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A B S T R A C T   

Mixotrophic Dinophysis species threaten human health and coastal economies through the production of toxins 
which cause diarrhetic shellfish poisoning (DSP) in humans. Novel blooms of Dinophysis acuminata and 
Dinophysis ovum have occurred in North American waters in recent decades, resulting in the closure of shellfish 
harvesting. Understanding the ecology of Dinophysis species and their prey is essential to predicting and miti-
gating the impact of blooms of these dinoflagellates. The growth response of two new isolates of Dinophysis 
species, one isolate of Mesodinium rubrum, and two strains of Teleaulax amphioxeia were evaluated at a range of 
temperature, salinity, and irradiance treatments to identify possible environmental drivers of Dinophysis blooms 
in the Gulf of Mexico. Results showed optimal growth of T. amphioxeia and M. rubrum at 24 °C, salinity 30 – 34, 
and irradiances between 300 and 400 µmol quanta m − 2 s − 1. Optimal Dinophysis growth was observed at 
salinity 22 and temperatures between 18 and 24 °C. Mesodinium and both Dinophysis responded differently to 
experimental treatments, which may be due to the suitability of prey and different handling of klepto-
chloroplasts. Dinophysis bloom onset may be initiated by warming surface waters between winter and spring in 
the Gulf of Mexico. Toxin profiles for these two North American isolates were distinct; Dinophysis acuminata 
produced okadaic acid, dinophysistoxin-1, and pectenotoxin-2 while D. ovum produced only okadaic acid. Toxin 
per cell for D. ovum was two orders of magnitude greater than D. acuminata. Phylogenies based on the cox1 and 
cob genes did not distinguish these two Dinophysis species within the D. acuminata complex.   

1. Introduction 

Outbreaks of diarrhetic shellfish poisoning (DSP) are the result of 
toxin accumulation in the tissues of filter-feeding shellfish like mussels 
and oysters, specifically okadaic acid and the dinophysistoxins pro-
duced by species of marine dinoflagellates within the genus Dinophysis 
and some benthic species of Prorocentrum (Yasumoto et al., 1985;  
Pan et al., 1999; Ten-Hage et al., 2000). DSP is characterized by vo-
miting, diarrhea, and abdominal pain beginning shortly after con-
sumption of contaminated shellfish and lasting several days (Yasumoto 
et al., 1978). In addition to gastrointestinal symptoms, toxins re-
sponsible for DSP have been shown to promote tumor growth in mice 
(Fujiki et al., 1988). Though usually not fatal, the prevalence of DSP 
events worldwide represents a considerable threat to not only human 
health, but coastal economies due to harvesting restrictions when toxin 
concentrations in shellfish exceed regulatory limits. Blooms of Dino-
physis and associated DSP poisoning events are therefore a challenge for 
shellfish fisheries and aquaculture. 

Dinophysis species are the main cause of DSP poisoning events 
around the world (Reguera et al., 2012). These dinoflagellates are 
found globally in coastal and oceanic waters of tropical and temperate 
regions, usually below 100 cells L − 1 (Hallegraeff and Lucas, 1988). 
Dinophysis species are known to bloom seasonally and can grow to cell 
densities of 103 - 105 cells L − 1 (Kat, 1983; Aubry et al., 2000;  
Reguera et al., 2012; Harred and Campbell, 2014). Blooms of toxigenic 
Dinophysis species are of particular concern because shellfish may ac-
cumulate enough toxins to become acutely toxic while Dinophysis cells 
are present at relatively low densities, around 200 cells L − 1 (Yasumoto 
et al., 1985). The low threshold for acute toxicity of Dinophysis blooms 
makes prediction and rapid response essential for mitigating efforts. 

North American waters have historically been free of problematic 
Dinophysis blooms and associated DSP poisoning events. As was the case 
in Norway, the history of Dinophysis blooms and DSP poisoning events 
in the United States is likely “old, but weakly documented” (Dahl et al., 
1996). In Narragansett Bay, a two-year survey from July 1983 to Sep-
tember 1985 for Dinophysis and DSP toxins found only one positive 
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result of diarrhetic toxins in mussel tissue and observed cell abundances 
of D. acuminata never exceeded 2 cells mL−1 (Maranda and 
Shimizu, 1987). On the west coast, Dinophysis species are a common 
component of marine phytoplankton but have not historically been 
known to cause illness in humans (Jester et al., 2009). 

In 2008, Dinophysis ovum bloomed in the Gulf of Mexico along the 
Texas coast, and since then blooms of Dinophysis acuminata have been 
documented in New York and Washington State in 2011 and 2012, 
respectively (Campbell et al., 2010; Hattenrath-Lehmann et al., 2013;  
Trainer et al., 2013). The bloom of D. ovum along the Texas coast re-
sulted in the closure of shellfish harvesting and a recall of oysters, be-
coming the first instance of such a response to a bloom of D. ovum in the 
United States. During this bloom, D. ovum densities were over 2 × 105 

cells L − 1 (Campbell et al., 2010; Deeds et al., 2010). The increasing 
intensity of Dinophysis blooms in North American waters represents an 
emerging threat to human health and fisheries in the United States. 
Compounding the problem of intensifying Dinophysis blooms in North 
American waters is the high variability of inter- and intraspecific 
toxicity of Dinophysis species (Reguera et al., 2014). 

Anticipation and early warning of Dinophysis blooms requires an 
understanding of the unique ecology of Dinophysis species and their 
prey. Dinophysis and their prey, the marine ciliate Mesodinium rubrum, 
are mixotrophic and kleptoplastidic (Park et al., 2006; Smith and 
Hansen, 2007; Stoecker et al., 2017). Mixotrophy is a common behavior 
among marine protists manifesting in a variety of forms, from obligate 
to facultative mixotrophy (Stoecker et al., 2017). Dinoflagellates in the 
genus Dinophysis and the ciliate M. rubrum can be placed in Type III.B as 
described by Stoecker et al. (2017), as all are marine protists that en-
gage in kleptoplastidy. The cryptophyte Teleaulax amphioxeia is a Type 
II mixotroph (Stoecker et al., 2017), containing inherited plastids and 
obtaining most of its carbon from photosynthesis but capable of preying 
upon heterotrophic bacteria and Synechococcus (Yoo et al., 2017). The 
source of plastids in Dinophysis and M. rubrum are cryptophytes within 
the genera Teleaulax, Plagioselmis, and Geminigera ( Park et al., 2006;  
Hansen et al., 2012; Kim et al., 2012; Myung et al., 2013; Kim et al., 
2017). These plastids are sequestered by Dinophysis following con-
sumption of M. rubrum cells. Though Dinophysis species and M. rubrum 
can survive extended periods without prey, they are obligate mixo-
trophs and must consume prey and sequester new chloroplasts for long- 
term survival (Park et al., 2006; Smith and Hansen, 2007; Kim et al., 
2012). The intimate trophic relationships between Dinophysis, M. ru-
brum, and their cryptophyte source of plastids suggests bloom events of 
Dinophysis are, at least in part, dependent upon interactions between 
predator and prey populations. 

Studying the development and decline of harmful algal blooms is 
difficult without persistent monitoring. Fortunately, an Imaging Flow- 
Cytobot (IFCB) has been deployed in the Aransas Pass inlet, Port 
Aransas, TX since 2007. The Aransas Pass inlet is 14 m deep and 
120–180 m wide and connects the Gulf of Mexico to six shallow 
(1–3 m), well-mixed coastal bays (Ward, 1997). The IFCB deployed at 
Aransas Pass has captured several blooms of D. ovum and Mesodinium 
spp. in the Gulf of Mexico over the last decade, including the 2008 
bloom of D. ovum. Analysis of IFCB image data found that Mesodinium 
spp. occurred from mid-September to May, at temperatures between 23 
and 29 °C and salinities between 30 and 34, while blooms of Dinophysis 
occurred from the end of January to May at temperatures between 11 

and 19 °C and salinities between 28 and 33 (Harred and 
Campbell, 2014). However, the relationship between Mesodinium 
abundance and Dinophysis blooms in the Gulf of Mexico was weak 
(Harred and Campbell, 2014). Additionally, physical concentration of 
cells (e.g. Hetland and Campbell, 2007) was determined to have little 
effect on Dinophysis bloom onset along the Texas coast because no re-
lationship was found between wind-driven transport and abundance of 
Dinophysis cells (Harred and Campbell, 2014). Dinophysis cells did ap-
pear to originate offshore and were carried into coastal embayments on 
incoming tides (Campbell et al., 2010). These results suggest environ-
mental conditions (temperature, salinity) may promote or discourage 
Dinophysis bloom formation in the Gulf of Mexico and that physical 
concentration and the abundance of suitable prey are not by themselves 
reliable indicators of a possible Dinophysis bloom. 

