growth and lipophilic toxin produc-
tion in a strain of cosmopolitan harmful alga Dinophysis acum-
inata. Harmful Algae, 73, 119-128. https://doi.org/10.1016/j.
hal.2018.02.004

Basti, L., Uchida, H., Matsushima, R., Watanabe, R., Suzuki, T,
Yamatogi, T., & Nagai, S. (2015). Influence of temperature on
growth and production of pectenotoxin-2 by a monoclonal cul-
ture of Dinophysis caudata. Marine Drugs, 13(12), 7124-7137.
https://doi.org/10.3390/md13127061

Blanco, J., Alvarez, G., & Uribe, E. (2007). Identification of pecte-
notoxins in plankton, filter feeders, and isolated cells of a
Dinophysis acuminata with an atypical toxin profile, from
Chile. Toxicon, 49(5), 710-716. https://doi.org/10.1016/j.toxic
on.2006.11.013

Boundy, M. J., Harwood, D. T., Kiermeier, A., McLeod, C., Nicolas,
J., & Finch, S. (2020). Risk assessment of pectenotoxins in
New Zealand bivalve molluscan shellfish, 2009-2019. Toxins,
12, 776. https://doi.org/10.3390/toxins12120776

Broullén, E., Lépez-Mozos, M., Reguera, B., Choucifio, P., Doval,
M. D., Fernandez-Castro, B., Gilcoto, M., Nogueira, E., Souto,
C., & Mourifo-Carballido, B. (2020). Thin layers of phyto-
plankton and harmful algae events in a coastal upwelling
system. Progress in Oceanography, 189, 102449. https://doi.
org/10.1016/J.POCEAN.2020.102449

Campbell, L., Olson, R. J., Sosik, H. M., Abraham, A., Henrichs,
D. W,, Hyatt, C. J., & Buskey, E. J. (2010). First harm-
ful Dinophysis (Dinophyceae, Dinophysiales) bloom in
the U.S. is revealed by automated imaging flow cytom-
etry. Journal of Phycology, 46(1), 66-75. https://doi.
org/10.1111/j.1529-8817.2009.00791.x

Cembella, A. D. (1989). Occurrence of okadaic acid, a major diar-
rheic shellfish toxin, in natural populations of Dinophysis spp.
from the eastern coast of North America. Journal of Applied
Phycology, 1(4), 307-310. https://doi.org/10.1007/BF000
03466


https://orcid.org/0000-0002-8857-0176
https://orcid.org/0000-0002-8857-0176
https://orcid.org/0000-0002-8857-0176
https://orcid.org/0000-0003-3319-5070
https://orcid.org/0000-0003-3319-5070
https://orcid.org/0000-0003-3319-5070
https://orcid.org/0000-0002-3556-5015
https://orcid.org/0000-0002-3556-5015
https://orcid.org/0000-0002-3556-5015
https://orcid.org/0000-0002-9788-3772
https://orcid.org/0000-0002-9788-3772
https://orcid.org/0000-0002-9788-3772
https://doi.org/10.3390/toxins10120490
https://doi.org/10.1002/9780470330319.ch30
https://doi.org/10.1016/j.hal.2018.02.004
https://doi.org/10.1016/j.hal.2018.02.004
https://doi.org/10.3390/md13127061
https://doi.org/10.1016/j.toxicon.2006.11.013
https://doi.org/10.1016/j.toxicon.2006.11.013
https://doi.org/10.3390/toxins12120776
https://doi.org/10.1016/J.POCEAN.2020.102449
https://doi.org/10.1016/J.POCEAN.2020.102449
https://doi.org/10.1111/j.1529-8817.2009.00791.x
https://doi.org/10.1111/j.1529-8817.2009.00791.x
https://doi.org/10.1007/BF00003466
https://doi.org/10.1007/BF00003466

20

AYACHE ET AL.

Claparéde, E., & Lachmann, J. (1859). Etudes sur les infusoires et
les Rhizopodes. Memoires de l'institut National Genevois, 6,
261-482.

Deeds, J. R., Stutts, W. L., Celiz, M. D., MacLeod, J., Hamilton, A. E.,
Lewis, B. J., Miller, D. W., Kanwit, K., Smith, J. L., Kulis, D. M.,
McCarron, P., Rauschenberg, C. D., Burnell, C. A, Archer, S.D.,
Borchert, J., & Lankford, S. K. (2020). Dihydrodinophysistoxin-1
produced by Dinophysis norvegica in the Gulf of Maine, USA
and its accumulation in shellfish. Toxins, 12(9), 533. https://doi.
org/10.3390/toxins12090533

Deeds, J. R., Wiles, K., Heideman, G. B., White, K. D., & Abraham,
A. (2010). First U.S. report of shellfish harvesting closures due
to confirmed okadaic acid in Texas gulf coast oysters. Toxicon,
55(6), 1138—1146. https://doi.org/10.1016/j.toxicon.2010.01.003

Diaz, P. A., Alvarez, G., Pizarro, G., Blanco, J., & Reguera, B. (2022).
Lipophilic toxins in Chile: History, producers and impacts.
Marine Drugs, 20(2), 1-30. https://doi.org/10.3390/md200
20122

Diaz, P. A., Peréz-Santos, |., Alvarez, G., Garreaud, R., Pinilla,
E., Diaz, M., Sandoval, A., Araya, M., Alvarez, F., Rengel,
J., Montero, P., Pizarro, G., Lépez, L., Iriarte, L., Igor, G., &
Reguera, B. (2021). Multiscale physical background to an ex-
ceptional harmful algal bloom of Dinophysis acuta in a fjord
system. Science of the Total Environment, 773(February),
145621. https://doi.org/10.1016/j.scitotenv.2021.145621

