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Abstract

During surveillance of the distribution of the paralytic shellfish poison (PSP)-producing dinoflagellate in 2003, 2004 and 2005 along the
coastlines of the Seto Inland Sea, Hiroshima Prefecture, Japan, some species of toxic phytoplankton were isolated from the eastern coasts,
Bingo-Nada, the central regions of the Seto Inland Sea. It was rather unexpectedly revealed from the basis of the morphological character-
istics that they were unambiguously identified as Alexandrium tamiyavanichii and Alexandrium catenella. Two strains (ATY041106,
ATY051018) of 4. tamiyavanichii showed a specific toxicity of 38.7 x 107 and 111.5 x 10~® MU/cell, respectively. These values seemed
to be several times or much higher than that of 4. catenella (AC030816, AC040614), having a specific toxicity of 4.5 x 107% and
4.1 x 107 MU/cell, respectively, isolated in the same area. From the results of HPLC-furuorometric analysis, it revealed that the toxins
in ATY041106 exist almost exclusively as B-epimers (C2, GTX3, GTX4), which accounted for 72.7 mol%. The toxin profiles of this strain
are featured by the presence of a large amount of GTX3 (59.1 mol%) and a small amount (20.6%) of C1 and 2 in comparison with the PSP
compositions of A. tamarense, which is isolated as the main responsible species in Hiroshima Bay, a western part of coastal sea in Hiroshima
Prefecture. On the other hand, it revealed that the toxin profiles of two strains (AC030816, AC040614) of A. catenella exist almost exclusively
as B-epimers (C2, GTX3, GTX4), which accounted for 81.8 and 56.5 mol%, as the same manner. The toxin profiles of these two strains are
featured by the presence of a large amount of C2 (80.5 and 46.3 mol%) in comparison with the PSP compositions of A. tamiyavanichii.

To our knowledge, this is the first record to show the distribution and harmful influence of A. tamiyavanichii and A. catenella in
Bingo-Nada in Hiroshima Prefecture. Though contamination of bivalves with these PSP-producing planktons in this area has not
occurred yet so far, attention should be paid to this species as well as the other causative dinoflagellate from the stand point of public
health and food hygiene.
© 2008 Published by Elsevier Ltd.

Keywords: Paralytic shellfish poison; Dinoflagellate; Alexandrium tamiyavanichii; Alexandrium catenella; Alexandrium tamarense; Gonyautoxin; Hiros-
hima prefecture

1. Introduction
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Especially, dinoflagellates species from the genus Alexandri-
um such as A. tamarense and A. catenella have been known
well known as producers for the potent neurotoxins of para-
Iytic shellfish poison (PSP), which is one of the notorious
marine toxins known (Hashimoto and Noguchi, 1989). This
toxin produced can accumulate in filter-feeding shellfish that
feed on the dinoflagellates, resulting in illness to humans at
higher trophic levels in the food chain, mainly along with
paralysis in parts of the body, followed by death in severe
cases. When infestation of bivalves with PSP toxins
occurred, secondary intoxication of edible gastropod such
as Rapana venosa inhabiting there through the food web is
also pointed out as an important problem from the view of
food hygiene and public health as well as fishery (Ito et al.,
2004). Hence, marine pollution due to PSP-producing dino-
flagellate and subsequent contamination of shellfish with
PSP may cause serious economic losses in the shellfish cul-
ture and its related industries, negatively impacting a public
health in many coastal countries throughout the world.

Hiroshima Bay, Hiroshima Prefecture is one of the larg-
est oyster culture areas in Japan. Many oyster culture rafts
produce 50-70% of the total amount oysters consumed in
the country. The first infestation of shellfish with PSP
was reported in 1992 (Asakawa et al., 1993). Since this
episode, subsequent monitoring for toxins contained in
commercial shellfish by mouse bioassay showed that
short-necked clams, mussels and oysters were contami-
nated with PSP with appearance of A. tamarense in Kure
Bay, which is a part of Hiroshima Bay, almost every year
(Asakawa et al., 1995, 2005).

In Hiroshima Bay, the main dominant species responsi-
ble for PSP is A. tamarense, which is one of the most harm-
ful taxa. However, in a global scale, species belonging to
other genera, such as Gymnodinium catenatum (Oshima
et al., 1987; Tkeda et al., 1989; Takatani et al., 1998a,b)
and Pyrodinium bahamense var. compressum (Harada
et al., 1982) have also been found to be responsible for
shellfish toxicity, indicating that contaminated sea is
spreading along with the increase of the number of the
causative species. For these reasons, a strict and constant
monitoring focused on understanding the distribution of
these toxic dinoflagellates along the coastlines not only in
Japan but also in many other countries in the world will
be needed more often from now on.

These situations prompted us to undertake the present
study, which is an extension of previous studies in which
the authors participated, to focus on the distribution and
spread of toxic dinoflagellate in the coastal water of Hiro-
shima Prefecture and to assess potential health risks to
human shellfish consumers with marine pollution due to
toxic dinoflagellate. In this paper, we report for the first
time the detection of A. tamiyavanichii in Uchiura Bay,
which is located in the east coastal sea of Hiroshima Prefec-
ture, Bingo-Nada, the central coastal water of the Seto
Inland Sea, and report that this species is the dinoflagellate
paid attention to in connection to toxification of bivalves in
Hiroshima Prefecture.