Dinophysis blooms in other regions have been reported to occur 
within specific ranges of temperature and salinity (Aubry et al., 2000;  
Koike et al., 2007). The extent to which Dinophysis, Mesodinium, and 
Teleaulax can maintain high growth rates with respect to these factors is 
currently unknown. Understanding the response of each organism to a 
wide range of possible environmental conditions may reveal locations 
and times when blooms are likely to occur. Additionally, as a cosmo-
politan genus with representative populations around the world, geo-
graphically distinct strains and species of Dinophysis, Mesodinium, and 
Teleaulax may respond differently to these factors and consequently 
bloom at different times of the year. Blooms of D. ovum occurred be-
tween the end of January and May in the Gulf of Mexico (Harred and 
Campbell, 2014), but blooms of Dinophysis in Washington and New 
York occurred during summer months (Hattenrath-Lehmann et al., 
2013; Trainer et al., 2013). 

Here, the growth responses of two newly isolated species of 
Dinophysis from the United States are compared with respect to a range 
of salinity, temperature, and light intensity treatments. Based on initial 
morphology these isolates were identified as D. ovum, a subtropical 
species isolated from the Gulf of Mexico, and D. acuminata, a temperate 
species from Chesapeake Bay (Wolny et al., 2020). Morphologically, 
these two Dinophysis species can be differentiated, though no genetic 
differences were observed in the ITS and LSU genes of single-picked 
cells of D. ovum and D. acuminata (Wolny et al., 2020). To further dif-
ferentiate these two cryptic species, other genes (cox1 and cob) and 
toxin profiles were explored for both species. To better understand 
Dinophysis bloom dynamics with respect to the relationship between 
predators and prey, growth responses were also investigated for a 
temperate isolate of M. rubrum from Denmark and a temperate and 
subtropical strain of T. amphioxeia from the Gulf of Mexico and Den-
mark. As with Dinophysis, growth was evaluated over a range of tem-
perature, salinity, and irradiance treatments. The results of this work 
will improve prediction and mitigation efforts for blooms of Dinophysis 
by revealing conditions during which blooms of these organisms are 
most likely to occur, with a focus on the Gulf of Mexico. 

2. Methods 

2.1. Isolation and culture maintenance 

Two new single-cell isolates of Dinophysis species were established 
for this comparative study following methods described in  

Table 1 
Identification and isolation information of Teleaulax, Mesodinium, and Dinophysis cultures used in this study.       

Strain Species Collection Site Collection Date Isolator  

K-0434 Teleaulax amphioxeia The Sound, Denmark March 1990 D. Hill 
GoMTA Teleaulax amphioxeia Port Aransas,Texas, USA Summer 2015 Darren W. Henrichs 
MBL-DK2009 Mesodinium rubrum Helsingør Harbor, Denmark 2009 Per J. Hansen 
DAVA01 Dinophysis acuminata Chesapeake Bay, Virginia, USA March 2017 Juliette L. Smith 
DoSS3195 Dinophysis ovum Surfside Beach, Texas, USA March 2019 James M. Fiorendino 
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Wolny et al. (2020): D. acuminata (DAVA01) was collected from Nas-
sawadox, Chesapeake Bay, VA in March 2017 and D. ovum (DoSS3195) 
was collected from Surfside Beach, Freeport, TX in March 2019 
(Table 1). A new isolate of T. amphioxeia was also established from 
surface water collected from the Mission Aransas Shipping Channel in 
Port Aransas, TX in summer 2015. Teleaulax amphioxeia cells were 
picked into 96-well tissue culture plates filled with 0.2 µm filtered 
seawater from the Mission Aransas Shipping Channel. Clonal isolates 
were established by serial dilution following initial isolation of T. am-
phioxeia. 

Stock cultures were maintained at 20 °C, 100 µmol quanta m − 2 

s − 1 at a 14: 10 h light: dark cycle under cool white fluorescence in L1 
medium (Guillard and Hargraves, 1993) prepared from 0.2 µm filtered 
seawater collected from the Flower Garden Banks National Marine 
Sanctuary (27.89°N, 93.81°W) in the Gulf of Mexico. Stock Dinophysis 
cultures were maintained at salinity 22 while stock Teleaulax and M. 
rubrum cultures were maintained at salinity 30. Light levels were de-
termined using a handheld QSL2101 radiometer (Biospherical Instru-
ments, Inc., San Diego, CA, USA). Cultures were transferred every two 
weeks into acid-washed 50 mL glass Kimax tubes filled with 40 mL of 
fresh L1 medium. Mesodinium rubrum and Dinophysis cultures were fed 
their respective prey item at a ratio of 1:10 predator:prey. Both species 
of Dinophysis were maintained on M. rubrum fed the Danish cryptophyte 
(K-0434). Prior to the experiments, cultures were acclimated stepwise 
to treatment conditions. Light levels were increased or decreased in 
50 µmol quanta m − 2 s − 1 increments every two days. Temperature 
was increased or decreased at 1 °C increments every 2 days. Salinity 
was altered by increments of two at normal transfer intervals. Upon 
reaching each set of experimental conditions cultures were acclimated 
for a period of two weeks prior to experimental initiation. 

2.2. Growth experiments 

Two geographically distinct species of Dinophysis, D. acuminata 
(DAVA01) and D. ovum (DoSS3195), one species of M. rubrum (MBL- 
DK2009), and two geographically distinct strains of T. amphioxeia (K- 
0434 from Denmark and GoMTA from the Gulf of Mexico) (Table 1) 
were grown at a range of temperature (12, 18, 24, 27 °C), salinity (22, 
26, 30, 34), and irradiance (50, 100, 200, 300, 400 µmol quanta m − 2 

s − 1) treatments to determine the growth response of each organism to 
variable environmental conditions. Treatments were chosen based on 
the observed daily decadal average temperature (13.5 - 30 °C) and 
salinity (28.7 – 37.5) ranges for the Mission Aransas Shipping Channel 
in Port Aransas, TX (Fig. 1, data from NOAA National Estuarine 
Research Reserve System (NERRS) station MARSCWQ) and temperature 
and salinity ranges observed by Harred and Campbell (2014) during 

blooms of Mesodinium and Dinophysis species in the Gulf of Mexico. 
Attempts were made to acclimate DAVA01, DoSS3195, and M. rubrum 
to 30 °C, but cultures did not survive and so these treatments were not 
included in this study. Dinophysis cultures could not be maintained at 
27 °C, either, so growth rates of DAVA01 and DoSS3195 were assumed 
to be zero at this temperature in statistical analyses. 

Growth experiments were conducted in a full-factorial design for the 
range of temperature, irradiance, and salinity conditions described, 
with the exception of irradiance for Dinophysis species. Irradiances 
above 100 µmol quanta m − 2 s − 1 were found not to further impact 
growth of either DAVA01 or DoSS3195, so additional experimental 
treatments at 200, 300, and 400 µmol quanta m − 2 s − 1 were dis-
continued for this genus. For M. rubrum and Dinophysis, experiments 
began with cell counts of parent cultures from which cell densities were 
calculated. Counts were performed by gently swirling cultures prior to 
taking 2 mL aliquots from parent cultures. Aliquots were subsequently 
fixed with a 5% Lugol's iodine solution (LabChem Inc., Zelienople, PA, 
USA) and used to fill Sedgewick-Rafter counting chambers. Cells were 
enumerated via light microscopy on an Olympus BX60 microscope 
(Olympus Corporation, Shinjuku City, Tokyo, Japan). One slide was 
counted per culture and a minimum of 200 cells were counted per slide. 
For Teleaulax, cell densities were determined with a TD 700 fluo-
rometer (Turner Designs, Inc., San Jose, CA, USA). Densities of cells 
were calibrated to fluorescence readings based on manual counts of a 
dilution series prepared from a parent Teleaulax culture. Independent 
calibrations were performed for both K-0434 and GoMTA strains. 