Dickey, R. W., Fryxell, G. A., Granade, H. R., & Roelke, D. (1992).
Detection of the marine toxins okadaic acid and domoic acid
in shellfish and phytoplankton in the Gulf of Mexico. Toxicon,
30(3), 355—359. https://doi.org/10.1016/0041-0101(92)90877-8

Dominguez, H. J., Paz, B., Daranas, A. H., Norte, M., Franco, J.
M., & Fernandez, J. J. (2010). Dinoflagellate polyether within
the yessotoxin, pectenotoxin and okadaic acid toxin groups:
Characterization, analysis and human health implica-
tions. Toxicon, 56(2), 191-217. https://doi.org/10.1016/j.toxic
on.2009.11.005

European Commission. (2021). Commission implementing regulation
(EU) 2021/1709 of 23 September 2021 amending implementing
regulation (EU) 2019/627 as regards uniform practical arrange-
ments for the performance of official controls on products of an-
imal origin. Official Journal of the European Union, 339, 84—48.
https://eur-lex.europa.eu/eli/reg_impl/2021/1709/0j

Fabro, E., Almandoz, G. O., Ferrario, M., Tillmann, U., Cembella, A.,
& Krock, B. (2016). Distribution of Dinophysis species and their
association with lipophilic phycotoxins in plankton from the ar-
gentine sea. Harmful Algae, 59, 31—41. https://doi.org/10.1016/j.
hal.2016.09.001

Farrell, H., Velo-Suarez, L., Reguera, B., & Raine, R. (2014). Phased
cell division, specific division rates and other biological ob-
servations of Dinophysis populations in sub-surface layers
off the south coast of Ireland. Deep-Sea Research Part Il:
Topical Studies in Oceanography, 101, 249-254. https://doi.
org/10.1016/J.DSR2.2013.05.031

FDA. (2020). Fish and fishery products hazards and controls guid-
ance (Fourth ed.). U.S. Department of Health and Human
Services Food and Drug Administration Center for Food Safety
and Applied Nutrition. https://www.fda.gov/media/80637/
download

Fernandez, R., Maman, L., Jaén, D., Fuentes, L. F., Asuncién Ocafa,
M., & Gordillo, M. M. (2019). Dinophysis species and diarrhetic
shellfish toxins: 20years of monitoring program in Andalusia,
South of Spain. Toxins, 11(4), 189. https://doi.org/10.3390/toxin
511040189

Fiorendino, J. M., Smith, J. L., & Campbell, L. (2020). Growth re-
sponse of Dinophysis, Mesodinium, and Teleaulax cultures to
temperature, irradiance, and salinity. Harmful Algae, 98(April),
101896. https://doi.org/10.1016/j.hal.2020.101896

Fux, E., Smith, J. L., Tong, M., Guzman, L., & Anderson, D. M. (2011).
Toxin profiles of five geographical isolates of Dinophysis spp.

from north and South America. Toxicon, 57(2), 275—-287. https://
doi.org/10.1016/j.toxicon.2010.12.002

Gaillard, S., Le Goic, N., Malo, F., Boulais, M., Fabioux, C.,
Zaccagnini, L., Carpentier, L., Sibat, M., Réveillon, D., Séchet,
V., Hess, P., & Hégaret, H. (2020). Cultures of Dinophysis sac-
culus, D. acuminata and pectenotoxin 2 affect gametes and
fertilization success of the Pacific oyster, Crassostrea gigas.
Environmental Pollution, 265(Part B), 114840. https://doi.
org/10.1016/j.envpol.2020.114840

Gaillard, S., Réveillon, D., Danthu, C., Hervé, F.,, Sibat, M., Carpentier,
L., Hégaret, H., Séchet, V., & Hess, P. (2021). Effect of a short-
term salinity stress on the growth, biovolume, toxins, osmolytes
and metabolite profiles on three strains of the Dinophysis
acuminata-complex (Dinophysis cf. sacculus). Harmful Algae,
107, 102009. https://doi.org/10.1016/j.hal.2021.102009

Gao, H., Hua, C., & Tong, M. (2018). Impact of Dinophysis acum-
inata feeding Mesodinium rubrum on nutrient dynamics and
bacterial composition in a microcosm. Toxins, 10(11), 1-21.
https://doi.org/10.3390/toxins10110443

Garcia-Portela, M., Reguera, B., Gago, J., Le Gac, M., & Rodriguez,
F. (2020). Uptake of inorganic and organic nitrogen sources
by Dinophysis acuminata and D. acuta. Microorganisms, 8(2),
187. https://doi.org/10.3390/microorganisms8020187

Garcia-Portela, M., Riobd, P., Reguera, B., Garrido, J. L., Blanco, J., &
Rodriguez, F. (2018). Comparative ecophysiology of Dinophysis
acuminata and D. acuta (Dinophyceae, Dinophysiales): Effect
of light intensity and quality on growth, cellular toxin content,
and photosynthesis. Journal of Phycology, 54(6), 899-917.
https://doi.org/10.1111/jpy.12794

Gobler, C. J., Doherty, O. M., Hattenrath-Lehmann, T. K., Giriffith,
A. W., Kang, Y., & Litaker, R. W. (2017). Ocean warming since
1982 has expanded the niche of toxic algal blooms in the North
Atlantic and North Pacific oceans. Proceedings of the National
Academy of Sciences of the United States of America, 114,
4975-4980. https://doi.org/10.1073/pnas.1619575114

Gomez, F., Lopez-Garcia, P., & Moreira, D. (2011). Molecular phylog-
eny of dinophysoid dinoflagellates: The systematic position of
oxyphysis oxytoxoides and the dinophysis hastata group (dino-
physales, dinophyceae). Journal of Phycology, 47(2), 393—-406.
https://doi.org/10.1111/j.1529-8817.2011.00964.x

Guillard, R. R. L., & Hargraves, P. E. (1993). Stichochrysis immo-
bilis is adiatom, not a chrysophyte. Phycologia, 32, 234—-236.
https://doi.org/10.2216/i0031-8884-32-3-234.1

Guillard, R. R. L. (1973). Methods for microflagellates and nanno-
plankton. In J. Stein (Ed.), Handbook of phycological meth-
ods. Culture methods and growth measurements (pp. 69—-85).
Cambridge University Press.

