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ARTICLE INFO ABSTRACT

The responses of cell growth and paralytic shellfish poison (PSP) content and composition of a strain of the
marine dinoflagellate Alexandrium tamarense to the availability of nitrate, ammonium, and phosphate were
tested with a gradient of N:P ratios in a semi-continuous batch culture. The N:P ratios ranged from 4 to 64
and, were prepared with either a fixed phosphorus concentration at 1.56 wM-P or a fixed nitrate or
ammonium concentrations at 25 wM-N. These ratios were applied to study the responses of cell growth and
PSP. Cell growth was correlated with the concentrations of nitrogen and phosphorous but was correlated
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Kengrds: with not high concentrations of ammonium, which depressed the growth due to ammonium toxicity. When
g;ﬁx’a‘; coxin the phosphate concentration was held at 1.56 M, the growth rate increased hyperbolically as the N:P ratio
NeC 31'.3 tio increased but decreased logarithmically at ammonium concentrations higher than 25 M. When nitrogen
N-limitation was held at25 pM, the growth rate decreased hyperbolically with increasing N:P ratio. The PSP consisted of
N:P ratio C2 toxin and gonyautoxins, including GTX4, GTX3, and GTX]1, in order of decreasing magnitude. The total
P-limitation cellular toxicities of PSP were estimated from the measurements of cellular content and the composition of
Toxicity C2 toxin and gonyautoxins. The cellular contents of PSP increased hyperbolically with the nitrate

concentration as a result of saturated growth, and logarithmically with the ammonium concentration as a
result of depressed growth (p < 0.001). PSP contents decreased logarithmically with increasing phosphorus
concentration (p < 0,001). The cellular contents of PSP increased significantly with increasing N:P ratios
regardless of whether nitrate or ammonium was used (p < 0.05). The most dominant toxin was C2 (about
80%), whereas the least dominant was GTX1 (less than 8%). The highest abundance of GTX was observed at
an N:P ratio of 16, which usually corresponded to the transition between the initial increase and saturated
phases of growth for the nitrogen variable experiment and vice versa for the phosphate variable experiment,
or corresponded to the beginning of a decline in growth due to ammonium toxicity. The present study
suggests that the cellular toxicities of PSP in the present strain of the dinoflagellate A. tamarense can be
estimated from the N:P ratios, ranging from 4 to 64. The high total cellular toxicities of PSP observed at high .
N:P ratios should be considered in addition to the conventional consideration of P-limitation for further
regulation of nutrients by provincial governments to reduce the aquatic damage caused by the toxic
dinoflagellates in coastal waters.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Harmful algal blooms (HABs) are known to cause fish kills,
poison seafood, and develop anoxic conditions at the bottom layer
of water columns. As human populations place more stress on
coastal waters, these blooms are becoming a more significant
world-wide environmental issue, resulting in economic damage
and threats to public health (Hallegraeff, 1995). One of the most
harmful known algae in coastal waters is the marine dinoflagellate
genus Alexandrium, which produces paralytic shellfish poison (PSP)

* Corresponding author. Tel.: +81 42 691 8002; fax: +81 42 691 8002.
E-mail address: staguchi@soka.ac.jp (S. Taguchi).

1568-9883/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.hal.2012.07.001

and is distributed throughout the world, for instance, along
western European coasts (Collos et al., 2004), northeastern
American coasts (Anderson, 1997;. Cembella et al., 1988), the
tropical Malaysian coast (Lim and Ogata, 2005), the northeastern
Asian coast (Yamamoto and Tarutani, 1999), and the Tasmanian
coast (Hallegraeff, 1993). The PSP produced by A. tamarense can
accumulate in shellfish and other primary consumers through
feeding, and consequently transfer to higher-level consumers,
causing mass mortalities of vertebrates, including humans
(Shimizu et al., 1975; Smayda, 1992; Anderson et al., 1994),

PSP is composed of saxitoxin (STX) and its analogs, such as
gonyautoxins (GTX) and C toxin (Kellmann and Neilan, 2007). PSP
primarily interferes with the functioning of sodium and calcium
(Su et al., 2004) and potassium ion channels (Wang et al., 2003).