Once the cell densities of parent cultures were determined, cultures 
were transferred into fresh L1 media at desired inoculation densities, 
usually 300 cells mL−1 for Mesodinium and Dinophysis and 3000 cells 
mL−1 for Teleaulax. Both M. rubrum and Dinophysis were given prey at 
the predator:prey ratio described for stock cultures in Section 2.1. Over 
the course of the growth period, cultures were enumerated at intervals 
of between 1 and 4 days, depending upon the experimental treatment. 
Experiments were conducted between one and three weeks. Neither 
Mesodinium nor Dinophysis were diluted or provided additional prey 
during experiments. Mesodinium rubrum and Dinophysis were en-
umerated via light microscopy and Teleaulax via fluorometry over the 
course of the experiment. Once cultures were determined to be growing 
exponentially, growth rates (µ, d − 1) were calculated using the equa-
tion (Guillard, 1973): 

=
( )

µ
ln

t t

N
N

0

0

where N is the cell density of an experimental culture at time t, and N0 

is the initial cell density at the beginning of the exponential growth 
phase t0; t – t0 is the time elapsed between cell counts. t – t0 used in 
growth rate calculations spanned at least three data points during the 
exponential growth phase. Examples of growth curves for Dinophysis, 
Mesodinium, and Teleaulax, including selected points for growth rate 
calculations, are shown in Fig. 2. 

2.3. Toxin analysis 

Extracellular and intracellular toxins were extracted from cultures 
of DAVA01 and DoSS3195 during exponential growth under main-
tenance conditions: 15 °C, 100 µmol quanta m − 2 s − 1. Medium (3 mL) 
was separated from cells (6000) using centrifugation: 15 min at 3500 x 
g at 4 °C. The medium was immediately extracted for extracellular 
toxins and subjected to clean-up using solid phase extraction: HLB 3 cc, 
60 mg (Oasis, Waters Corp., Milford, MA, USA), using methods pre-
viously described in Smith et al. (2018). The original cell pellet was 
immediately bath sonified with 0.5 mL of 100% methanol for 15 min at 
25 Hz, and centrifuged for 15 min at 3500 x g. The supernatant was spin 
filtered (0.2-μm nanosep) for 30 s at 3500 x g, and the filtrate stored at 
−20 °C until analysis of intracellular toxins. 

Fig. 1. Daily decadal average temperature and salinity at 5 – 7 m in the Mission 
Aransas Shipping Channel in Port Aransas, TX. Shaded regions represent one 
standard deviation about the mean. Data downloaded from the National 
Estuarine Research Reserve System for the Mission Aransas Shipping Channel 
Water Quality Station (MARSCWQ). 
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Detection and quantification of toxins was conducted using ultra 
performance liquid chromatography (Acquity, Waters Corp., Milford, 
MA, USA) coupled to tandem mass spectrometry, UPLC-MS/MS (Xevo 
MS, Waters Corp., Milford, MA, USA) with a trapping dimension and at- 
column dilution (Onofrio et al., 2020). Reference standards were pur-
chased from National Research Council, Halifax, Canada: dinophysis-
toxin-1 (DTX1, CRM-DTX1-b), dinophysistoxin-2 (DTX2, CRM-DTX2-b), 
okadaic acid (OA, CRM-OA-d), pectenotoxin-2, (PTX2, CRM-PTX2-b). 
Quantification was done using MRM transitions: DTX1 m/z 
817.5>113.0; DTX2 m/z 803.5>255.5; OA m/z 803.5>255.5; PTX2 
m/z 876.6>841.5. The first three toxins were detected in ESI- mode, 
while PTX2 was run in ESI+. Cone voltage was 30 V, and collision 
energy was 30 eV for PTX2 and ranged from 60 to 70 eV, depending on 
the DSP toxin. Triple standard curves were run; curves ranged from 
0.5 µg/L to 50 µg/L using a 50-µL injection volume. 

2.4. Phylogeny and species identification 

DNA was extracted from Teleaulax and Dinophysis species following 
the cetyltrimethylammonium bromide extraction protocol (Rogers and 
Bendich, 1994). Cultures were pelleted prior to DNA extraction, and 
cells broken by centrifugation with glass beads. Cultures of Dinophysis 
were only pelleted once complete consumption of M. rubrum prey had 
been visually confirmed. The mitochondrial cox1 (primers: DinoCOX1F 
and DinoCOX1R from Lin et al., 2002) and cob (primers: Dinocob1F and 
Dinocob1R from Zhang et al., 2005) regions of Dinophysis DNA were 
amplified. For Teleaulax the LSU (D1/D2; primers: D1R and D2C from  
Scholin et al., 1994) and 18S (primers: 18SA and 18SB from  
Medlin et al., 1988) regions were amplified. All PCR reactions were 
performed in a 50 µL reaction containing ca. 10 ng of extracted genomic 
DNA, 0.5 µM primers and 1x GoTaq® Green Master Mix (Promega, 
Madison, WI, USA). Thermocycler parameters were set at initial dena-
turation 95 °C for 300 s, followed by 40 cycles of denaturation at 95 °C 
for 30 s, annealing at 54 °C for 60 s, extension at 72 °C for 90 s, with a 
final extension step of 15 min at 72 °C. All PCR were performed with a 
negative control. PCR-generated products were visualized on a 1.5% 
agarose gel under UV and purified using a Qiagen DNA Gel clean up kit 
(Qiagen, Hilden, Germany). PCR products were Sanger sequenced at the 
Institute for Plant Genomics and Biotechnology at Texas A&M Uni-
versity (498 Olsen Blvd, College Station, TX, USA). Forward and reverse 
sequences were combined into contigs and aligned using BioEdit v7.2 
(Hall, 1999). Any site showing an ambiguity in the forward and reverse 
sequences was recorded as such. Sequences were aligned in SeaView 
v4.6.1 (Gouy et al., 2010) using Clustal Omega (Sievers et al., 2011) 
with additional sequences downloaded from Genbank. 

Maximum likelihood (ML) trees were inferred using the RAxML tool 
as implemented in RAxMLGUI v2.0 beta (Silvestro and Michalak, 2012;  
Stamatakis, 2014; Edler et al., 2019) using a heuristic search (ten 

random additions of sequences run), rapid hill climbing mode (default), 
TBR branch swapping, and a GTRGAMMA base substitution model. 
Bootstrap values were obtained with 1000 bootstrap replicates and one 
random addition of sequences run per bootstrap replicate (thorough 
bootstrap analysis). Generated trees were visualized using MEGA X 
v10.0.5 (Kumar et al., 2018). Differences between sequences were 
calculated using MEGA X v10.0.5, as well (Tamura et al., 2013). Se-
quences generated in this study were submitted to GenBank under the 
accession numbers: MT299237: GoMTA 18S, MT299238: K-0434 18S, 
MT299239: GoMTA 28S, MT299240: K-0434 28S, MT309108: DAVA01 
cox1, MT309109: DoSS3195 cox1, MT309110: DoSS3195 cob, 
MT309111: DAVA01 cob. 

2.5. Statistical analyses 

Individual and interactive effects on growth with regard to tem-
perature, salinity, and irradiance were tested by three and four-way 
ANOVA. Four-way ANOVA was used when testing for differences be-
tween strains of Teleaulax and between species of Dinophysis. If sig-
nificant effects were found, differences in growth between individual 
treatments or between strains and species were tested for statistical 
significance by t-tests. Homogeneity of growth rate variance was de-
termined by Levene's test (Levene, 1960). When variances were un-
equal, Welch's t-test (Welch, 1947) was used instead of a standard t-test. 
A correction of p-values was performed according to the method de-
scribed by Benjamini and Hochberg (1995) to account for rare events 
due to the large number of treatments being compared. Data analysis, t- 
tests, and Levene's tests were performed in Python v3.5.5 (van Rossum 
and Drake, 2011) using the SciPy package v1.1.0 (Virtanen et al., 2020) 
and the Pandas package v0.23.4 (McKinney, 2010). ANOVA tests were 
performed in R v3.5.3 (R Core Team, 2019). To determine which factors 
most impacted growth rates of Teleaulax, Mesodinium, and Dinophysis, 
ω2 values (Olejnik and Algina, 2003) were calculated for each in-
dividual factor and combination of factors using the R package sjstats 
v0.17.9 (Lüdecke, 2020). 