Guillard, R. R. L. (1975). Culture of phytoplankton for feeding marine
invertebrates. In W. L. Smith & M. H. Chanley (Eds.), Culture of
marine invertebrate animals (pp. 29—60). Springer. https://doi.
org/10.1007/978-1-4615-8714-9_3

Guillard, R. R. L., & Ryther, J. H. (1962). Studies of marine plank-
tonic diatoms. I. Cyclotella nana Hustedt, and Detonula con-
fervacea (cleve) gran. Canadian Journal of Microbiology, 8,
229-239.

Handy, S. M., Bachvaroff, T. R., Timme, R. E., Wayne Coats, D.,
Kim, S., & Delwiche, C. F. (2009). Phylogeny of four dino-
physiacean genera (Dinophyceae, Dinophysiales) based on
rDNA sequences from single cells and environmental sam-
ples. Journal of Phycology, 45(5), 1163—-1174. https:/doi.
org/10.1111/j.1529-8817.2009.00738.x

Hattenrath-Lehmann, T., & Gobler, C. J. (2015). The contribution
of inorganic and organic nutrients to the growth of a north
American isolate of the mixotrophic dinoflagellate, Dinophysis
acuminata. Limnology and Oceanography, 60(5), 1588—1603.
https://doi.org/10.1002/In0.10119

Hattenrath-Lehmann, T. K., Anderson, D. M., & Gobler, C. J.
(2010). The influence of anthropogenic nitrogen loading and


https://doi.org/10.3390/toxins12090533
https://doi.org/10.3390/toxins12090533
https://doi.org/10.1016/j.toxicon.2010.01.003
https://doi.org/10.3390/md20020122
https://doi.org/10.3390/md20020122
https://doi.org/10.1016/j.scitotenv.2021.145621
https://doi.org/10.1016/0041-0101(92)90877-8
https://doi.org/10.1016/j.toxicon.2009.11.005
https://doi.org/10.1016/j.toxicon.2009.11.005
https://eur-lex.europa.eu/eli/reg_impl/2021/1709/oj
https://doi.org/10.1016/j.hal.2016.09.001
https://doi.org/10.1016/j.hal.2016.09.001
https://doi.org/10.1016/J.DSR2.2013.05.031
https://doi.org/10.1016/J.DSR2.2013.05.031
https://www.fda.gov/media/80637/download
https://www.fda.gov/media/80637/download
https://doi.org/10.3390/toxins11040189
https://doi.org/10.3390/toxins11040189
https://doi.org/10.1016/j.hal.2020.101896
https://doi.org/10.1016/j.toxicon.2010.12.002
https://doi.org/10.1016/j.toxicon.2010.12.002
https://doi.org/10.1016/j.envpol.2020.114840
https://doi.org/10.1016/j.envpol.2020.114840
https://doi.org/10.1016/j.hal.2021.102009
https://doi.org/10.3390/toxins10110443
https://doi.org/10.3390/microorganisms8020187
https://doi.org/10.1111/jpy.12794
https://doi.org/10.1073/pnas.1619575114
https://doi.org/10.1111/j.1529-8817.2011.00964.x
https://doi.org/10.2216/i0031-8884-32-3-234.1
https://doi.org/10.1007/978-1-4615-8714-9_3
https://doi.org/10.1007/978-1-4615-8714-9_3
https://doi.org/10.1111/j.1529-8817.2009.00738.x
https://doi.org/10.1111/j.1529-8817.2009.00738.x
https://doi.org/10.1002/lno.10119

DINOPHYSIS AND TOXINS IN US COASTAL WATERS

|21

meteorological conditions on the dynamics and toxicity of
Alexandrium fundyense blooms in a New York (USA) estuary.
Harmful Algae, 9, 402—412.

Hattenrath-Lehmann, T. K., Marcoval, M. A., Berry, D. L., Fire, S.,
Wang, Z., Morton, S. L., & Gobler, C. J. (2013). The emergence
of Dinophysis acuminata blooms and DSP toxins in shellfish
in New York waters. Harmful Algae, 26, 33—44. https://doi.
org/10.1016/j.hal.2013.03.005

Hattenrath-Lehmann, T. K., Marcoval, M. A., Mittlesdorf, H., Goleski,
J. A., Wang, Z., Haynes, B., Morton, S. L., & Gobler, C. J.
(2015). Nitrogenous nutrients promote the growth and toxic-
ity of Dinophysis acuminata during estuarine bloom events.
PLoS One, 10(4), e0124148. https://doi.org/10.1371/journ
al.pone.0124148

Hori, M., Yazama, F., Matsuura, Y., Yoshimoto, R., Kaneda, T.,
Yasumoto, T., Ozaki, H., & Karaki, H. (2018). Inhibition of
Actin polymerization by marine toxin pectenotoxin-2. Journal
of Veterinary Medical Science, 80(2), 225—-234. https://doi.
org/10.1292/jvms.17-0654

Horner, R. A., Garrison, D. L., & Plumley, F. G. (1997). Harmful
algal blooms and red tide problems on the U.S. west coast.
Limnology & Oceanography, 42, 1076—1088.