144 —



WHFERROTITY) - Bk

12 A. Murata et al./Harmful Algae 20 (2012) 11-18

The interference caused by PSP is a function of the toxin profile of A.
tamarense. Several different toxin profiles have been reported for A.
tamarense (Boyer et al.,, 1987; Anderson et al., 1990a; Parkhill and
Cembella, 1999; Ichimi et al., 2002). These profile differences could
result from phylogenetic differences among strains within A.
tamarense (Scholin et al., 1994), although a detailed study has not
been conducted to prove a relationship between phylogeny and
toxin profile, The PSP produced by A. tamarense primarily consists
of C toxin and GTX. The toxic profile of A. tamarense in eastern
Japanese waters primarily consists of C2 and GTX4, GTX1, GTX3,
and GTX2, in decreasing order of relative abundance (Ichimi et al,,
2002), but no GTX2 is detected in western Japanese waters
(Hamasaki et al., 2001; Leong et al., 2004). The relative proportions
of C2 and GTX, for example, have exhibited 2- and 3-fold variations,
respectively, among 20 culture strains isolated from similar
locations (Ichimi et al.,, 2002). The total toxicity of the PSP
produced by A. tamarense is dependent upon the content and
composition of specific toxins.

Both the content and the composition of PSP are essential
information for predicting total cellular toxicity because each toxin
has a specific toxicity (Oshima, 1995). The content and composition
of the PSP produced by a given strain of the genus Alexandrium have
been known to be influenced by environmental conditions, such as
light (Parkhill and Cembella, 1999; Hwang and Lu, 2000; Hamasaki
et al,, 2001), temperature (Hwang and Lu, 2000; Hamasaki et al,
2001), salinity (Parkhill and Cembella, 1999; Hwang and Lu, 2000;
Hamasaki et al., 2001; Lim and Ogata, 2005), pH (Hwang and Lu,
2000), ammonium (Hamasaki et al.,, 2001; Leong et al., 2004), urea
(Leong et al., 2004), nitrate (Boyer et al., 1987; Anderson et al.,
1990b; Flynn et al,, 1994; Maclntyre et al, 1997; Parkhill and
Cembella, 1999; Leong et al., 2004), and phosphorous (Boyer et al,,
1987; Anderson et al., 1990b; Flynn et al., 1994; Guisande et al.,
2002). Among those environmental conditions, there are contrasting
arguments regarding the effect of nutrients on the content and
composition of PSP (Boyer et al., 1987; Anderson et al., 1990b; Flynn
et al,, 1994), although the relevant studies might have focused on
different strains or species. Variation in the toxic composition of a
strain of A. fundyense depends on either nitrogen (N)-limitation or
phosphorus (P)-limitation (Anderson et al., 1990a), where GTX2 and
GTX3 are favored under P-limitation C1 and C2, and GTX1and GTX4
are favored under N-limitation,