3. Results 

Raw cell count data for all experiments are available in supple-
mentary materials (Supplementary Tables S1 – S8). A python script 
(GROWTH_CURVE_PLOTTER.py) to easily visualize growth curves is 
included, as well. 

3.1. Teleaulax 

A representative culture of T. amphioxeia (GoMTA, Table 1) was 
established from the Gulf of Mexico. The GoMTA strain of T. amphioxeia 
grew over the full range of experimental treatments (Fig. 3, Row A). 

Fig. 2. Growth curves for Dinophysis, Mesodinium, and Teleaulax. Red points were used for growth rate calculations. Black points were excluded from growth rate 
calculations. The dotted lines in the Dinophysis and Mesodinium panels represent prey abundance. 
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Fig. 3. Growth rates (d − 1) of Teleaulax (K-0434 and GoMTA), Mesodinium rubrum (MBL-DK2009), and Dinophysis (DAVA01 and DoSS3195) species. Growth rates (y 
axes) in each panel are plotted against temperature (x axes). Color represents irradiance (Black = 50, Blue = 100, Red = 200, Green = 300, Purple = 400 µmol 
quanta m − 2 s − 1). From left to right, columns represent salinity 22, 26, 30, and 34. Rows A, B, C, and D show growth rates of GoMTA, K-0434, M. rubrum, and both 
species of Dinophysis, respectively. 
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Maximum mean growth rate of GoMTA, 1.42 +/- 0.07 d − 1, was ob-
served at 24 °C, 400 µmol quanta m − 2 s − 1, salinity 30. Minimum 
growth, 0.17 +/- 0.01 d − 1, was observed at 12 °C, 50 µmol quanta 
m − 2 s − 1, salinity 22. Results of the three-way ANOVA showed a 
significant growth response to temperature, salinity, and irradiance 
independently, as well as interactions between variables (p < 0.0001; 
Supplementary Table S9). Temperature and irradiance accounted for 
the largest proportion of growth variance (ω2 = 0.48, 0.27 respec-
tively; Supplementary Table S9), together accounting for ~75% of 
growth rate variability. Growth rates of GoMTA increased with in-
creasing temperature and irradiance. Growth rates at the highest irra-
diance treatment (400 µmol quanta m − 2 s − 1) were often the highest 
observed for specific temperature and salinity treatments. GoMTA 
growth was minimally affected by salinity, but results suggest GoMTA is 
capable of higher maximum growth rates at salinities of 30 and above. 
At salinity 22, GoMTA was never observed to grow at a rate of 1.2 d − 1 

or above, which occurred at least once at salinities of 26 and above. 
The Danish strain of Teleaulax, K-0434 (Fig. 3, Row B), was also 

capable of growing well over the full range of treatments, showing si-
milar growth trends to those observed for GoMTA. K-0434 grew fastest 
at 27 °C, 400 µmol quanta m − 2 s − 1, and salinity 30 at 1.19 +/- 0.1 
d − 1 and grew slowest at 12 °C, 50 µmol quanta m − 2 s − 1, and salinity 
34 at a rate of 0.17 +/- 0.02 d − 1. Maximal growth fell within the 
temperature (23 – 29 °C) and salinity (30 – 34) range observed for 
blooms of Mesodinium, but outside the temperature (11 – 19 °C) range 
for observed Dinophysis blooms (Harred and Campbell, 2014). Growth 
rates increased between 12 and 24 °C, where growth began to plateau. 

Three-way ANOVA results showed significant effects on growth for 
salinity, temperature, and irradiance independently as well as sig-
nificant interacting effects between these three factors (p < 0.0001; 
Supplementary Table S9). Temperature and irradiance again accounted 
for the highest proportions of growth variability (ω2 = 0.32, 0.28 re-
spectively; Supplementary Table S9). Growth of K-0434 peaked at 
lower light levels when grown at lower salinity and temperature. At 
18 °C and below and salinity 22 and 26 (Fig. 3, Row B), maximum 
growth was achieved at 100 µmol quanta m − 2 s − 1. Above this ir-
radiance, growth did not increase except at temperatures above 18 °C, 
where maximum growth occurred at 200 µmol quanta m − 2 s − 1. At 
higher salinities (30 – 34), K-0434 achieved maximum growth between 
300 and 400 µmol quanta m − 2 s − 1. 

Results of four-way ANOVA indicated the two strains of T. am-
phioxeia responded differently to the range of conditions tested 
(p<0.0001; Supplementary Table S9). Again, temperature and irra-
diance accounted for the greatest percentage of variance in Teleaulax 
growth (ω2 = 0.38, 0.26 respectively; Supplementary Table S9). 
Overall, the effect of strain identity on T. amphioxeia growth was 
minimal (ω2 = 0.004 – 0.03, Supplementary Table S9), and the two 
strains of T. amphioxeia tested showed similar trends in growth with 
regard to temperature. Specifically, T. amphioxeia growth rates in-
creased with increasing temperature up to 24 °C. The GoMTA strain did 
not respond to irradiance at low salinities and temperatures in the same 
way as the K-0434 strain, that is, with suppression of or no increase in 
growth rate above 100 µmol quanta m − 2 s − 1. GoMTA growth rates 
increased up to at least 200 µmol quanta m − 2 s − 1 at low temperature 
and salinity before beginning to plateau. It is at low salinity and tem-
perature where growth of these two strains are most often significantly 
different (Supplementary Table S10). Additionally, K-0434 growth rates 
were saturated with respect to irradiance above 300 µmol quanta m − 2 

s − 1 while GoMTA, particularly at higher salinities and temperatures, 
often grew fastest at 400 µmol quanta m − 2 s − 1. 

3.2. Mesodinium 

Mesodinium rubrum grew at nearly every experimental treatment. At 
27 °C, 50 µmol quanta m − 2 s − 1, M. rubrum was overgrown by its 
prey, T. amphioxeia, and no stable culture could be maintained. Growth 

of M. rubrum (Fig. 3, Row C) was highest at 24 °C, 400 µmol quanta 
m − 2 s − 1, and salinity 34 at 0.8 +/- 0.1 d − 1. Slowest growth was 
observed at 12 °C, 100 µmol quanta m − 2 s − 1, and salinity 34 at 0.12 
+/- 0.02 d − 1. Growth rates of M. rubrum plateaued between 18 and 
24 °C, above which growth began to decline. At 27 °C, growth rates of 
M. rubrum fell sharply and the ciliate struggled to clear tubes of cryp-
tophyte prey. At 100 µmol quanta m − 2 s − 1, M. rubrum was over-
grown by T. amphioxeia during the growth experiment. No experiment 
could be run below 100 µmol quanta m − 2 s − 1 because stock cultures 
were continuously overgrown by T. amphioxeia. Results of three-way 
ANOVA show a significant (p < 0.01; Supplementary Table S9) growth 
response of M. rubrum to each of the factors tested, as well as significant 
interacting effects on growth between temperature, irradiance, and 
salinity. Temperature and irradiance accounted for the largest propor-
tion of variance of M. rubrum growth (ω2 = 0.26, 0.22 respectively; 
Supplementary Table S9). Though the impact of salinity on growth of 
M. rubrum was small (ω2 = 0.01, Supplementary Table S9), there is an 
apparent shift in the growth response of M. rubrum to temperature at 
different salinities. At low salinities (22 and 26), M. rubrum growth 
begins to plateau at ~18 °C. At salinity 34, growth rates increased 
steadily up to 24 °C before sharply falling at 27 °C. It is at salinity 34 
where the maximum growth rates were achieved, as well. 