Hu, T., Marr, J., Defreitas, A. S. W., Quilliam, M. A., Walter, J. A.,
Wright, J. L. C., & Pleasance, S. (1992). New diol esters iso-
lated from cultures of the dinoflagellates Prorocentrum lima
and Prorocentrum concavum. Journal of Natural Products,
55(11), 1631-1637. https://doi.org/10.1021/np50089a011

Jensen, M. H., & Daugbjerg, N. (2009). Molecular phylog-
eny of selected species of the order dinophysiales(DINO-
PHYCEAE)testing the hypothesis of a dinophysioid adia-
tion. Journal of Phycology, 45(5), 1136-1152. https://doi.
org/10.1111/j.1529-8817.2009.00741.x

John, U., Litaker, R. W., Montresor, M., Murray, S., Brosnahan, M. L.,
& Anderson, D. M. (2014). Formal revision of the Alexandrium
tamarense species complex (Dinophyceae) taxonomy: The in-
troduction of five species with emphasis on molecular-based
(rDNA) classification. Protist, 165(6), 779-804. https://doi.
org/10.1016/j.protis.2014.10.001

Kamiyama, T., & Suzuki, T. (2009). Production of dinophysistox-
in-1 and pectenotoxin-2 by a culture of Dinophysis acumi-
nata (Dinophyceae). Harmful Algae, 8(2), 312—317. https://doi.
org/10.1016/j.hal.2008.07.003

Kilcoyne, J., Burrell, S., Nulty, C., Salas, R., Wright, E. J., Rajotte,
l., & Miles, C. O. (2020). Improved isolation procedures for
okadaic acid group toxins from shellfish (Mytilus edulis) and
microalgae (Prorocentrum lima). Marine Drugs, 18(12), 1-14.
https://doi.org/10.3390/md18120647

Larsen, J., & Moestrup, @. (1992). Potentially toxic phytoplank-
ton 2 — genus Dinophysis (Dinophyceae). In J. Lindley (Ed.),
ICES, identification leaflets for plankton (pp. 1-12). Institute for
Clinical Evaluative Sciences.

Lassus, P., & Bardouil, M. (1991). Le complexe «Dinophysis acumi-
nata»: identification des espéces le long des coétes frangaises.
Cryptogamie Algologie, 12(1), 1-9.

Lindahl, O., Lundve, B., & Johansen, M. (2007). Toxicity of
Dinophysis spp. in relation to population density and environ-
mental conditions on the Swedish west coast. Harmful Algae,
6(2), 218—231. https://doi.org/10.1016/j.hal.2006.08.007

Lindegarth, S., Torgersen, T., Lundve, B., & Sandvik, M. (2009).
Differential retention of okadaic acid (OA) group tox-
ins and pectenotoxins (PTX) in the blue mussel, Mytilus
edulis (L.), and European flat oyster, Ostrea edulis (L.).
Journal of Shellfish Research, 28(2), 313-323. https://doi.
org/10.2983/035.028.0213

Litaker, R. W., Vandersea, M. W., Faust, M. A., Kibler, S. R.,
Chinain, M., Holmes, M. J., Holland, W. C., & Tester, P. A.
(2009). Taxonomy of Gambierdiscus including four new spe-
cies, Gambierdiscus caribaeus, Gambierdiscus carolinianus,

Gambierdiscus carpenteri and Gambierdiscus ruetzleri
(Gonyaulacales, Dinophyceae). Phycologia, 48(5), 344—390.
https://doi.org/10.2216/07-15.1

Lloyd, J. K., Duchin, J. S., Borchert, J., Quintana, H. F., & Robertson,
A. (2013). Diarrhetic shellfish poisoning, Washington, USA,
2011. Emerging Infectious Diseases, 19(8), 1314—1316. https://
doi.org/10.3201/eid1908.121824

Mackenzie, L. A. (2019). A long-term time series of Dinophysis
acuminata blooms and associated shellfish toxin contamina-
tion in port underwood, Marlborough sounds, New Zealand.
Toxins, 11(2), 74. https://doi.org/10.3390/toxins11020074

Madigan, T. L., Lee, K. G., Padula, D. J., McNabb, P., & Pointon, A.
M. (2006). Diarrhetic shellfish poisoning (DSP) toxins in south
Australian shellfish. Harmful Algae, 5(2), 119-123. https://doi.
org/10.1016/j.hal.2004.12.005

Mallia, V., Uhlig, S., Rafuse, C., Meija, J., & Miles, C. O. (2019). Novel
microcystins from Planktothrix prolifica NIVA-CYA 544 identified
by LC-MS/MS, functional group derivatization and 15N-labeling.
Marine Drugs, 17(11), 643. https://doi.org/10.3390/md17110643

Marcaillou, C., Gentien, P., Lunven, M., Le Grand, J., Mondeguer,
F., Danielou, M. M., Crassous, M. P., & Youenou, A. (2001).
Dinophysis acuminata distribution and specific toxin content
in relation to mussel contamination. In G. M. Hallegraeff, S.
I. Blackburn, C. J. Bolch, & R. J. Lewis (Eds.), Harmful Algal
Blooms 2000 (pp. 356—358). I0C of UNESCO.

Marshall, H. G. 1996. Toxin producing phytoplankton in Chesapeake
Bay. BiologicalSciences Faculty Publications 47(1), 29-37.

