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INTRODUCTION

Several species within the dinoflagellate genus Dino-
physis are the cause of bivalve contamination with tox-
ins causing diarrhetic shellfish poisoning (DSP) and
with lipophilic toxins (Hallegraeff & Lucas 1988, Halle-
graeff 1993, Quilliam et al. 1993); this results in serious
economic losses to shellfish culture industries world-
wide (Yasumoto et al. 1985, Della Loggia et al. 1993).

The population dynamics of the causative species
and their cellular toxin content are important factors in

the nature and magnitude of bivalve contamination.
Information on abundance, seasonal distribution, and
toxicity of several Prorocentrum species (potential DSP
toxin producers) has been reported (Ten-Hage et al.
2000, Foden et al. 2005, Cruz et al. 2006, Maranda et
al. 2007a,b). In addition, field observations on the pop-
ulation dynamics of Dinophysis species have been car-
ried out in various areas (Koike et al. 2001, Nishitani et
al. 2002, 2005, Lindahl et al. 2007).

The toxin content of Dinophysis acuta and D. acumi-
nata in natural populations varies spatially and tempo-
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ABSTRACT: We cultivated Dinophysis acuminata, a mixotrophic dinoflagellate causing diarrhetic
shellfish poisoning worldwide, at different temperatures by providing a mixotrophic ciliate Myri-
onecta rubra as a food source. We examined the effects of temperature on growth rates and moni-
tored production of the toxins okadaic acid (OA), dinophysistoxin-1 (DTX1), and pectenotoxin-2
(PTX2) using liquid chromatography-tandem mass spectrometry. Cell densities of D. acuminata
increased at temperatures of 10, 14, 18, and 22°C, and the mean specific growth rates during the
exponential growth phase were higher at higher temperatures (0.14 to 0.28 d–1). The concentration of
all toxins increased as cell densities increased. The mean cellular PTX2 content during the exponen-
tial growth phase was greater at lower temperatures, but clear differences in the other toxin concen-
trations in relation to temperature were not observed. The cellular content of OA and DTX1 signifi-
cantly increased during the exponential growth phase at all temperatures except at 10°C for OA,
whereas that of PTX2 did not significantly increase at temperatures greater than 10°C. Cellular toxin
production rates temporarily increased at or just before the end of the exponential growth phase at
14, 18, and 22°C, and the mean rates for OA production over the entire incubation period were higher
at higher temperatures. Our results indicate that increasing temperature generally stimulates toxin
production in D. acuminata populations due to an increase in cell density, but cellular content and
production rates of OA and PTX2 in response to temperature differ and are influenced by growth
phase.
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rally (MacKenzie et al. 2005, Lindahl et al. 2007). The
toxin content of Dinophysis spp. can change markedly
over an investigation period (Suzuki et al. 1997, Miya-
zono et al. 2008), and nontoxic D. acuminata has been
observed (Hoshiai et al. 1997). Little is known, how-
ever, about the cellular dynamics of Dinophysis toxin
production, and factors influencing toxin variations
have not been examined due to the inability to culture
Dinophysis spp.

Since the first successful cultivation of Dinophysis
acuminata by Park et al. (2006), physiological charac-
teristics of other Dinophysis species from laboratory
culture experiments have been reported (Kim et al.
2008, Nagai et al. 2008, Nishitani et al. 2008a,b, Riis-
gaard & Hansen 2009). As a result, potential growth
rates of D. acuminata, D. caudata, D. infundibulus, and
D. fortii have been clarified, and the effects of prey
concentration and light condition on the growth of D.
acuminata have been demonstrated (Kim et al. 2008,
Riisgaard & Hansen 2009), although other environ-
mental factors influencing the growth of Dinophysis
species have not been identified. Furthermore, toxin
production by D. acuminata has been confirmed in lab-
oratory experiments (Hackett et al. 2009, Kamiyama &
Suzuki 2009), indicating a need to examine the effects
of environmental factors on toxin production in order
to clarify the dynamics of DSP and lipophilic toxins
within marine ecosystems.

Temperature may be one of the more important envi-
ronmental factors influencing population dynamics
and cell toxin content of Dinophysis species because
growth rates of plankton generally increase with
increasing temperature within a certain range. This
leads us to assume that the production of cellular DSP
and lipophilic toxins by Dinophysis species also de-
pends on environmental temperature.