When we combine a level of nitrate (NO3) or ammonium (NH,)
that is high but low enough not to induce toxicity with a low
phosphorus (PO4) concentration, inducing a high N:P ratio, high
cellular PSP content can be predicted in A. tamarense on the basis of
the following observations. First, high concentrations of dissolved
inorganic nitrogen such as NO3 or NH, enhance the cellular PSP
content of A. tamarense (e.g., Anderson et al., 1990b; MacIntyre
et al., 1997; Leong et al., 2004). Second, a low concentration of
dissolved inorganic phosphorus such as PO, also enhances the
cellular PSP content of A. tamarense (Boyer et al., 1987; Anderson
et al., 1990b; Flynn et al.,, 1994), Various N:P ratios can be produced
by wide concentration ranges of nitrate or ammonium and
phosphorus. Therefore whether similar N:P ratios comprising
different combinations of nitrate or ammonium with phosphorus
induce similar effects on cellular PSP content and composition is
not well understood. Furthermore, a possible link between a high
N:P ratio of 50, regardless of whether it is based on NO; or NH, and
a high PSP content has not yet been confirmed except for A.
fundyense (John and Flynn, 2000). When A. fundyense was exposed
to a high N:P ratio based on NOs; or NH,4 at a 50 .M concentration
and PO, at a 0.3-1.0 u.M concentrations, the cellular PSP content
was enhanced, but cellular PSP was not enhanced from a higher
NO; concentration of 380 wM, which resulted in extremely high
N:P ratios, such as 146 and 380. The multiple effects of the N:P ratio
on the content and composition of cellular PSP have not been

systematically investigated on A. tamarense to our knowledge,
except for John and Flynn (2000). Once the multiple effects of the
N:P ratio on PSP synthesis are clarified, the physiological aspects of
PSP synthesis, in addition to nutrient utilization (Rhee, 1978), can
be understood in relation to the significance of biogeochemical
processes with regard to N or C in the ocean (Redfield, 1958)
because the patterns of change in the cellular concentrations of N,
C, and toxin are closely linked.

The N:Cratio is related to relative growth rate (Goldman, 1980).
The limitation of either N or P reduces the growth rate, whereas
excess ammonium depresses growth rate, An increasing N:C ratio
with increasing growth rate is expected under NH,-limitation, as
growth under these conditions is ultimately regulated by the N
content of the cells (Sunda et al., 2009). Nitrogen is largely present
in algal cells in the form of functional proteins, and thus, the higher
N:C ratio associated with P-limited growth rates may simply
reflect the higher requirements for metabolic enzymes and
biosynthetic proteins as growth rate increases (Shuter, 1979).
Leong et al. (2004) suggest that PSP synthesis appears to result
from excess N availability for metabolic activities at high NO3 or
NH,4 concentrations of 100 M, whereas at low NO; or NH,
concentrations of 6 wM, intracellular N might be utilized for the
maintenance of cellular materials instead. High N:C ratios of 0.07-
0.20 were observed when Alexandrium fundyense was incubated at
high N:P ratios based on 50 wM NO3 or NHy with 1-0.3 .M PO, but
not when the ratio was based on a high NO; concentration of
380 wM that resulted in extremely high N:P ratios, such as 146 and .
380 (John and Flynn, 2000).

In the present study, a single strain of the dinoflagellate A.
tamarense was grown under 5 different N:P ratios in a semi-
continuous culture experiment and changes in cell growth and the
content and composition of PSP were recorded. The semi-
continuous mode is employed to acclimate the cells to given
nutritional conditions after repetitive dilution. The stimulus for
this research is the recognition that the responses of total cellular
toxicity to the N:P ratio can be estimated from the cellular content
and composition of PSP in A. tamarense. The purpose of our study
was to examine the multi-dimensional relationships among NO; or
NHa, and PO4 in unialgal semi-continuous cultures of a highly toxic
clonal isolate from Hiroshima Bay. The variability in cell growth
and the toxin content and composition of A. tamarense cells was
related to nutritional gradients based on the N:P ratio.

2. Materials and methods
2.1. Cultures

Alexandrium tamarense (strain ATKR-020415) that had been
isolated in 2002 during a bloom in Kure Bay, Japan, was obtained
from Hiroshima University. A stock culture of A. tamarense was
maintained at 17 °C and 35 psu salinity (Hamasaki et al., 1998) ina
modified enriched f/2 medium without silicate (Guillard and
Ryther, 1962) in aged seawater. A light intensity of
350 wmol photons m~2 s~ was provided by cool fluorescent tubes
(Toshiba FL40SW, Japan) under a 12L:12D cycle (Hamasaki et al.,
1998). The culture was adapted semi-continuously under each
experimental condition for 10 days, longer than 3 cell divisions, by
transferring the culture every 2 days into a fresh medium with
appropriate nutrient concentrations as described in the next
section. The volume of the mother culture was determined to
obtain the initial cell density, approximately 400 cells mL™?,