Marshall, H. G., & Cohn, M. S. (1983). Distribution and composition
of phytoplankton in northeastern coastal waters of the United
States. Estuarine, Coastal and Shelf Science, 17(2), 119-131.
https://doi.org/10.1016/0272-7714(83)90057-4

Marshall, H. G., & Egerton, T. A. (2009). Increasing occurrence and
development of potentially harmful algal blooms in Virginia tidal
rivers. In P. Fay (Ed.), Proceedings of the 2009 Virginia water
research conference: Water resources in changing climates.
Virginia water resources research center and Rice Center
for environmental life sciences (pp. 89—101). Virginia Water
Resources Research Center. https://vtechworks.lib.vt.edu/bitst
ream/handle/10919/55211/2009WaterResearchSymposium_
proceedings.pdf?sequence=1&isAllowed=y

Miles, C. O., Wilkins, A. L., Hawkes, A. D., Jensen, D. J., Selwood,
A. ., Beuzenberg, V., Lincoln MacKenzie, A., Cooney, J. M.,
& Holland, P. T. (20086). Isolation and identification of pecte-
notoxins-13 and -14 from Dinophysis acuta in New Zealand.
Toxicon, 48(2), 152-159. https://doi.org/10.1016/].toxic
on.2006.04.005

Miles, C. O., Wilkins, A. L., Munday, R., Dines, M. H., Hawkes, A.
D., Briggs, L. R., Sandvik, M., Jensen, D. J., Cooney, J. M.,
Holland, P. T., Quilliam, M. A., MacKenzie, A. L., Beuzenberg,
V., & Towers, N. R. (2004). Isolation of pectenotoxin-2 from
Dinophysis acuta and its conversion to pectenotoxin-2
seco acid, and preliminary assessment of their acute tox-
icities. Toxicon, 43(1), 1-9. https://doi.org/10.1016/j.toxic
on.2003.10.003

Miles, C. O., Wilkins, A. L., Samdal, I. A., Sandvik, M., Petersen, D.,
Quilliam, M. A, Naustvoll, L. J., Rundberget, T., Torgersen, T.,
Hovgaard, P., Jensen, D. J., & Cooney, J. M. (2004). A novel
pectenotoxin, PTX-12, in Dinophysis spp. and shellfish from
Norway. Chemical Research in Toxicology, 17(11), 1423-1433.
https://doi.org/10.1021/tx049870a

Nagai, S., Suzuki, T., Nishikawa, T., & Kamiyama, T. (2011).
Differences in the production and excretion kinetics of okadaic
acid, dinophysistoxin-1, and pectenotoxin-2 between cultures
of Dinophysis acuminata and Dinophysis fortii isolated from
western Japan. Journal of Phycology, 47(6), 1326—1337. https://
doi.org/10.1111/j.1529-8817.2011.01076.x

Nielsen, L. T., Krock, B., & Hansen, P. J. (2012). Effects of light and
food availability on toxin production, growth and photosynthesis


https://doi.org/10.1016/j.hal.2013.03.005
https://doi.org/10.1016/j.hal.2013.03.005
https://doi.org/10.1371/journal.pone.0124148
https://doi.org/10.1371/journal.pone.0124148
https://doi.org/10.1292/jvms.17-0654
https://doi.org/10.1292/jvms.17-0654
https://doi.org/10.1021/np50089a011
https://doi.org/10.1111/j.1529-8817.2009.00741.x
https://doi.org/10.1111/j.1529-8817.2009.00741.x
https://doi.org/10.1016/j.protis.2014.10.001
https://doi.org/10.1016/j.protis.2014.10.001
https://doi.org/10.1016/j.hal.2008.07.003
https://doi.org/10.1016/j.hal.2008.07.003
https://doi.org/10.3390/md18120647
https://doi.org/10.1016/j.hal.2006.08.007
https://doi.org/10.2983/035.028.0213
https://doi.org/10.2983/035.028.0213
https://doi.org/10.2216/07-15.1
https://doi.org/10.3201/eid1908.121824
https://doi.org/10.3201/eid1908.121824
https://doi.org/10.3390/toxins11020074
https://doi.org/10.1016/j.hal.2004.12.005
https://doi.org/10.1016/j.hal.2004.12.005
https://doi.org/10.3390/md17110643
https://doi.org/10.1016/0272-7714(83)90057-4
https://vtechworks.lib.vt.edu/bitstream/handle/10919/55211/2009WaterResearchSymposium_proceedings.pdf?sequence=1&isAllowed=y
https://vtechworks.lib.vt.edu/bitstream/handle/10919/55211/2009WaterResearchSymposium_proceedings.pdf?sequence=1&isAllowed=y
https://vtechworks.lib.vt.edu/bitstream/handle/10919/55211/2009WaterResearchSymposium_proceedings.pdf?sequence=1&isAllowed=y
https://doi.org/10.1016/j.toxicon.2006.04.005
https://doi.org/10.1016/j.toxicon.2006.04.005
https://doi.org/10.1016/j.toxicon.2003.10.003
https://doi.org/10.1016/j.toxicon.2003.10.003
https://doi.org/10.1021/tx049870a
https://doi.org/10.1111/j.1529-8817.2011.01076.x
https://doi.org/10.1111/j.1529-8817.2011.01076.x

22

AYACHE ET AL.

in Dinophysis acuminata. Marine Ecology Progress Series,
471, 37-50. https://doi.org/10.3354/meps10027

Nishitani, G., Nagai, S., Sakiyama, S., & Kamiyama, T. (2008).
Successful cultivation of the toxic dinoflagellate Dinophysis
tripos (Dinophyceae). Plankton and Benthos Research, 3(2),
78-85.