3.3. Dinophysis 

The D. acuminata isolate DAVA01 grew at the full range of salinities 
(22 – 34), temperatures (12 – 24 °C), and irradiances (50 and 100 µmol 
quanta m − 2 s − 1) tested (Fig. 3, Row D). Experiments at irradiances 
above 100 µmol quanta m − 2 s − 1 were discontinued, because high 
light did not result in significantly different growth at 18 °C in early 
trials (p>0.05; Supplementary Figure S1). At 18 °C, 100 µmol quanta 
m − 2 s − 1, and salinity 22 mean growth rate of DAVA01 was 0.56 +/- 
0.15 d − 1. At the same salinity and temperature but 200 and 300 µmol 
quanta m − 2 s − 1, mean growth rate of DAVA01 was 0.54 +/- 0.1 
d − 1 and 0.45 +/- 0.15 d − 1, respectively. At 18 °C and salinity 34, 
acclimation to 400 µmol quanta m − 2 s − 1 did increase the mean 
growth rate of DAVA01 significantly (p<0.05; Supplementary Figure 
S1) relative to the observed mean growth rate at 100 µmol quanta m − 2 

s − 1, from 0.26 +/- 0.09 d − 1 to 0.42 +/- 0.04 d − 1. The increased 
growth rate observed was still less than those observed for the same 
temperature treatment at lower salinities and irradiance, however. 
Growth rate of DAVA01 was highest at 24 °C, 100 µmol quanta m − 2 

s − 1, and salinity 34 at a rate of 0.61 +/- 0.06 d − 1. Growth of 
DAVA01 was slowest at 18 °C, 50 µmol quanta m − 2 s − 1, and salinity 
34 at a rate of 0.11 +/- 0.05 d − 1. At salinity 22, DAVA01 growth was 
consistent between 12 and 24 °C and was fastest at 100 µmol quanta 
m − 2 s − 1 within this range of temperatures. Above 24 °C growth 
decreased, and DAVA01 cultures did not grow in attempts to acclimate 
to 27 °C. This trend of consistent growth rates between 12 and 24 °C 
was also apparent at salinities of 26 and 30, though growth rates ap-
peared to generally decrease with increasing salinity. At the highest 
salinity tested (34), there was a steep increase in growth at 24 °C at both 
100 and 50 µmol quanta m − 2 s − 1 before growth rate again fell at 
temperatures exceeding 24 °C. 

Results of three-way ANOVA for DAVA01 growth rates showed 
significant (p < 0.01; Supplementary Table S9) growth responses to 
salinity, temperature, and irradiance independently, as well as sig-
nificant interactions between temperature and irradiance, and tem-
perature, irradiance, and salinity. Interactive effects of salinity and ir-
radiance were not significant (p>0.05). Salinity, temperature, and 
irradiance accounted for comparable proportions of DAVA01 growth 
rate variance (ω2 = 0.24, 0.19, 0.21 respectively; Supplementary Table 
S9). 

A D. ovum isolate (DoSS3195, Table 1) was established successfully 
from the Gulf of Mexico. DoSS3195 (Fig. 3, Row D) was grown under 
similar treatments to DAVA01, and again high light treatments were 
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excluded. The single high-light treatment (18 °C, 400 µmol quanta 
m − 2 s − 1, salinity 34) produced a mean growth rate not statistically 
different (p>0.05; Supplementary Figure S2) from the mean growth 
rate observed at 100 µmol quanta m − 2 s − 1 for salinity 34 and 18 °C: 
0.33 +/- 0.08 d − 1 at 100 µmol quanta m − 2 s − 1 and 0.25 +/- 0.07 
d − 1 at 400 µmol m − 2 s − 1. Highest growth rate of DoSS3195 was 
observed at 24 °C, 50 µmol quanta m − 2 s − 1, and salinity 30 at 0.47 
+/- 0.08 d − 1. Slowest growth was observed at 12 °C, 50 µmol quanta 
m − 2 s − 1, salinity 34 at 0.11 +/- 0.002 d − 1. Optimal growth for 
DoSS3195 was observed at temperatures between 18 and 24 °C. Outside 
of this range, growth rates were suppressed and temperatures above 
24 °C resulted in mortality of DoSS3195. Generally, DoSS3195 grew 
maximally at 50 µmol quanta m − 2 s − 1. In most cases growth rates at 
higher irradiances (above 50 µmol quanta m − 2 s − 1) were not sig-
nificantly different than growth rates observed at 50 µmol quanta m − 2 

s − 1 (p>0.05; Supplementary Figure S2). 
Results of the three-way ANOVA for DoSS3195 showed significant 

(p < 0.05, Supplementary Table S9) responses of growth rate to salinity 
and temperature independently and to the interacting effects of salinity, 
temperature, and irradiance. The effect of irradiance alone on 
DoSS3195 growth was not significant (p>0.05, Supplementary Table 
S9). Temperature and temperature x irradiance interactions had the 
largest effect on DoSS3195 growth variability (ω2 = 0.47, 0.14 re-
spectively; Supplementary Table S9), with temperature alone ac-
counting for nearly half of the observed growth rate variability. 

Results of four-way ANOVA for Dinophysis species showed a sig-
nificant difference in growth response to experimental factors between 
species (p<0.0001, Supplementary Table S9). DoSS3195 growth rate 
was more sensitive to temperature than DAVA01. At 12 °C DoSS3195 
growth rate (~0.15 d − 1) was suppressed relative to growth between 
18 and 24 °C (~0.35 d − 1). In contrast, DAVA01 mean growth rates did 
not change significantly between 12 and 18 °C (Supplementary Figure 
S1) and were significantly (p<0.05) greater than DoSS3195 growth 
rates at 50 and 100 µmol quanta m − 2 s − 1 when grown at salinity 22 
and 26 (Supplementary Table S10). Both species shared a sensitivity to 
temperatures above 24 °C. Growth rates of DAVA01 and DoSS3195 fell 
rapidly above 24 °C and neither could be maintained at 27 °C. 
DoSS3195 also exhibited a steep increase in growth rate at 24 °C, 
salinity 30 similar to the growth rate spike observed for DAVA01 at 
24 °C and salinity 34. This spike only occurred at 50 µmol quanta m − 2 

s − 1 for DoSS3195, while it occurred at both 50 and 100 µmol quanta 
m − 2 s − 1 for DAVA01. As with DAVA01, this peak represented the 
maximum growth rate of DoSS3195. Consistent growth was observed 
between 18 and 24 °C and salinity 22 and 26 for both isolates. 

3.4. Toxin profiles 

A disparity in toxin profile between DAVA01 and DoSS3195 was 
observed, with the D. acuminata isolate DAVA01 containing in-
tracellular OA, DTX1, and PTX2 (Fig. 4). Dinophysis ovum (DoSS3195), 
however, only contained intracellular OA at detectable levels. A simpler 
profile was observed in the extracellular fraction of the DAVA01 isolate, 
with only the most abundant toxin, PTX2, detected in the medium. The 
extracellular profile for the DoSS3195 isolate matched the intracellular 
profile, with only OA detected (Table 2). Once values were standar-
dized through conversion to the amount of toxin per cell, it was ap-
parent that levels in the medium (extracellular) were lower than those 
detected in the cells (intracellular) at the point of harvesting, i.e., ex-
ponential growth (Table 2). By comparing between species, DoSS3195 
contained almost two orders of magnitude more intracellular OA per 
cell (62.3 pg/cell) than DAVA01 (0.7 pg/cell). This pattern held even 
when OA and DTX1 values were summed to represent total intracellular 
DSP toxin content in DAVA01 (0.8 pg/cell). The DSP toxin DTX2 was 
not detected in either culture. 

3.5. Phylogenies 

Phylogenies inferred from the ML analysis of cob and cox1 genes for 
Dinophysis isolates showed that all Dinophysis species are monophyletic, 
grouped into a common clade with high bootstrap support 
(Supplementary Figure S3). Based on the ML analysis using the cob 
gene, the two new isolates of D. acuminata (DAVA01) and D. ovum 
(DoSS3195) resolved in a single clade with other species of Dinophysis 
(Supplementary Figure S3A). Three clades of Dinophysis were resolved 
in phylogenies inferred from the cox1 gene (Supplementary Figure 
S3B). Dinophysis acuta formed a single clade with 81% support. Of the 
other two sister clades, one clade contained cox1 sequences from 
Dinophysis tripos and Dinophysis miles (61%) and the other clade (64%) 
contained Dinophysis species belonging to the D. acuminata species 
complex (D. acuminata, Dinophysis sacculus, D. ovum). DAVA01 and 
DoSS31195 cox1 sequences fell within the D. acuminata complex. In 
both trees, ramification was apparent in the D. acuminata complex and 
ingroups formed clades with weak bootstrap support (64% in both 
phylogenies). 