2.2. Experiments

The exponentially growing cells were acclimated to each
experimental set of nutrient conditions, consisting of different
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combinations of NOs; or NH4 and PO4 concentrations for 10 days.
The concentrations of NO3 or NH4 were adjusted to 6, 12, 25, 50,
and 100 pM-N while the PO4 concentration was maintained at
1.56 wM-P. Additionally, the PO4 concentrations were adjusted to
0.375,0.75, 1,56, 3.125, and 6.25 wM-P while maintaining the NO3
or NH4 concentration at 25 wM-N. These combinations resulted in
N:P ratios of 4, 8, 16, 32, and 64. The experiments using NO; and
NH4; were defined as NOs experiments (NOs-Exp) and NHa
experiments (NH4-Exp), respectively. All treatments were con-
ducted in triplicate in 2L sterilized screw-top polycarbonate
bottles and incubated in the same conditions as the stock culture,
All experiments were conducted at hour 6 of the light phase to
avoid a diel effect on the cultures. Duplicate subsamples were
taken from each experimental bottle on day 10 for measurements
of cell density, total cellular paralytic shellfish poison (PSP) content
and composition, and cellular carbon (C) and nitrogen (N) contents,

2.3. Cell number measurements

Cells in the subsamples were centrifuged for 10 min at 530 x g.
The centrifuged pellets of cells were then collected and resus-
pended in 250 L of filtered sea water. The number of cells in the
subsamples was counted under a light microscope (Olympus IMT-
2, Japan) using a haemacytometer (Erma 03-202-3, Japan).

2.4. Determination of PSP

The cellular PSP was determined following a modification of the
method of Arakawa et al. (1995) as described by Leong et al. (2004).
More than 10° cells collected from each experiment by centrifu-
gation for 10 min at 530 x g were suspended in 1 mL of 0.03 M
acetic acid and sonicated in an ice bath for 5 min. The extracts were
filtered through a membrane filter with a pore size of 0.45 pum and
performed on a HPLC system (Tosho, Japan) with a reverse-phase
LiChroCART RP-18(e) column (4 mm x 250 mm, Merck), except for
C toxin. For the analysis of C toxin, the extract was treated with
0.05 M phosphate buffer (pH =7.0) containing 4 mM tetrabuty-
lammoniumchloride and 1% methanol and performed as men-
tioned above, Integrated HPLC peak areas were quantified with
gonyautoxin and C toxin standards.

2.5. Estimation of total cellular toxicity

The total cellular toxicity of A. tamarense (Txorat; 107 MU cell™?)
was estimated from the cellular PSP content and composition
obtained in this study. The toxicities (Tx) of gonyautoxins GTX1,
GTX3, and GTX4 and C toxin (C2) are 2468, 1584, 1803, and
239 MU pmol™?, respectively (Oshima, 1995). The Txoa under
five different NO3 based or NH,4 based N:P ratios were calculated
from the cellular contents (C; fmol cell™!) and the Tx of GTXI1,
GTX3, GTX4, and C2 in NO3-Exp and NH4-Exp as follows:

Txotat = Y, Cri X TX; (1)

where Cy; and Tx; were the content and toxicity of the ith toxin and i
represented GTX1, GTX3, GTX4, and C2.

2.6. Total C and N measurements

Subsamples for the analyses of total cellular C and N were
collected on GF/F glass fiber filters precombusted at 500 °C for
2 hours. The filtered samples were oven-dried overnight at 60 °C
and stored at room temperature in a dessicator until further
analysis. Total C and N were measured on an elemental analyzer
(Fisions, NA 1500, Germany) with acetanilide as the working
standard (Nagao et al., 2001).