Olenina, I|., Hajdu, S., Edler, L., Andersson, A., Wasmund, N.,
Busch, S., Gébel, J., Gromisz, S., Huseby, S., Huttunen,
M., Jaanus, A., Kokkonen, P., Ledaine, I., & Niemkiewicz, E.
(2006). Biovolumes and size-classes of phytoplankton in the
Baltic Sea. HELCOM Baltic Marine Environment Protection
Commission, 106, 144. http://www.helcom.fi/Lists/Publicatio
ns/BSEP106.pdf

Onofrio, M. D., Mallet, C. R., Place, A. R., & Smith, J. L. (2020).
A screening tool for the direct analysis of marine and
freshwater phycotoxins in organic SPATT extracts from
the Chesapeake Bay. Toxins, 12, 322. https:/www.mdpi.
com/2072-6651/12/5/322

Park, J. H., Kim, M., Jeong, H. J., & Park, M. G. (2019). Revisiting the
taxonomy of the “Dinophysis acuminata complex” (Dinophyta).
Harmful — Algae, 88, 101657. https://doi.org/10.1016/].
hal.2019.101657

Park, M. G., Kim, S., Hyung, S. K., Myung, G., Vi, G. K., & Yih, W.
(2006). First successful culture of the marine dinoflagellate
Dinophysis acuminata. Aquatic Microbial Ecology, 45(2),
101-106.

Pease, S. K. D., Brosnahan, M. L., Sanderson, M. P., & Smith,
J. L. (2022). Effects of two toxin-producing harmful
algae, Alexandrium catenella and Dinophysis acuminata
(Dinophyceae), on activity and mortality of larval shellfish.
Toxins, 14(5), 335. https://doi.org/10.3390/TOXINS14050335

Pease, S. K. D., Reece, K. S., O'Brien, J., Hobbs, P. L. M., & Smith,
J. L. (2021). Oyster hatchery breakthrough of two HABs and
potential effects on larval eastern oysters (Crassostrea virgi-
nica). Harmful Algae, 101, 101965. https://doi.org/10.1016/].
hal.2020.101965

Pitcher, G. C., & Calder, D. (2000). Harmful algal blooms of the
southern Benguela current: A review and appraisal of moni-
toring from 1989 to 1997. South African Journal of Marine
Science, 7615(22), 255-271. https://doi.org/10.2989/02577
6100784125681

R Development Core Team. (2021). R: A language and environ-
ment for statistical computing. R Foundation for Statistical
Computing.

Raho, N., Pizarro, G., Escalera, L., Reguera, B., & Marin, I. (2008).
Morphology, toxin composition and molecular analysis of
Dinophysis ovum Schitt, a dinoflagellate of the “Dinophysis
acuminata complex”. Harmful Algae, 7(6), 839—-848. https://doi.
org/10.1016/j.hal.2008.04.006

Reguera, B., Riobd, P., Rodriguez, F., Diaz, P. A., Pizarro, G.,
Paz, B., Franco, J. M., & Blanco, J. (2014). Dinophysis toxins:
Causative organisms, distribution and fate in shellfish. Marine
Drugs, 12(1), 394—461. https://doi.org/10.3390/md12010394

Rines, J. E. B., Mcfarland, M. N., Donaghay, P. L., & Sullivan, J.
M. (2010). Thin layers and species-specific characterization
of the phytoplankton community in Monterey Bay, California,
USA. Continental Shelf Research, 30(1), 66—80. https://doi.
org/10.1016/j.csr.2009.11.001

Rountos, K. J., Kim, J. J., Hattenrath-Lehmann, T. K., & Gobler, C.
J. (2019). Effects of the harmful algae, Alexandrium catenella
and Dinophysis acuminata, on the survival, growth, and
swimming activity of early life stages of forage fish. Marine
Environmental Research, 148, 46—-56. https://doi.org/10.1016/j.
marenvres.2019.04.013

Sechet, V., Sibat, M., Billien, G., Carpentier, L., Rovillon, G.,
Raimbault, V., Malo, F., Gaillard, S., Perri, M., Hess, P., &
Chomerat, N. (2021). Characterization of toxin-producing
strains of Dinophysis spp. (Dinophyceae) isolated from French

coastal waters, with a particular focus on the D. acuminata-
complex. Harmful Algae, 107, 101974. https://doi.org/10.1016/j.
hal.2021.101974

Severino, L. (2019). DEC announces temporary closure to harvest of
shellfish in portionof eastern Shinnecock Bay, Suffolk County.
Precautionary closure due to highcounts of potentially toxic
plankton. NYS Dept. of EnvironmentalConservation. Retrieved
from https://www.dec.ny.gov/press/117529.htmi

Shultz, D., Campbell, L., & Kudela, R. M. (2019). Trends in
Dinophysis abundance and diarrhetic shellfish toxin levels in
California mussels (Mytilus californianus) from Monterey Bay,
California. Harmful Algae, 88, 101641. https://doi.org/10.1016/j.
hal.2019.101641

Steidinger, K. A., Faust, M. A., & Hernandez-Becerril, D. U. (2000).
Dinoflagellates (Dinoflagellata) of the Gulf of Mexico. In Gulf of
Mexico origin, waters, and biota: Biodiversity (Vol. 1, pp. 131—
154). Texas A & M University Press.