Our present study was conducted to clarify the
effects of temperature on the production of the main
toxins causing DSP (okadaic acid [OA] and dinophysis-
toxin-1 [DTX1]) and a lipophilic toxin (pectenotoxin-2
[PTX2]), as well as on the growth rates of Dinophysis
acuminata in culture experiments.

MATERIALS AND METHODS

Isolation of clonal strains. The marine ciliate Myri-
onecta rubra and the cryptophyte Teleaulax amphiox-
eia were isolated from Inokushi Bay, Oita Prefecture,
Japan (32° 47’ N, 131° 53’ E) at the end of February
2007 (Nishitani et al. 2008a). The M. rubra culture was
maintained by mixing 0.7 ml of the culture (5.0 to 7.0 ×
103 cells) with 2.3 ml of a modified f/2 medium and 10
to 15 µl of T. amphioxeia culture (containing 0.5 to 1.0
× 102 cells) as food source into each well of 12-well

microplates (Iwaki). This culture medium was made up
with 1/3 nitrate, phosphate, and metals and 1/10 vita-
mins of the f/2 medium (Guillard 1975, Nagai et al.
2004) based on the enrichment of Japanese coastal
seawater (salinity adjusted to 30). A part of the ciliate
culture was transferred into fresh culture medium con-
taining the food source once a week, and the culture
were maintained at a temperature of 18°C under an
irradiance of 100 to 150 µmol photons m–2 s–1 provided
by cool-white fluorescent lamps with a 12 h light:12 h
dark cycle. The T. amphioxeia culture was also main-
tained in the modified f/2 medium in a 24-well micro-
plate (Iwaki) under the same conditions as M. rubra
(Nagai et al. 2008).

Dinophysis acuminata cells were isolated by
micropipetting from a seawater sample collected
from Inokushi Bay, Oita Prefecture, Japan (32° 80’ N,
131° 90’ E) in November 2007 and established as clonal
cultures. The established cultures of D. acuminata
were maintained in 12-well microplates by repeating
inoculation of 300 µl of the D. acuminata culture (con-
taining 150 to 250 cells) into 2.7 ml of the Myrionecta
rubra culture (containing 3000 to 3500 cells ml–1

diluted by one-third with fresh culture medium) once a
month under the same conditions as the Teleaulax
amphioxeia and M. rubra cultures. All cultures were
nonaxenic but were all clonal.

Growth experiment at 4 temperatures. Effect of
temperature on toxin production was investigated at 4
temperatures (10, 14, 18, and 22°C) under the same
conditions as specified for the maintenance cultures
except for temperature. Dinophysis acuminata in
northern Japan and northern Europe mostly appear
within this temperature range (e.g. Hoshiai et al. 2003,
Lindahl et al. 2007). When full consumption of Myri-
onecta rubra cells by a clonal strain of D. acuminata
(DA0711INO26) was observed (2 wk after re-inocula-
tion of the culture), the D. acuminata cultures in the 12-
well microplates were placed at each temperature and
pre-incubated for 3 wk.

After maintenance re-inoculation of the Myrionecta
rubra culture, the Dinophysis acuminata cultures were
pre-incubated at each temperature for 2 wk. Re-inocu-
lation of the cultures (except at 10°C), as described for
culture maintenance, took place once after 1 wk pre-
incubation. The M. rubra cultures were grown at each
temperature until the late exponential growth (EG)
phase (ca. 8.5 × 103 cells ml–1) and then put together in
a plastic vessel. They were diluted with the culture
medium to give initial concentrations of ca. 2.3 to 2.4 ×
103 cells ml–1. D. acuminata culture (2000 cells ml–1)
was added to the M. rubra cultures to give an initial
concentration of ca. 50 cells ml–1, and 1.0 ml aliquots of
the mixed cultures were pipetted into >50 wells of 48-
well microplates (Iwaki) for each temperature treat-
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ment. The incubation experiment was conducted for
24 d at 14, 18 and 22°C and for 30 d at 10°C under the
same light conditions as specified for the maintenance
culture. Every 3 d, cultures in 5 wells were mixed in a
tube and used for cell counts (0.5 ml, in triplicate) and
for DSP and lipophilic toxin analysis (1.0 ml, in tripli-
cate). Cell densities of D. acuminata and M. rubra were
determined using an inverted microscope. Samples for
toxin analysis were kept in a freezer (<–20°C).