2.7. Statistical analysis

All values of PSP contents were divided by cell density and
reported as cellular contents,

The relationships between total cellular PSP content and
nutrient concentrations (NOs and PO, concentrations in NO;-
Exp or the PO, concentration in NH4-Exp) were fitted by a
hyperbolic function:

YA+ (;) 2)

where Y was the total cellular PSP content and X was the nutrient
concentrations,

A one-way ANOVA was performed to assess the differences in
the total cellular PSP content and cellular N:C ratio among five
different N:P ratios in NO3-Exp and NH4-Exp.

The differences in PSP composition and total cellular toxicity
among five different N:P ratios in NOs-Exp and NH4-Exp were
analyzed using Tukey's test to investigate each difference among
all N:P ratio at p < 0.05.

Differences in the cellular N:C ratio and total cellular toxicity
between NO;-Exp and NH,-Exp were analyzed using Student's t
test at p < 0.05.

3. Results
3.1. Cell growth

The maximum growth rate obtained in the present study was
0.25 d~'. When phosphate concentrations were fixed at 1.56 uM,
the growth rate appeared to follow a hyperbolic-like curve in the
NO3:PO, experiment (Fig. 1A), whereas in the NH4:PO, experi-
ment, the growth rate increased with the N:P ratio up to a value of
8, and, then exhibited a logarithmic decrease with an increasing
N:P ratio (p<0.01) (Fig. 1B). When nitrate or ammonium
concentrations were fixed at 25 uM, the growth rate followed a
hyperbolic curve with increasing PO, concentrations (p < 0.05,
Fig. 1C and D). Notice that the axis of PO4 concentration is reversed
in Fig. 1C and D. A N:P ratio of 16 appeared to represent either the
approximate intersection between the initial increase in the
growth rate and the saturated level of growth rate (Fig. 1A, C, and
D) or the beginning of a decrease in the growth rate (Fig. 1B).

3.2. Total cellular PSP contents

Only gonyautoxins (GTX1, GTX3, and GTX4) and C toxin (C2)
were detected in the studied strain of A. tamarense. The total
cellular PSP content, which was the sum of C2, GTX1, GTX3, and
GTX4, doubled from 0.23 + 0.025 to 0.49 + 0.084 fmol cell-! with an
increase in the N:P ratio that corresponded to an increase in the NO3
concentration (p <0.01, Fig. 2A) and the NH,; concentration
(p < 0.001, Fig. 2B). In contrast, the total cellular PSP content
increased 0.34 times from 0.25 + 0.083 to 0.72 =+ 0.071 fmol cell™!
with an increase in the N:P ratio that, corresponded to a decrease in
the PO, concentration (p < 0.001, Fig. 2C). At a N:P ratio of 64, which
corresponded to the lowest PO, concentration, the total cellular PSP
content exhibited the highest maximum value of 0.76 + 0.084 among
the maximums of all treatments in the present study (p < 0.05,
Fig. 2D). Total cellular PSP content varied with the N:P ratio in NO5-
Exp (one-way ANOVA, p < 0.001, Table 1).

3.3. PSP composition

The most dominant toxin was C2, and its highest relative
abundance was 82% in NO3-Exp (Fig. 3A and C) and 87% in NH4-Exp
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Fig. 1. The relationship between the N:P ratio (molmol~') and growth rate (d™') of Alexandrium tamarense in NO3:PO4 (A), NH4:PO4 (B), PO4:NO; (C), and PO4:NH,
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(p < 0.01, B). The solid lines indicate a hyperbolic curve (p < 0.05, C and D).