Suarez-Gomez, B., Souto, M. L., Norte, M., & Fernandez, J. J.
(2001). Isolation and structural determination of DTX-6, a new
okadaic acid derivative. Journal of Natural Products, 64(10),
1363-1364. https://doi.org/10.1021/np0100486

Sunesen, |, Méndez, S. M., Mancera-Pineda, J. E., Dechraoui
Bottein, M. Y., & Enevoldsen, H. (2021). The Latin America and
Caribbean HAB status report based on OBIS and HAEDAT
maps and databases. Harmful Algae, 102, 101920. https://doi.
org/10.1016/j.hal.2020.101920

Suzuki, T., Mitsuya, T., Imai, M., & Yamasaki, M. (1997). DSP toxin
contents in Dinophysis fortii and scallops collected at Mutsu
Bay, Japan. Journal of Applied Phycology, 8(6), 509-515.
https://doi.org/10.1007/BF02186329

Swanson, K. M., Flewelling, L. J., Byrd, M., Nunez, A., & Villareal,
T. A. (2010). The 2008 Texas Dinophysis ovum bloom:
Distribution and toxicity. Harmful Algae, 9(2), 190-199. https://
doi.org/10.1016/j.hal.2009.10.001

Tango, P., Butler, W., Lacouture, R., Goshorn, D., Magnien, R.,
Michael, B., Hall, S., Browhawn, K., Wittman, R., & Beatty, W.
(2004). An unprecedented bloom of Dinophysis acuminata in
Chesapeake Bay. In K. A. Steidinger, J. H. Landsberg, C. R.
Tomas, & G. A. Vargo (Eds.), Harmful algae. Proceedings of
the Xth international conference on harmful algae (pp. 358—
361). Florida Fish and Wildlife Conservation Commission,
Florida Institute of Oceanography and Intergovernmental
Oceanographic Commission of UNESCO.

Taylor, M., Mclintyre, L., Ritson, M., Stone, J., Bronson, R., Bitzikos,
0., Rourke, W., Galanis, E., Bailey, H., Cordner, K., Feeley, M.,
Fung, J., Fyfe, M., Hislop, K., Jorgenson, V., Kelly, D., Kendall,
P., Moreau, D., Nowakowski, C., ... Zarepourarzil, S. (2013).
Outbreak of diarrhetic shellfish poisoning associated with mus-
sels, British Columbia, Canada. Marine Drugs, 11(5), 1669—
1676. https://doi.org/10.3390/MD11051669

Terao, K., Ito, E., Yanagi, T., & Yasumoto, T. (1986). Histopathological
studies on experimental marine toxin poisoning. I. Ultrastructural
changes in the small intestine and liver of suckling mice induced
by dinophysistoxin-1 and pectenotoxin-1. Toxicon, 24, 1141-1151.

Tong, M., Smith, J. L., Richlen, M., Steidinger, K. A., Kulis, D. M.,
Fux, E., & Anderson, D. M. (2015). Characterization and com-
parison of toxin-producing isolates of Dinophysis acuminata
from New England and Canada. Journal of Phycology, 51(1),
66—81. https://doi.org/10.1111/jpy.12251

Toyofuku, H. (2006). Joint FAO/WHO/IOC activities to provide sci-
entific advice on marine biotoxins (research report). Marine
Pollution Bulletin, 52(12), 1735-1745. https://doi.org/10.1016/j.
marpolbul.2006.07.007

Trainer, V. L., Moore, L., Bill, B. D., Adams, N. G., Harrington, N.,
Borchert, J., Da Silva, D. A. M., & Eberhart, B.-T. L. (2013).
Diarrhetic shellfish toxins and other lipophilic toxins of human
health concern in Washington state. Marine Drugs, 11, 1815—
1835. https://doi.org/10.3390/md11061815


https://doi.org/10.3354/meps10027
http://www.helcom.fi/Lists/Publications/BSEP106.pdf
http://www.helcom.fi/Lists/Publications/BSEP106.pdf
https://www.mdpi.com/2072-6651/12/5/322
https://www.mdpi.com/2072-6651/12/5/322
https://doi.org/10.1016/j.hal.2019.101657
https://doi.org/10.1016/j.hal.2019.101657
https://doi.org/10.3390/TOXINS14050335
https://doi.org/10.1016/j.hal.2020.101965
https://doi.org/10.1016/j.hal.2020.101965
https://doi.org/10.2989/025776100784125681
https://doi.org/10.2989/025776100784125681
https://doi.org/10.1016/j.hal.2008.04.006
https://doi.org/10.1016/j.hal.2008.04.006
https://doi.org/10.3390/md12010394
https://doi.org/10.1016/j.csr.2009.11.001
https://doi.org/10.1016/j.csr.2009.11.001
https://doi.org/10.1016/j.marenvres.2019.04.013
https://doi.org/10.1016/j.marenvres.2019.04.013
https://doi.org/10.1016/j.hal.2021.101974
https://doi.org/10.1016/j.hal.2021.101974
https://www.dec.ny.gov/press/117529.html
https://doi.org/10.1016/j.hal.2019.101641
https://doi.org/10.1016/j.hal.2019.101641
https://doi.org/10.1021/np0100486
https://doi.org/10.1016/j.hal.2020.101920
https://doi.org/10.1016/j.hal.2020.101920
https://doi.org/10.1007/BF02186329
https://doi.org/10.1016/j.hal.2009.10.001
https://doi.org/10.1016/j.hal.2009.10.001
https://doi.org/10.3390/MD11051669
https://doi.org/10.1111/jpy.12251
https://doi.org/10.1016/j.marpolbul.2006.07.007
https://doi.org/10.1016/j.marpolbul.2006.07.007
https://doi.org/10.3390/md11061815

DINOPHYSIS AND TOXINS IN US COASTAL WATERS

|23

Uchida, H., Watanabe, R., Matsushima, R., Oikawa, H., Nagai,
S., Kamiyama, T., Baba, K., Miyazono, A., Kosaka, Y., Kaga,
S., Matsuyama, Y., & Suzuki, T. (2018). Toxin profiles of oka-
daic acid analogues and other lipophilic toxins in Dinophysis
from Japanese coastal waters. Toxins, 10(11), 457. https://doi.
org/10.3390/toxins10110457

Uribe, J. C., Garcia, C., Rivas, M., & Lagos, N. (2001). First report of
diarrhetic shellfish toxins in Magellanic fjords, southern Chile.
Journal of Shellfish Research, 20(1), 69-74.