Treatment of plankton samples for toxin analysis.
For toxin analysis, we used the solid phase extraction
procedure, as described by Kamiyama & Suzuki (2009;
originally reported by Suzuki et al. 1997, 1998). The
cell suspensions were thawed, sonicated in an ultra-
sonic cleaner for 2 min, and loaded onto a Sep-Pak C18
cartridge column (Waters), which had been previously
conditioned with 5 ml methanol and 10 ml distilled
water. The cartridge was washed with 5 ml distilled
water to remove the seawater salt, and the toxins were
eluted with 5 ml methanol, which was then evapo-
rated. The residue was dissolved in 200 µl methanol
and a part of the solution was used for liquid chro-
matography-tandem mass spectrometry (LC-MS/MS)
analysis.

Toxin analysis. LC-MS/MS analysis of toxins was
essentially carried out as described by Kamiyama &
Suzuki (2009). A model 1100 liquid chromatograph
(Agilent) was coupled to a hybrid triple quadrupole/
linear ion trap mass spectrometer (QTrap 3200; PE-
SCIEX). Separations were performed on Quicksilver
cartridge columns (50 × 2.1 mm internal diameter)
packed with 3 mm Hypersil-BDS-C8 (Keystone Scien-
tific) and maintained at 20°C. Eluent A was water and
eluent B was acetonitrile–water (95:5, vol:vol), both
containing 2 mM ammonium formate and 50 mM
formic acid. Toxins were eluted from the column with
50% eluent B at a flow rate of 0.2 ml min–1. The toxin
concentration of the sample was determined by com-
paring the peak areas of each toxin with those of the
standard toxins for OA, DTX1, and PTX2, which were
provided by Japan Food Research Laboratories
(Tokyo, Japan). The lowest detection limits for OA,
DTX1 and PTX2 were 0.6, 0.6 and 1.6 ng ml–1, respec-
tively. These levels are equivalent to 1.2 pg cell–1 of
OA/DTX1 and 3.2 pg cell–1 of PTX2, when 100 cells of
the toxic plankton were analyzed using our LC-
MS/MS method.

Data analysis. Specific growth rates (μ; d–1) of Dino-
physis acuminata between sampling intervals (t; 3 d)
was calculated from the EG equation:

(1)

where N1 and N2 are the cell densities of D. acuminata
at the first and subsequent sampling, respectively. The

mean specific growth rates of D. acuminata were
determined from the slope of the linear regression of
the natural logarithm of cell density versus incubation
time during the EG period.

Cellular content of OA, DTX1, and PTX2 of Dinoph-
ysis acuminata was determined by dividing the toxin
concentration by the cell density at each time point of
incubation. Effects of temperature on cellular toxin
content and toxin production rates of Dinophysis
acuminata were examined by 1-way ANOVA, or by
the Kruskal-Wallis test if the variance of data at each
temperature was not homogeneous, and the differ-
ences in these values and growth rates between 2 tem-
peratures were examined by the Student’s t-test. The
trends of cellular toxin content and production rate
during the incubation period were examined by Spear-
man’s rank correlation coefficient (Spearman’s RCC).

RESULTS

Growth at different temperatures

Cell density of Dinophysis acuminata increased at all
temperatures from the initiation of incubation and
reached maximum values of 1.69 × 103 to 4.17 × 103

cells ml–1 (Fig. 1). Analysis of the growth curves
showed the EG phase to be shorter at higher tempera-
tures: 24 d at 10°C, 18 d at 14 and 18°C, and 15 d at
22°C. In contrast, cell density of Myrionecta rubra
exponentially decreased after 6 d of incubation, with
this decrease occurring more rapidly at higher temper-
atures (Fig. 1), and cells disappeared after 9 d of incu-
bation at 22°C, 12 d at 18°C, 18 d at 14°C, and 27 d at
10°C. The mean specific growth rates of D. acuminata
during the EG phase ranged from 0.14 to 0.28 d–1

(equivalent to 0.20 to 0.40 divisions d–1) and was
greater at higher temperatures (Table 1). The differ-
ences in the growth rates between 10°C and higher
temperatures and between 14°C and 22°C were signif-
icant (Student’s t-test, p < 0.05). The maximum specific
growth rates per 3 d sampling interval ranged from
0.29 to 0.50 d–1 (0.41 to 0.73 divisions d–1; Table 1).