(Fig. 3B and D). The least dominant toxin was GTX1, and its lowest
relative abundance was 2.2% in NO3-Exp (Fig. 3Aand C) and 1.5% in
NHa4-Exp (Fig. 3B and D). The proportion of GTX toxins in the total
PSP at N:P ratios of 16 was at least 1.25 times higher than that at
other N:P ratios. PSP composition varied with the N:P ratio
(Tukey's test, p < 0.05, Table 1).

3.4. Cellular N:C ratio

The cellular N:C ratio was lowest, 0.068 + 0.0044, at a N:P ratio
of 4 in NOs-Exp (Fig. 4A) and highest, 0.288 -+ 0.0045, at a N:P ratio of
64 in NH,-Exp (Fig. 4B). The magnitudes of cellular N:C ratios in NHy-
Exp (Fig. 4B and D) were 1.5 times higher than those in NO3-Exp
(Fig. 4A and C) (Student’s t test, p < 0.01). The cellular N:C ratios of A.
tamarense changed with the N:P ratios in both experiments (one-way
ANOVA, p < 0.05, Table 1).

Table 1
Results of the one-way ANOVA of PSP content and N:C ratio with N:P ratio and of
Tukey’s test of PSP composition and toxicity with N:P ratio.

Experiment Source of variation df F p value
One-way ANOVA
NOs-Exp PSP content with N:P ratio 4 8.30 <0.001
NH,4-Exp PSP content with N:P ratio 4 71.13 <0.001
NO3-Exp N:C ratio with N:P ratio 4 3.19 <0.05
NH4-Exp N:C ratio with N:P ratio 4 3.11 <0.05
Tukey's test
NO;-Exp PSP composition with N:P ratio <0.001
NH,4-Exp PSP composition with N:P ratio <0.05
NO;-Exp Toxicity with N:P ratio <0.05
NH,-Exp Toxicity with N:P ratio <0.01

3.5. Total cellular toxicity

The total cellular toxicity of A. tamarense ranged from
1.1 4+ 0.10 to 3.9 + 0.49 x 10” MU wmol~! in NO3-Exp (Fig. 5A and
C) and from 1.5 = 0.060 to 3.4 + 0.40 x 107 MU wmol ™" in NH4-Exp
(Fig. 5B and D). The values at N:P ratios higher than 16 were always
significantly higher than those at lower N:P ratios in NOs-Exp
(Tukey’s test, p < 0.05, Table 1) and in NH4-Exp (Tukey's test,
p < 0.01, Table 1).

4. Discussion

The maximum growth rate of 0.25 d~? obtained in the present
study is approximately 84% of the maximum value reported for the
same strain of A. tamarense (Leong and Taguchi, 2004), although
the experimental conditions were similar in this experiment and
that study. The present study confirms that a hyperbolic response
in growth rate to changes in nitrate or phosphate concentrations
(Fig. 1A and C) is observed for the marine dinoflagellate A.
tamarense by Leong and Taguchi (2004) and Yamamoto and
Tarutani (1999). When the ammonium concentration is kept under
approximately 25 p.M, the growth rate is a hyperbolic function of
either the ammonium concentration (Fig. 1B), as observed for the
marine dinoflagellate Gonyaulax polyedra by Eppley et al. (1969), or
the phosphate concentration (Fig. 1D), as observed for the marine
dinoflagellate A. tamarense by Yamamoto and Tarutani (1999).
When the ammonium concentration is higher than 25 uM,
ammonium toxicity depresses the growth rate (Fig. 1B), as
confirmed by Leong and Taguchi (2004). The present study
indicates that the validity of the theory of N:P ratios can only be
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assumed when nitrate is considered to be a nitrogen source for a
wide range of concentrations.