Van Egmond, H. P., Aune, T., Lassus, P., Speijers, G. J. A,, &
Waldock, M. (1993). Paralytic and diarrhoeic shellfish poisons:
Occurrence in Europe, toxicity, analysis and regulation. Journal
of Natural Toxins, 2(1), 41-82.

Wilkins, A. L., Rundberget, T., Sandvik, M., Rise, F., Knudsen, B. K.,
Kilcoyne, J., Reguera, B., Rial, P., Wright, E. J., Giddings, S. D.,
Boundy, M. J., Rafuse, C., & Miles, C. O. (2021). Identification
of 24-O-p-D-glycosides and 7-deoxy-analogues of okadaic
acid and dinophysistoxin-1 and -2 in extracts from Dinophysis
blooms, Dinophysis and Prorocentrum cultures, and shellfish
in Europe, North America and Australasia. Toxins, 13(510), 1—
26. https://doi.org/10.3390/toxins13080510

Wolny, J. L., Egerton, T. A., Handy, S. M., Stutts, W. L., Smith, J. L.,
Whereat, E. B., Bachvaroff, T. R., Henrichs, D. W., Campbell,
L., & Deeds, J. R. (2020). Characterization of Dinophysis spp.
(Dinophyceae, Dinophysiales) from the mid-Atlantic region
of the United States. Journal of Phycology, 56(2), 404—424.
https://doi.org/10.1111/jpy.12966

Yasumoto, T., Murata, M., Oshima, Y., Sano, M., Matsumoto, G. K., &
Clardy, J. (1985). Diarrhetic shellfish toxins. Tetrahedron, 41(6),
1019-1025. https://doi.org/10.1016/S0040-4020(01)96469-5
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Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

Figure S1. A high-level graphical image of the alignment
is used to compare sequences and SNPs. Portions
that are black indicate a different base relative to some
other sequence in the alignment at that position. The
alignment has been annotated to denote the various
regions of the ribosomal genes/spacers including SSU:
Small subunit, ITS1: Internal Transcribed Spacer 1,
5.8S, ITS2: Internal Transcribed Spacer 2, and LSU:
Large Subunit. This alignment was generated in
Geneious 10.2.3 using the MUSCLE plugin with default
parameters. Alignment available upon request.

Figure S2. Left, LC-HRMS full-scan mass spectra
(black lines) of PTX2 in Dinophysis norvegica NWFSC
814, hydroxyPTX2 in D. caudata DCSSL 122, and
PTX12a and PTX12b in D. norvegica DNBH FEB. The
circles show the fitted isotopic envelope m/z values and
relative isotopomer intensities of the NH," (red) and
Na* (blue) adduct ions obtained from the spectra with
the NRC Molecular Formula Calculator for C,,H,,0,,
(PTX2), C,H,,O,5 (hydroxyPTX2), or C,,HgO,,
(PTX12). Only one viable formula was obtained for
each compound. The main peak for each adduction

cluster is marked with its accurate m/z, assigned
formula, and mass error. Right, extracted-ion (m/z
874.4947, 876.5104, 879.4501, 881.4658, 892.5053,
and 897.4607) LC—HRMS chromatograms showing the
PTX2 in D. norvegica NWFSC 814, D. caudata DCSSL
122, and D. norvegica DNBH FEBG.

Figure S3. LC-HRMS/MS product ion spectra of
the ammonium adduct ions of PTX2 in Dinophysis
norvegica NWFSC 814, hydroxyPTX2 in D. caudata
DCSSL 122, and PTX12a and PTX12b in D. norvegica
DNBH FEB6 (see Figure S2). The fragmentation patterns
establish the close similarity of hydroxyPTX2 and
PTX12 to PTX2.

Figure S4. LC-HRMS/MS product ion spectra of the
sodium adduct ions of PTX2 in Dinophysis norvegica
NWFSC 814, hydroxyPTX2 in D. caudata DCSSL 122,
and PTX12a and PTX12b in D. norvegica DNBH FE6
(see Figure S2). The fragmentation patterns establish
the close similarity of hydroxyPTX2 and PTX12 to
PTX2.

Table S1. Precursor and product ion exact masses
for PTX2, PTX12, hydroxyPTX2, OA, DTX1 and
14,15-dihydroDTX1 in positive (PTXs, [M+NH4]+) or
negative (OA/DTXs, [M —H]-) ionization mode.

Table S2. Sequence data quality control information for
nine Dinophysis isolates.

Table S3. Pairwise % identity between Dinophysis
sequences. Note that (1) ONLY sites that contain
data in both sequences were compared; positions
with missing data were ignored, and (2) polymorphic
sites that include the base being compared to are still
considered differences. (i.e., an M stands for an A or a
C. If one sequence has an A and the other an M, this
will be read as a difference in % identity calculation.)
Table S4. Intracellular toxin content of the 20 Dinophysis
isolates expressed per cell and per biovolume. Data
are means + standard deviation, n=3.
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