Phylogenetic trees inferred from ML analysis of cryptophyte 18S 
sequences grouped GoMTA and K-0434 with other sequences of T. 
amphioxeia (Supplementary Figure S4). The 18S sequences for K-0434 
were nearly identical to other representative sequences of T. amphioxeia 
(Supplementary Figure S4A). Estimated distances between the GoMTA 
18S sequence and other T. amphioxeia 18S sequences were between 
0.003 and 0.0037, corresponding to a 5–6 nucleotide difference in a 
~1630 base pair alignment. Distances between K-0434 18S sequences 
and other T. amphioxeia 18S sequences, excluding GoMTA, were 

Fig. 4. Chromatograms for intracellular OA, DTX1, and PTX2 in Dinophysis spp. 
isolates DAVA01 (A) and DoSS3195 (B) using LC-MS/MS. 
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between 0.00 and 0.0006, corresponding to 0–1 differences in nucleo-
tides in a ~1630 nucleotide alignment. LSU sequences of GoMTA and 
K-0434 also formed a clade with a third T. amphioxeia LSU sequence 
from Genbank (Supplementary Figure S4B). 

4. Discussion 

4.1. Physiological response to temperature, salinity, and irradiance 

The primary factors influencing T. amphioxeia growth were irra-
diance and temperature, consistent with a primarily phototrophic life-
style. The cryptophyte T. amphioxeia has recently been shown to be 
capable of feeding on the cyanobacterium Synechococcus and hetero-
trophic bacteria, though predation accounts for only 6–7% of total T. 
amphioxeia cellular carbon (Yoo et al., 2017). Teleaulax amphioxeia is, 
therefore, primarily photosynthetic. Cultures used in these experiments 
were non-axenic, so T. amphioxeia would have been able to consume 
bacteria present in culture medium. Observed growth rates were pos-
sibly a better representation of in-situ growth rates than axenic cultures 
would have been. The small amount of carbon that may have been 
attained by T. amphioxeia from predation on bacteria was likely sup-
plemental and did not offset any decreases in photosynthetic efficiency 
resulting from unfavorable temperature or irradiance, as indicated by 
the relationship between T. amphioxeia growth rate and temperature 
and irradiance. Future experiments investigating the importance of 
grazing with regard to T. amphioxeia growth will be informative from a 
physiological and ecological perspective. 

Both strains of the cryptophyte T. amphioxeia were capable of sus-
taining growth over a wide range of temperature, salinity, and irra-
diance conditions, and both revealed maximum growth rates at similar 
ranges of temperature and salinity (24 °C, salinity 30 – 34). However, 
the response to irradiance of these two cryptophyte strains differed at 
the lower salinities (22 – 26) and temperatures (12 – 18 °C) tested. 
Beyond suppressed growth rates at lower temperatures, K-0434 growth 
plateaued at lower irradiance than GoMTA at the same temperature 
treatments. Maximum growth rates were achieved at 100 µmol quanta 
m − 2 s − 1 for K-0434 at 12 and 18 °C, and at irradiances above 
100 µmol quanta m − 2 s − 1 at warmer temperatures. GoMTA growth 
was maximal at 200 – 400 μmol quanta m − 2 s − 1 at 12 and 18 °C. 
Temperature is known to induce photoacclimation in algae 
(Maxwell et al., 1994). The strain K-0434, which was isolated from 
higher latitude waters, may be less able to cope with high irradiance at 
lower temperatures than the GoMTA strain, which was isolated from a 
subtropical region receiving greater insolation. At lower temperature, 
K-0434 photosystems may be damaged by irradiances above 100 µmol 
quanta m − 2 s − 1. 

Previous studies have shown both M. rubrum and Dinophysis species, 
though capable of surviving for days to weeks without prey, must consume 
prey for long-term survival (Park et al., 2006; Smith and Hansen, 2007). 
Dinophysis acuminata can consume between 3 and 9 M. rubrum per day, 
accounting for up to 90% of gross carbon intake (Kim et al., 2008;  
Riisgaard and Hansen, 2009). Mesodinium rubrum can consume up to 6 T. 
amphioxeia per day, accounting for up to 22% of gross carbon uptake, but 

can maintain maximum growth rates on ~1 T. amphioxeia per M. rubrum 
d − 1 (Smith and Hansen, 2007). Dinophysis and M. rubrum were both fed 
at a predator: prey ratio of 1:10 in this study which, coupled with carbon 
uptake through photosynthesis and growth in nutrient-replete media, 
should have provided ample nutrients and prey to sustain maximum 
growth rates for the duration of experiments (1–3 weeks). Growth of T. 
amphioxeia, having been maintained in nutrient-replete L1 media, should 
not have been limited by nutrient availability, either. 

The growth response of M. rubrum to temperature and salinity was 
generally similar to that of the two strains of T. amphioxeia. This is not 
surprising, given M. rubrum sequesters prey chloroplasts and nuclei and 
is primarily photoautotrophic (Smith and Hansen, 2007). In most 
treatments M. rubrum was able to clear or control prey abundance by 
the end of the experiment. When grown at 27 °C, M. rubrum failed to 
eliminate or control T. amphioxeia growth. At 27 °C and 50 μmol quanta 
m − 2 s − 1 growth rates could not be obtained for M. rubrum because of 
mortality. Mesodinium rubrum is sensitive to pH above 8.8 (Hansen and 
Fenchel, 2006; Park et al., 2006). Though the pH of culture media was 
not measured during these experiments, it is possible T. amphioxeia 
outgrew the grazing pressure of M. rubrum at these conditions, altering 
the pH of the media and leading to mortality of M. rubrum. Although pH 
may have been the ultimate cause of M. rubrum mortality, suppressed 
growth and grazing rates of M. rubrum due to the conditions at which 
they were grown allowed T. amphioxeia to proliferate and change the 
pH of the media. At 27 °C and irradiance treatments above 50 μmol 
quanta m − 2 s − 1, M. rubrum survived for the duration of the ex-
periment. At 27 °C, M. rubrum clearly begins to struggle, while T. am-
phioxeia appears to be capable of growing well at this temperature. 

The physiological relationship between M. rubrum and its seques-
tered organelles may be the cause of this sensitivity to warm tem-
perature. In addition to kleptochloroplasts, M. rubrum cells contain a 
single large central prey nucleus and several smaller nuclei which M. 
rubrum uses to control sequestered chloroplasts (Johnson et al., 2007). 
The smaller nuclei are distributed around the periphery of the cell, and 
are passed to new cells during cell division, where they enlarge and 
become central nuclei in daughter cells (Kim et al., 2017). These nuclei 
are transcriptionally active, and many genes relating to chlorophyll 
synthesis, light and dark reactions, and DNA methylation are up-regu-
lated relative to T. amphioxeia (Kim et al., 2016). This alteration of gene 
expression and function, coupled with the fact that a few nuclei may be 
supporting as many as 20 kleptochloroplasts (Kim et al., 2017), may 
explain the sensitivity to high temperature observed in M. rubrum. As 
temperatures rise, M. rubrum may be unable to maintain klepto-
chloroplasts. Whether different prey items may be more tolerant to 
higher temperatures is unknown. 

The two geographically distinct species of Dinophysis used in these 
experiments, D. acuminata (DAVA01) from Chesapeake Bay and D. ovum 
(DoSS3195) from Surfside Beach, TX, are generally similar with regard 
to growth rates across the range of salinities, temperatures, and irra-
diances tested. DAVA01 does, however, grow at a consistently higher 
rate than DoSS3195 at 100 µmol quanta m − 2 s − 1 and 12 °C. At this 
temperature growth of DoSS3195 decreases relative to growth rates at 
18 °C while growth of DAVA01 is more stable. The results of t-tests with 

Table 2 
Cellular content (toxin/cell) and concentrations (toxin/mL) of DTX1, OA, and PTX2 in the methanolic extract from the intracellular and extracellular fractions of the 
DoSS3195 and DAVA01 cultures during exponential growth.Dinophysis ovum (DoSS3195) and D. acuminata (DAVA01) DTX2 was also analyzed, but was not detected 
in the monocultures.            