Toxin production at different temperatures

Toxin concentrations in Dinophysis acuminata cul-
tures increased exponentially during the EG phase
(Fig. 2). Toxin yields reached a maximum of 16.0 to
120.2 ng ml–1 for OA, 1.2 to 3.9 ng ml–1 for DTX1, and
203.9 to 447.3 ng ml–1 for PTX2 and were greater at
higher temperatures for all toxins.

During the EG phase, the cellular toxin content
increased significantly with increasing incubation

μ =
( )ln /N N

t
2 1
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periods at temperatures of 14, 18, and 22°C for OA and
at all temperatures for DTX1 (Spearman’s RCC, p <
0.05) (Fig. 3). If the cellular contents of all components
after the EG phase are excluded, as mentioned in the
Discussion, the cellular toxin contents reached a maxi-
mum of 11.9 to 16.8 pg cell–1 at 14, 18, and 22°C for OA
and 0.5 to 0.7 pg cell–1 at all temperatures for DTX1,
which is 2.8 to 5.1 and 2.5 to 4.2 times higher than ini-
tial values, respectively. This relationship with the
incubation period was not observed at 10°C for OA.
Mean cellular toxin content at each temperature dur-
ing the EG period was 8.06 to 8.66 pg cell–1 for OA and
0.24 to 0.34 pg cell–1 for DTX1 (Table 2). Differences
among temperatures were not significant for either OA
or DTX1 (Kruskal-Wallis test, H = 0.69, p > 0.05 for OA;
1-way ANOVA, F = 0.56, p > 0.05 for DTX1). For PTX2,
cellular content of the toxin as a function of incubation
period did not show a significant trend at 14 to 22°C
(Spearman’s RCC, p > 0.05), whereas at 10°C, the
value significantly increased with incubation period.
Mean cellular toxin content at each temperature dur-
ing the EG period ranged from 57.10 to 107.05 pg cell–1

and was significantly greater at lower temperatures 
(1-way ANOVA, F = 8.49, p < 0.01).
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Fig. 1. Dinophysis acuminata and Myrionecta rubra. Growth of D. acuminata and M. rubra. Cell densities at 4 different temp-
eratures. Vertical bars denote SE of the mean (n = 3)

Temp. Duration of    Specific growth rate (μ, d–1) n
(°C) EG phase (d) Maximum Mean (SE)

10 24 0.29 0.14 (0.01) 9
14 18 0.34 0.19 (0.02) 7
18 18 0.50 0.24 (0.03) 7
22 15 0.47 0.28 (0.04) 6

Table 1. Dinophysis acuminata. Maximum and mean (SE)
growth rates during the exponential growth (EG) phase at

4 temperatures in culture experiments

Fig. 2. Dinophysis acuminata. Changes in concentrations of
okadaic acid (OA), dinophysistoxin-1 (DTX1), and pecteno-
toxin-2 (PTX2) in cultures at 4 different temperatures. Vertical

bars denote SE of the mean (n = 3)
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DISCUSSION

Effects of temperature on growth rates

In the present study the mean specific growth rates
of Dinophysis acuminata at temperatures from 10 to
22°C ranged from 0.14 to 0.28 d–1 (maximum 0.29 to
0.50 d–1) during the EG period. In situ growth rates of
D. acuminata have previously been reported as rang-
ing from 0.09 to 0.67 d–1 (Table 1 in Nagai et al. 2008),
and maximum values based on previous culture exper-
iments range from 0.45 to 0.95 d–1 at 20°C (Park et al.
2006, Kim et al. 2008, Riisgaard & Hansen 2009) and
0.67 d–1 at 15°C (Kamiyama & Suzuki 2009). Compared
to values from previous culture experiments, the max-
imum growth rates of D. acuminata in the present
study are somewhat low. The growth rates could be
influenced by other experimental conditions, such as
quality of prey organisms, experimental scale, and
genetic characteristics of D. acuminata.

Temperature is an important factor influencing
growth of plankton. The specific growth rate (μ) of pro-
tists is expected to increase exponentially with in-
creases in temperature (e.g. Eppley 1972), and the Q10

model is often used to fit the relationships (e.g. Hansen
et al. 1997). However, Montagnes et al. (2003) proposed
that the growth rate of aquatic protists usually responds
linearly to temperature. Hence, the relationship be-
tween the growth rate of Dinophysis acuminata and
temperature in this study was fitted to a linear regres-
sion, with the slope of the regression line calculated to
be 0.012 d–1 °C–1 (n = 4, SE = 0.000, r2 = 0.999). This is
lower than the values reported for other dinoflagellates
(0.014 to 0.077 d–1 °C–1) (Montagnes et al. 2003), sug-
gesting that the growth rates of D. acuminata are not as
sensitive to temperature as those of other heterotrophic
and autotrophic dinoflagellates. Alternatively the rela-
tionship of temperature to growth rates of D. acuminata
presented here could have been influenced by factors
contributing to the lower observed growth rates.