The present study confirms the effects of varying NO3 or NHy
and PO, concentrations on the content and composition of PSP in
the dinoflagellate A. tamarense, as observed for the marine
dinoflagellate Alexandrium minutum (Flynn et al, 1994). The
enhanced cellular PSP content of A. tamarense at a high NO3 or NH,4
concentration may indicate that the availability of N in the
medium plays a physiologically important role in PSP accumula-
tion (Maclntyre et al., 1997). The increases in cellular PSP content
induced by the low PO, concentration suggest that there might be
a link between PO,4 concentration and cellular PSP content. Little
explanation of the possible link between PO4 concentration and
cellular PSP content has been established. One possible explana-
tion is a change in the rate of cell division. At low PO4
concentrations, the intracellular P content is usually reduced to
low levels. The lack of intracellular P content, which is an essential
element for the production of RNA, may shut down cell division at
the M phase of the cell cycle (Taroncher-Oldenburg et al., 1997).
Because PSP is produced during the G1 phase of the cell cycle
(Taroncher-Oldenburg et al., 1997), the discontinuation of cell
division may lead to the accumulation of cellular PSP content
(Lippemeier et al., 2003). Until this finding becomes conclusive, the
explanation of the relationship between the PO, concentration and
PSP accumulation remains an open question.

The present study assesses the variability of cellular PSP

" content in light of nutrient ratios such as N:P ratios based on either
NO; or NH,4, and suggests that the variability in cellular PSP content
is governed directly by N:P ratios (Fig. 2). The variability in cellular
PSP content observed in the present study was similar for both
NOs-based and NH-based N:P ratios. The nutrient ratio is
recognized as a good indicator of nutrient availability for
phytoplankton {Moisander et al., 2003). At N:P ratios lower than
the Redfield ratio of 16, phytoplankton cells might be exposed to
low N and high P availabilities, and vice versa. Cells at lower ratios
are regarded as N-limited (Fig. 2A and B), whereas cells at higher
ratios are regarded as P-limited (Fig. 2B and D). The present study
confirms that P-limitation enhances cellular PSP content. John and
Flynn (2000) suggested that P-limitation induces a high cellular
N:C ratio such as the ratio of 0.16 + 0.009 observed with a N:P ratio
of 64 based on ammonium in the present study. These results appear
to support secondary N synthesis such as PSP synthesis. On the basis
of the findings of John and Flynn (2000) and the increase in the N:C
ratio at high N:P ratios observed in the present study (Fig. 4), we
suggest a high rate of PSP synthesis under P-limitation as follows.
First, the cells are not able to actively divide under low P availability
because of the lack of intracellular P. Second, cell volume might
increase, allowing cells under high N availability to store proteins,
amino acids, and PSP, which are N-rich compounds, Consequently, a
high N:C ratio might be obtained under P-limitation as suggested by
John and Flynn (2000). The present study may suggest that high N and
low P availabilities could slow cell division and enhance the
accumulation of intracellular N and PSP contents within the cells
of A. tamarense.

The present study also indicates that the composition of PSP is
associated with N- or P-limitation. The composition of PSP in
Alexandrium spp. can vary as a result of N- or P-limitation in a semi-
continuous experiment (Anderson et al., 1990a; Maclntyre et al,,
1997). Therefore, the estimation of cellular PSP composition is also
essential for estimating the toxicity of A. tamarense. We suggest a
possible explanation of how the changes in cellular PSP composi-
tion occur based on the current knowledge of the biosynthetic
pathways of specific toxins (Shimizu, 1993; Taroncher-Oldenburg
et al., 1997). Taroncher-Oldenburg et al. (1997) showed that C2 is
created, and then transformed into GTX2 and GTX3 and finally
transformed into GTX4. GTX4 is fully produced when cells

complete toxin synthesis. The proportions of GTX toxins in the
total toxin at N:P ratios lower or higher than the Redfield ratio
(Redfield, 1958) may be depressed by the low accumulation of
toxin in the cells due to N- or P-limitation, respectively (Fig. 3).
Although the Liebig limitation along a gradient of N:P ratio is
described for cell abundance by MacIntyre and Cullen (2005), the
abundance of GTX toxins at the Liebig yield can also be explained to
be limited below the critical ratio of 16 by nitrogen and above it by
phosphate.