Isolate OA DTX1 PTX2 
Intra Extra Intra Extra Intra Extra 
Content (pg/cell) Content (pg/cell) Conc. (ng/ 

mL) 
Content (pg/cell) Content (pg/cell) Conc. (ng/ 

mL) 
Content (pg/cell) Content (pg/cell) Conc. (ng/mL)  

DoSS3195 62.3 4.1 1.0 – – – – – – 
DAVA01 0.7 – – 0.1 – – 54.8 2.4 1.4 

Conc. = concentration, Intra = intracellular, Extra = extracellular, “—” = non-detect and/or below detection limit.  
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Benjamini-Hochberg corrected p-values show most significantly dif-
ferent growth rates between these species occurred at 12 °C 
(Supplementary Table 2). These differences may be explained by 
adaptation of geographically distinct species to conditions character-
istic of their region. DAVA01, being a temperate species, is likely more 
capable of maintaining growth at low temperatures in comparison with 
the subtropical DoSS3195. 

Suitability of prey may also influence the growth response of 
Dinophysis. Both Dinophysis strains were fed the Danish T. amphioxeia 
and a Danish strain of M. rubrum to isolate the growth response to 
environmental factors alone. It may be the case that these foreign prey 
organisms were functional but not ideal for either the subtropical D. 
ovum or the temperate D. acuminata. Dinophysis and Mesodinium are 
capable of limited control over their kleptochloroplasts (Moeller et al., 
2011; Hansen et al., 2016; Rusterholz et al., 2017). The ability of Di-
nophysis and Mesodinium to photosynthesize and control their klepto-
chloroplasts may depend upon their source. Mesodinium rubrum can 
swap chloroplasts depending on available prey, and growth rates are 
not constant for all species of cryptophyte (Park et al., 2007;  
Myung et al., 2011). Variable growth responses have been observed in 
Mesodinium and Dinophysis when fed geographically distinct crypto-
phyte isolates (Hernández-Urcera et al., 2018). The differential growth 
response of the Dinophysis species used in these experiments may be due 
to their individual affinity for the specific cryptophyte prey provided. 
Additional experiments regarding the prey selectivity and suitability of 
Dinophysis, Mesodinium, and Teleaulax species are needed to address this 
question. 

The exact mechanism of control of acquired chloroplasts by 
Dinophysis may cause differences in the growth response to temperature 
and irradiance. In M. rubrum, the chloroplasts of cryptophytes are se-
questered along with other organelles, including the cryptophyte nu-
cleus which helps control and maintain kleptochloroplasts. Unlike M. 
rubrum, Dinophysis digests all of the material from its prey and retains 
only the chloroplasts (Park et al., 2008; Kim et al., 2012). Dinophysis is 
capable of some control over its captured chloroplasts, including divi-
sion of kleptochloroplasts, without retaining nuclei from prey 
(Rusterholz et al., 2017). They may therefore be less able to regulate 
their kleptochloroplasts, resulting in sensitivity to high or low tem-
perature and damaging irradiance. Degradation of kleptochloroplasts in 
Dinophysis cells is correlated with light intensity (Rusterholz et al., 
2017). In these experiments both Dinophysis species achieved maximum 
growth at around 100 μmol quanta m − 2 s − 1 in most treatments. This 
plateau may have been due to degradation of kleptochloroplasts at ir-
radiances above 100 μmol quanta m − 2 s − 1. The ability of Dinophysis 
to heavily supplement its carbon and nutrient intake with heterotrophy 
may balance their inability to maintain kleptochloroplasts as well as M. 
rubrum. 

Both DAVA01 and DoSS3195 exhibited spikes in growth rates at the 
two higher salinities tested (30 for DoSS3195 and 34 for DAVA01) 
when grown at 24 °C. Growth rates of M. rubrum and both strains of T. 
amphioxeia were highest at this temperature or beginning to plateau. In 
these experiments Dinophysis were fed prey which had been acclimated 
to the experimental treatment conditions at which Dinophysis were 
being tested. At these conditions, Dinophysis may capture optimal 
chloroplasts which are either photosynthesizing most efficiently or 
providing Dinophysis with an abundance of an essential growth factor. It 
has been shown that Dinophysis growth is related to the physiological 
state of M. rubrum (Riisgaard and Hansen, 2009). If, at these conditions, 
Dinophysis are consuming ideal prey their growth rates may be en-
hanced. Otherwise, the trend in growth rate of both species of Dino-
physis is generally negative with increasing salinity. 

4.2. Ecological implications for bloom initiation in the Gulf of Mexico 

The strong response and tolerance of T. amphioxeia growth to warm 
temperatures suggest abundances may be seasonal, but they should be 

capable of surviving throughout the year. Given the low threshold of 
ingestion required for M. rubrum to maintain maximum growth and the 
ability of T. amphioxeia to grow reliably across the range of conditions 
tested, M. rubrum should have prey available throughout the year 
especially if they can consume a variety of other cryptophytes. In fact, 
both these taxa have been observed year-round in the Gulf of Mexico by 
the Texas Observatory for Algal Succession Time Series (toast.ta-
mu.edu/IFCB7). 

The ciliate M. rubrum is known to form seasonal blooms around the 
world. In the Gulf of Mexico, these blooms usually occur between 
September and February (Harred and Campbell, 2014). In Chesapeake 
Bay, M. rubrum blooms occur in the Spring and Fall, as well, and are 
often associated with specific temperature and salinity ranges 
(Johnson et al., 2013). In these experiments M. rubrum grew fastest at 
18 – 24 °C and salinity 30 – 34, with differences in growth primarily 
driven by temperature and irradiance. The ranges observed for maximal 
growth of M. rubrum in these experiments overlap well with the range 
of temperature and salinity observed for M. rubrum bloom onset in the 
Gulf of Mexico (23 – 29 °C, salinity 30 – 34, Harred and 
Campbell, 2014). The significant decreases in growth rates observed 
above 24 °C suggests a strong sensitivity of M. rubrum growth to warm 
temperatures. This sensitivity to warm temperatures can explain the 
timing of blooms of M. rubrum and their relative absence in summer 
months when coastal waters in the Gulf of Mexico approach 30 °C 
(Fig. 1). During the period between September and January, water 
temperatures in the Gulf of Mexico (Fig. 1) fall into the range within 
which blooms of M. rubrum have been observed (Harred and 
Campbell, 2014). 

The timing of blooms of both predator and prey may be linked. 
Mesodinium species and Teleaulax are known to co-occur prior to 
blooms of Mesodinium (Peterson et al., 2013; Herfort et al., 2017), and 
Dinophysis blooms are often preceded by high abundances of Mesodi-
nium, including in the Gulf of Mexico (Campbell et al., 2010; Diaz et al., 
2013; Harred and Campbell, 2014; Velo-Suárez et al., 2014;  
Moita et al., 2016). In these experiments, maximal growth of both 
strains of Teleaulax fell within the range reported for M. rubrum blooms 
in the Gulf of Mexico (23 – 29 °C, salinity 30 – 34, Harred and 
Campbell, 2014). Blooms of M. rubrum in the Gulf of Mexico may be the 
result of ideal growth conditions between September and January and 
an abundance of rapidly growing prey. Both Dinophysis and Mesodinium 
grow well between 18 and 24 °C, suggesting an overlap of predator and 
prey is possible, as well. 

The relationship between Dinophysis and its prey is complicated. 
Currently, successful cultures have only been established using M. ru-
brum and cryptophytes belonging to the Teleaulax / Plagioselmis / 
Geminigera clade. It is still unknown to what extent Dinophysis may 
utilize different types of plastids or prey upon different ciliates. There 
are several species of M. rubrum which may or may not be suitable prey 
for Dinophysis (Garcia-Cuetos et al., 2012). Evidence of plastids other 
than Teleaulax, including haptophyte, raphidophyte, and chlorophyte 
plastids, have also been found in Dinophysis cells (Qiu et al., 2011;  
Kim et al., 2012; Stern et al., 2014). Dinophysis may be capable of 
consuming other organisms, with implications for growth and bloom 
formation if different prey are more or less favorable for Dinophysis 
growth. The strongest relationship between Dinophysis blooms and prey 
still appears to be with the ciliate M. rubrum and its cryptophyte prey. 