Dinophysis acuminata is a cosmopolitan species that
is distributed in coastal waters worldwide and is a
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Fig. 3. Dinophysis acuminata. Changes in cellular content of
okadaic acid (OA), dinophysistoxin-1 (DTX1), and pecteno-
toxin-2 (PTX2) at 4 different temperatures. Data on dashed
lines denote the values during the stationary growth phase.

Vertical bars denote SE of the mean (n = 3)

Temperature Duration of Cellular toxin content (pg cell–1) n
(°C) EG phase OA DTX1 PTX2

(d) Mean SE Mean SE Mean SE

10 24 8.34 0.66 0.34 0.04 107.05 7.72 9
14 18 8.06 1.01 0.26 0.05 80.19 7.39 7
18 18 8.66 2.01 0.31 0.09 67.24 7.68 7
22 15 8.31 1.88 0.24 0.06 57.10 7.29 6

Table 2. Dinophysis acuminata. Cellular toxin contents during the exponential growth (EG) phase at 4 temperatures in culture
experiments
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causative species of DSP and lipophilic toxin contami-
nation of bivalves in New Zealand, Chile, Japan, and
along the Atlantic coasts of Europe (van Egmond et al.
1993, Reguera & Pizarro 2009). In coastal waters of the
western Pacific Ocean, D. acuminata appears abun-
dantly in embayments in contrast to the other Dinoph-
ysis species, D. fortii (Hoshiai et al. 2003). The varia-
tions in distribution and seasonal occurrence reported
in previous studies (Hoshiai et al. 2003, Miyazono et al.
2008) can be explained by the ability of D. acuminata
to grow over a wide temperature range, as demon-
strated in the present study.

Toxin contents and production

The results from the present study show that cul-
tured Dinophysis acuminata actively produces OA and
PTX2, supporting the findings of Kamiyama & Suzuki
(2009) and Hackett et al. (2009). In Japan, accumulated
data based on extensive monitoring of shellfish toxin
using mouse bioassays indicate that DSP events (here,
contamination of shellfish toxin due to okadaic acid
analogues and other lipophilic toxins) exceeding a
quarantine level have only infrequently occurred in
northern and western regions (Yamamoto and Ya-
masaki 1996), although Dinophysis species commonly
appear in coastal waters of western as well as northern
Japan (Imai et al. 2006). The strain of D. acuminata
used in the present study was isolated from seawater
off western Japan. High concentrations of PTX2 and
detection of OA and DTX1 at all temperatures suggest
a risk of DSP despite having never been reported.

Although some toxins of Dinophysis spp. are re-
leased into surrounding seawater (MacKenzie et al.
2004), we assumed that the 3 toxins measured in the
present study were components of the D. acuminata
cells during the EG phase because of the results of a
previous study (Kamiyama & Suzuki 2009). In our pre-
vious culture experiments, we did not detect toxins
(PTX2 and DTX1) released into seawater from D.
acuminata cells at the late EG phase or early stationary
growth phase. However, 4 d after these phases, the
released toxins accounted for 13% (PTX2, n = 4) and
24% (DTX1, n = 4) of total toxin content, on average, in
the suspension (Kamiyama & Suzuki 2009, raw data
not shown). This suggests that the amount of toxin
released into seawater from cells relative to the total
toxin concentration rapidly increases with incubation
period during the stationary growth phase, even if it is
negligible in the initial phase of cultivation. In our pre-
sent study, cellular toxin content calculated by dividing
toxin concentration by cell density often increased
rapidly after the EG phase. However, overestimation of
the cellular toxin content during the stationary growth

phase due to an increase in dissolved toxin fractions
cannot be ruled out.