Under a continuous or semi-continuous supply of nutrients
with a given N:P ratio, cells are able to acclimate to a newly
supplied nutrient with a different N:P ratio, and the cellular PSP
composition may acclimate to prospective nutrient-limiting
conditions. There are contradictory arguments about the status
of PSP composition even under nutrient limitation; some suggest
constant PSP composition, such as Boyer et al. (1987), Cembella
et al. (1988), Ogata et al. {(1987), Flynn et al. (1994), and John and
Flynn (2000), whereas others support variable PSP composition,
such as Anderson et al. {1990a). The former findings are likely
based on batch culture experiments, which feature a pulsed supply
mode for nutrients. The supply mode of nitrogen is known to have
consequences on the kinetic parameters of nitrogen uptake and the
cellular constituents of the marine dinoflagellate A. tamarense
(Leong et al., 2010). Cells might not be able to acclimate to
nutrient-limiting conditions under a pulsed supply mode, In the
present study, exponentially growing cells under a semi-continu-
ous supply mode are not forced to a nutrient-exhausted condition
within 2 days. Under our mode, the cells eventually acclimate to
novel nutritional conditions after repetitive dilution.

In nitrogen- and phosphorous-limited semi-continuous cul-
tures, toxin composition varied systematically with growth rate
(Anderson et al., 1990a). When cells grew slowly under severe
nutrient limitation, the toxin composition was dominated by one
or at most two toxin epimer pairs; as nutrient stresses eased at
higher growth rates, the toxin profile became more heterogeneous.
Steady-state, sustained nitrogen limitation favored the production
of toxin C1, C2 and GTX1 and GTX4, whereas phosphorus limitation
produced cells with high relative abundances of GTX2 and GTX3.
Therefore, to accurately assess cellular PSP composition, an
appropriate supply mode of nutrients should be adopted to
simulate the environmental conditions. The variation in cellular
PSP composition observed in the present study could be useful for
evaluating the composition of cellular PSP in coastal waters, where
nutrients are continuously supplied from coastal urban areas via
rivers,

In the present study, we assess the total cellular toxicity of A.
tamarense under N (low N:P ratios)- or P (high N:P ratios)-
limitation to evaluate the potential toxicity of A. tamarense in
coastal waters, The high total cellular toxicity at N:P ratios higher
than the Redfield ratio indicates that the cells of A. tamarense may
become more toxic under P-limitation than under N-limitation.
Guisande et al. (2002) suggested that one possible reason for the
enhancement of toxicity under P-limitation could be the ecological
advantages. They postulated that cells of A. tamarense under P-
limitation could avoid zooplankton grazing because of the cells’
high toxicity. Certain zooplankton species, such as copepods, can
distinguish toxic dinoflagellates from other natural assemblages of
phytoplankton by ingesting cells and learning from trial and error
(Uye and Takamatsu, 1990). Under P-limitation, the high toxicity of
A. tamarense could enhance its survival ability compared with
other phytoplankton. However, A. tamarense under P-limitation is
not expected to grow, because any decreases in intracellular P
content may discontinue the production of RNA, resulting in the
interruption of cell division due to a lack of RNA, To maintain
continuous growth, the ecological advantage suggested by
Guisande et al. (2002) might be significant for A. tamarense to
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be able to outcompete other phytoplankton species and eventually
capture the limiting resource, such as P,

The recent regulation of nutrients employed by provincial
governments in Japan has introduced high N:P ratios in coastal
waters and lead to P-limitation. If P-limitation in coastal waters
persists, A. tamarense could maintain a high cellular toxicity and
contaminate other marine organisms, such as zooplankton,
shellfish and fish, regardless of the magnitude of cell density in
the field. To reduce the damage caused by A. tamarense, the
consideration of the influence on nutrient limitation, particularly
P-limitation, in the governmental regulation of nutrients would be
highly recommended.
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