The results of these experiments show that DoSS3195 growth is 
most sensitive to temperature variability and grows best at low salinity 
(22) and moderate temperature (18 – 24 °C). In comparison, tempera-
ture, salinity, and irradiance all affect DAVA01 growth to a similar 
degree (Supplementary Table 1). Harred and Campbell (2014) reported 
the temperature and salinity range within which Dinophysis blooms 
occurred to be 11 – 19 °C and salinity 28 – 33. The actual temperature 
range may be slightly higher, at 18 – 24 °C. In fact, growth of the D. 
ovum isolate was suppressed at temperatures below 18 °C. Above 24 °C, 
both species struggled to survive. 
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Sensitivity to warm waters may explain why D. ovum blooms do not 
typically occur in the fall despite the propensity for blooms of M. ru-
brum to occur during the period of cooling surface waters between 
September and January in the Gulf of Mexico (Fig. 1). High summer 
temperatures in the Gulf of Mexico may cause mortality of any D. ovum 
cells in surface waters, and populations may retreat to deeper, cooler 
waters on the outer Texas-Louisiana shelf, residing near fronts 
(Pitcher et al., 1998), the pycnocline (Moita et al., 2006; Velo- 
Suárez et al., 2008), or retentive structures like eddies (Xie et al., 2007). 
Currents along the Texas coast during summer are generally north-
eastward, promoting upwelling and offshore Ekman transport, as well 
(Cochrane and Kelly, 1986). Though temperatures may fall within the 
optimal range for D. ovum growth during the transition from summer to 
winter, and a return to downcoast currents promotes onshore transport 
(Cochrane and Kelly, 1986), weakening of stratification and mixing as 
surface waters cool may disperse D. ovum cells and prevent population 
growth. However, these offshore holoplanktonic populations of D. ovum 
may still serve as an inoculum for the observed seasonal spring blooms 
along the Texas coast (Smayda and Trainer, 2010). The source of D. 
ovum inoculum populations in the Gulf of Mexico is currently unknown 
and should be investigated further to improve bloom forecasting. 

The salinity range during Dinophysis blooms in the Gulf of Mexico 
was reported to be between 28 and 33 (Harred and Campbell, 2014). 
The actual range of optimal salinities, according to the results of the 
growth experiments described herein, is likely lower, between 22 and 
26 salinity. Salinity may be far less important in the development of 
blooms than temperature based on ANOVA results, although the tem-
perate DAVA01 showed greater sensitivity to differences in salinity 
than DoSS3195. Mean salinity at 5 – 7 m in the Mission Aransas 
Shipping Channel falls within a stable range (~30 – 34, Fig. 1) 
throughout the year, though variance of salinity data suggests salinities 
below 30 are not uncommon. The narrow salinity range observed at the 
Mission Aransas Shipping Channel suggests temperature is the primary 
factor controlling Dinophysis blooms in the Gulf of Mexico. 

The results of these growth experiments suggest a potential series of 
seasonal events that could lead to blooms of D. ovum in the Gulf of 
Mexico. In the summer, warm temperatures cause mortality of D. ovum 
in surface waters. Upwelling and offshore Ekman transport, combined 
with mortality due to warm surface waters, may restrict populations of 
D. ovum to offshore fronts and retentive structures. Teleaulax amphioxeia 
and M. rubrum can survive the summer in surface waters, however. 
During the fall and winter, as surface waters cool, M. rubrum consumes 
T. amphioxeia and blooms. Dinophysis ovum may graze on healthy M. 
rubrum populations, gathering kleptochloroplasts and dividing, but 
mixing and breakdown of water column stratification dilutes cells faster 
than the rate of population increase, especially if temperatures drop 
below 18 °C which may suppress D. ovum growth rates. In spring 
(January – May), as surface waters warm and stratify, D. ovum popu-
lations may again gather at the pycnocline. Crucially, as temperatures 
enter the ideal range for growth and if D. ovum encounter sufficient 
prey and optimal salinity conditions populations may grow rapidly, 
increasing the probability of a bloom occurring. Downwelling-favorable 
currents (Cochrane and Kelly, 1986) and tidal activity may transport 
these populations into coastal bays. The culturing experiments herein 
demonstrate that while physical processes may deliver populations of 
D. ovum to the Texas coast, the intensity of D. ovum blooms may be 
highly dependent upon favorable growth conditions. 

4.3. Phylogenies and toxin profiles 

The two Dinophysis species in this study were distinct in their toxin 
profiles. Differences were clear regarding the intracellular toxin com-
position, with D. acuminata containing OA, DTX1, and PTX2 and D. 
ovum only containing OA. This finding agreed with previous studies 
involving field populations of Dinophysis (Deeds et al., 2010;  
Wolny et al., 2020) and other laboratory strains of these two species 

(Fux et al., 2011; Smith et al., 2018). Additionally, D. ovum may pose 
more of a threat to seafood safety because a single cell contained almost 
two orders of magnitude more DSP toxin than D. acuminata when grown 
under the same conditions. 

Toxin variability among Dinophysis species is extensive 
(Reguera et al., 2014 and references therein). The DAVA01 isolate of D. 
acuminata used in this study has a toxin profile like other isolates of the 
same species from the northeastern United States and similar to the 
toxin profile of D. sacculus isolated from Spanish waters (Riobó et al., 
2013). The DoSS3195 isolate of D. ovum has a toxin profile unique 
among North American populations of Dinophysis. DoSS3195 produced 
only OA at detectable levels, while toxin profiles of Dinophysis from the 
mid-Atlantic region of the United States are characterized by PTX2, OA 
and DTX1 (Wolny et al., 2020) and west coast Dinophysis species may 
produce OA, DTX1, DTX2, and PTX2 based on studies of toxin con-
centrations in shellfish tissue (Trainer et al., 2013; Shultz et al., 2019). 
The toxin profile of DoSS3195 was consistent with toxin analyses per-
formed during the 2008 bloom of D. ovum in Texas, in which only OA 
was found in oyster tissue and seawater (Deeds et al., 2010). Additional 
experiments investigating the production and role of toxins by regional 
isolates of Dinophysis are necessary to reveal drivers of toxin variability. 

Although these Dinophysis species are physiologically remarkably 
distinct based on their toxin profiles, they were not distinguishable ge-
netically using the ITS, LSU, cox1, and cob genes tested here or in recent 
studies (Raho et al., 2013; Park et al., 2020; Wolny et al., 2020). The cob 
and cox1 genes used in this study resulted in a similar grouping of several 
Dinophysis species within the D. acuminata complex. While cob has been 
determined to be useful for inferring dinoflagellate phylogeny 
(Zhang et al., 2005), its utility is limited for Dinophysis species due to the 
few sequences currently available. The phylogenetic relationship of spe-
cies within the D. acuminata complex is consistent for DAVA01 and 
DoSS3195. Recent morphological studies came to conflicting conclusions 
regarding whether D. acuminata and D. ovum can be distinguished by 
physical characteristics (Park et al., 2020; Wolny et al., 2020). Conflicting 
conclusions over the taxonomy of D. acuminata and D. ovum emphasizes 
the need for a reliable molecular marker to identify Dinophysis species. 

5. Conclusions 

In this study the results of extensive experiments designed to test the 
growth response of two geographically distinct isolates of Dinophysis, 
one isolate of Mesodinium, and two isolates of T. amphioxeia to a range 
of temperature, salinity, and irradiance treatments were presented. 
Optimal conditions for growth of Teleaulax and Mesodinium were found 
to be 24 °C, 300 – 400 µmol quanta m − 2 s − 1, and salinities above 30. 
Dinophysis isolates grew best at moderate temperatures (18 – 24 °C) and 
lower salinities (22 – 26), with distinct spikes in growth rate at 24 °C 
associated with specific salinities. The two Dinophysis isolates re-
sponded differently to the factors tested; temperature most impacted D. 
ovum growth while the effects of temperature, irradiance, and salinity 
on the growth of D. acuminata were comparable. Temperatures above 
24 °C suppressed growth rates or were fatal for Mesodinium and 
Dinophysis. In the Gulf of Mexico, D. ovum growth is likely enhanced by 
warming temperatures during the shift in seasons from winter to spring 
and further elevated if salinity falls within a narrow range, with im-
plications for bloom intensity. In addition to differences in growth, the 
toxin profiles of D. acuminata and D. ovum are markedly different. While 
D. acuminata and D. ovum may be distinguished physiologically, com-
monly used genes are insufficient to differentiate species within the D. 
acuminata species complex. 
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