Cellular toxin content in natural Dinophysis acumi-
nata cells ranges from 0 to 40 pg cell–1 for OA in coastal
waters of Europe, Japan, Canada, and Sweden, 3 to
50 pg cell–1 for OA in the Bay of Seine (France), and
from 0 to 0.02 pg cell–1 and 0.1 to 2.4 pg cell–1 for DTX1
in coastal waters of Sweden and New Zealand, respec-
tively (Marcaillou et al. 2001, MacKenzie et al. 2005,
summary in Lindahl et al. 2007). Recent work using
LC-MS/MS analysis also indicates that PTX2 is a dom-
inant toxin of D. acuminata around the coast of the
South Island of New Zealand (cellular toxin content 2.4
to 25.8 pg cell–1; MacKenzie et al. 2005) and off Hok-
kaido, northern Japan (cellular toxin content 0 to
50.2 pg cell–1; Miyazono et al. 2008, Suzuki et al. 2009).
Kamiyama & Suzuki (2009) showed that the cellular
toxin content of cultured D. acuminata was 4.8 to
14.7 pg cell–1 for PTX2 and 2.5 to 4.8 pg cell–1 for
DTX1. PTX2 levels (57 to 107 pg cell–1) of D. acuminata
in the present study were considerably higher than
those from previous field samples and culture samples
reported by Kamiyama & Suzuki (2009). In contrast,
DTX1 (0.24 to 0.34 pg cell–1) and OA (8.06 to 8.65 pg
cell–1) levels in the present study were within the range
of previous data, although the DTX1 values were low
compared to the data of Kamiyama & Suzuki (2009).

The toxin content of toxic dinoflagellates reflects the
initial amount of toxin in a cell and gross toxin produc-
tion. The gross production reflects the balance be-
tween net toxin synthesis and toxin losses due to
catabolism and leakage or cell division (toxin partly
transferred to new daughter cells) (Anderson et al.
1990). The loss of toxin due to cell division is probably
important in culture experiments. Hence, to clarify the
dynamics of toxin production, cellular toxin production
rates (CTP; pg cell–1 d–1) were determined from the fol-
lowing equation for each time point:

(2)

where N1 and N2 are the cell densities of D. acuminata
and T1 and T2 are the toxin concentrations, both para-
meters at the first and the subsequent sampling times,
respectively, and Nm is the geometric mean density of
D. acuminata during the sampling period.

As a result, the mean cellular toxin production rates
for the entire incubation period were 1.18 to 2.31 pg
cell–1 d–1 for OA, 0.06 to 0.08 pg cell–1 d–1 for DTX1,
and 10.7 to 15.6 pg cell–1 d–1 for PTX2. The CTP are
available after the EG phase as well because the toxins
released into the surrounding waters were also pro-
duced by Dinophysis acuminata cells. The mean cellu-
lar production rate of OA increased with increasing
temperature (Kruskal-Wallis test, H = 8.39, p < 0.05).

CTP
m

= −
×

= −( )
,

( )
ln( / )

T T
N t

N
N N

N Nm
2 1 2 1

2 1
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The mean cellular production rate of DTX1 was fairly
similar at all temperatures (1-way ANOVA, F = 0.16,
p > 0.05) and that of PTX2 did not significantly differ
between temperatures (1-way ANOVA, F = 0.42, p >
0.05). The cellular production rates of PTX2 decreased
with increasing incubation time at 18°C and 22°C
(Spearman’s RCC, p < 0.05). The temporary peaks of
the cellular toxin production rates occurred at or just
before the end of the EG phase, except for OA and
DTX1 at 10°C (Fig. 4). This can be explained by the
temporary decrease in the loss of toxin from cell divi-
sion when the growth mode of D. acuminata shifts from
the active to inactive state. Anderson et al. (1990)
found that specific toxin production rates of Alexan-
drium spp. mostly corresponded to between 2 and 0.5

times the specific growth rates. The results of our study
also indicate a significant linear correlation between
toxin production rates and specific growth rates in D.
acuminata for all 3 toxins (Fig. 5). However, 44 to 53%
of the specific toxin production rates were outside the
range denoted by 2 and 0.5 times the specific growth
rates. This suggests that toxin production rates in D.
acuminata may vary in response to factors other than
growth rate.

Previous studies have reported that the content and
composition of paralytic shellfish poisoning toxins of
Alexandrium spp. are strongly influenced by tempera-
ture (Etheridge & Roesler 2005, Navarro et al. 2006).
Based on those studies and the results from our present
study, we expected that temperature would be an
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important factor in the production of the 3 toxins by
Dinophysis acuminata. Interestingly, OA/DTX1 and
PTX2 production clearly differed in response to tem-
perature. The mean cellular content of OA and DTX1
during the EG phase was independent of the tempera-
ture, although cellular content of the toxins increased
with increasing incubation time during the EG phase

at higher temperatures. This suggests that tempera-
ture does not directly influence toxin production but
that population growth in response to temperature in-
fluences cellular content and production of OA and
DTX1. In particular, a rapid increase in cellular OA
and DTX1 occurred after consumption of Myrionecta
rubra, suggesting an association with plastids originat-
ing from prey and their function, as discussed below.
On the other hand, the mean cellular content of PTX2
during the EG phase was higher at lower tempera-
tures, and during the first 21 d, was higher at 10°C than
at other temperatures (Fig. 3). A significant variation in
response to incubation period only occurred at 10°C.
These results suggest that temperature may directly
influence cellular production of PTX2. The different
responses of OA/DTX1 and PTX2 production to tem-
perature may be caused by a difference in the toxin
production mechanism.

Uptake of prey (Myrionecta rubra) is not only impor-
tant for growth (Park et al. 2006, Kim et al. 2008, Riis-
gaard & Hansen 2009) but may also be an important
factor in the variations observed in cellular toxin con-
tent and production during incubation. Uptake of M.
rubra by Dinophysis acuminata influences dinoflagel-
late photosynthetic activity (Riisgaard & Hansen 2009).
Toxin synthesis by the DSP toxin producer Prorocen-
trum lima is considered to be a light-mediated meta-
bolic process (Pan et al. 1999), implying that photosyn-
thesis influences cellular toxin production by toxic
phytoplankton. Dinophysis spp. depend on plastids
from prey for photosynthesis (kleptoplastidy) (Park et
al. 2006, Nagai et al. 2008). Hence, uptake of plastids
from the food source through the feeding process
possibly induced the variations in cellular toxin pro-
duction that we observed. Also, the heterotrophic
energy source obtained by feeding on M. rubra may be
directly associated with toxin production. A more rapid
increase in toxin concentration with incubation periods
at higher temperature corresponded to a more rapid
decrease in M. rubra due to active feeding. However,
an experiment to estimate feeding rates of D. acumi-
nata on M. rubra was not conducted in this study. Fur-
ther studies are needed to clarify the effects of feeding
on prey organisms on toxin production and the com-
plex relationship between photosynthesis and toxin
production.

Toxin concentration increased with increasing Dino-
physis acuminata cell density at all temperatures,
showing that D. acuminata growth rate is clearly an
important factor promoting the production of toxins.
Additionally, the combined effects of temperature and
growth phase on cellular toxin content and production
rates may explain the large variation in cellular toxin
content of Dinophysis spp. in seawater. Since D. acu-
minata occurs in a wide range of temperature condi-
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Fig. 5. Dinophysis acuminata. Relationship between specific
toxin production rate and specific growth rate during each 3 h
sampling interval at all temperatures. Dashed and dotted
lines denote toxin production rates 2× and 0.5× that of specific

growth rates, respectively
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tions, the cellular content of PTX2 and OA in the D.
acuminata population possibly varies seasonally, with
PTX2 increasing during cooler seasons and OA in-
creasing during warmer seasons when D. acuminata is
actively growing. However, in the present situation,
we cannot further discuss the differences in cellular
toxin contents reported in previous studies on the basis
of the effects of temperature on the cellular toxin con-
tents observed in the present study, because the range
of cellular toxin contents of field D. acuminata is very
broad even if samples are collected in the same season
(Andersen et al. 1996). Cell toxicity in field D. acumi-
nata is probably influenced not only by temperature
but also by other factors such as genetic characteris-
tics. Further studies are necessary to document tem-
perature-dependent variations in toxicity for each
Dinophysis species in natural seawaters.

CONCLUSIONS

This is the first culture experiment addressing the
effect of temperature on the growth and toxicity of
Dinophysis acuminata. Our results showed that tem-
perature affects growth rates and toxin production of
D. acuminata and that cell toxicity varies during the
EG phase. These findings partly suggest that there is a
wide variation in cell toxicity in natural populations of
D. acuminata. However, toxin production by Dino-
physis spp. may depend on genetic characteristics or
the fact that populations from different strains may
show different growth responses to temperature. Fur-
ther investigations are needed on the toxicity of vari-
ous strains of Dinophysis spp. isolated from seawater
from different areas having a range of environmental
conditions.
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