2. Materials and methods
2.1. Dinoflagellate and shellfishes

Fig. 1 shows Uchiura Bay which belong to Bingo-Nada,
central region of the Seto Inland Sea, in the eastern coasts
in Hiroshima Prefecture and Kure Bay, a part of the Hiro-
shima Bay, in the western coasts. The Seto Inland Sea has
many islands and narrow waterways, and divided into sev-
eral basins called “Nada”. Seawater samples were collected
from 0 m depth in spring, summer and fall from 2003 to
2005, simultaneously with the trial to isolate the toxic dino-
flagellate. The 20 pm mesh-screen net hauling seawater was
concentrated properly. Each vegetative cell in the net haul-
ing samples was isolated by capillary pipet method. Total
six clonal cultures of dinoflagellate were established and
used for their toxicities and/or toxin analysis. These six
strains were mass-cultured using 3 L Fern-bach flasks.
Cells were harvested at late-exponential phase. The culture
method, toxicity assays and toxin composition analysis of
these strains were almost the same as reported previously
(Asakawa et al., 1995). On the other hand, specimens of
bivalves such as oysters Crassostrea gigas and mussels
Mpytilis edulis adherent to the rocks and short-necked clams
Tapes japonica in the mud were collected simultaneously
from the same area. These live specimens were transported
to our laboratory in ice, and shucked. Some of them were
immediately assayed for toxicity as described below.

2.2. Assay of toxicity

In the assay for toxicity of the dinoflagellates, cells were
suspended in 0.1 mol/L acetic acid and ultrasonicated for
10 min. The lysate was centrifuged at 2000g for 20 min
and the supernatant was obtained. A series of test solution
was prepared by dilution with a small amount of distilled
water and assayed for PSP toxicity by an official Japanese
method (Kawabata, 1978). The PSP toxicity of the shellfish
samples was measured by the same method, using 0.1 N
hydrochloric acid as the extraction solvent. The activity
was expressed in mouse units (MU), in which 1.0 MU is
defined as the dose of toxin required to kill a 20 g ddY
strain male mouse in 15 min after i.p. injection.

2.3. Purification of toxins from dinoflagellate

The acetic acid extract of cultured cells was concentrated
and loaded on to a Sep-Pak Plus C18 Environmental Car-
tridge (Waters). The unbound portion was collected and
concentrated to dryness in vacuo. The residue was dissolved
in a small volume of water and injected into the HPLC-
fluorometric system (Asakawa et al., 1993, 1995). The con-
tent of each toxin was estimated by comparing the peak
area of each toxin with that of each toxin standard and cal-
culated as mol%. The reference standards of PSP used in
this study were prepared from the digestive glands of
PSP-infested scallops Patinopecten yessoensis in Ofunato
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Hiroshima City

Hiroshima
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O

Fig. 1. Map showing sampling stations along with coast lines of Hiroshima Prefecture. (A) Hiroshima Prefecture, scale bar (=) means 10 km. (B) Western

coastal sea; Kure Bay (@®). (C) Eastern coastal sea; Uchiura Bay (A).

Bay, Iwate Prefecture (Noguchi et al., 1981) and from a
xanthid crab Zosimus aeneus from Kabira in Ishigaki
Island, Okinawa Prefecture (Daigo et al., 1985). Due to
the lack of standard toxins, the contents of N-sulfo car-
bamoyl derivatives of Cl (PX1 or epi-GTX8), C2 (PX2
or GTX8), C3 (PX3), C4 (PX4), GTX5 (B1) and GTX6
(B2) were estimated by comparing chromatograms before
and after acid hydrolysis, assuming corresponding carba-
mate toxins of GTX2, GTX3, GTX1, GTX4, STX and
neoSTX. Acid treatment was performed with 0.1 N hydro-
chloric acid for 15 min in boiling water. The HPLC results
were expressed in relative amount of each toxin on molar
basis (mol%).

3. Results and discussion

As Table 1 shows, six strains of the toxic dinoflagellate
were isolated from the coastal water of the Seto Inland
Sea in Hiroshima Prefecture. At first, four strains isolated
from Uchiura Bay, which belong to the eastern part of
coastal waters in Hiroshima Prefecture, Bingo-Nada,
central region of the Seto Inland Sea, in 16 November

2004, 18 October 2005, 16 August 2003 and 14 June
2004, designated ATY041106, ATY051018, ACO030816,
and AC040614, were rather unexpectedly were identified
as A. tamiyavanichii (formerly called 4. cohrticula) and A.
catenella. Seawater temperature at 0 m depth in Uchiura
Bay, when the sea water sample was collected, was 20.0,
23.0, 26.0 and 19.0 °C, respectively. As for natural popula-
tion densities of A. tamiyavanichii in 16 November 2004
and 18 October 2005, both were 40 cells/L, respectively.
The extracts of all strains isolated in the present study
killed mice with typical symptoms associated with PSP tox-
ins. Specific toxicities of these strains are summarized in
Table 1. The specific toxicities of two A. tamiyavanichii
strains were different from each other (ATY041106,
38.7 x 10~ MU/cell; ATY051018, 111.5 x 107° MU/cell).
These toxicity scores seemed to be several times or much
higher than that of two A. catenella strains (AC030816,
4.5 x 107° MU/cell; AC040614, 4.1 x 10~® MU/cell), iso-
lated in the same area. However, paralytic toxicity from
the bivalves such as mussels, clams and oysters in this
and adjacent area was not detected by mouse bioassay at
all. These phenomena were observed in the Gulf of
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Table 1

Toxic dinoflagellate isolated from the coastal water of Hiroshima Prefecture, Japan

Date/year Isolation locale® (0 m depth) Dinoflagellate Strain no. Toxicity (x10~° MU/cell)
November 16/2004 Uchiura Bay (Eastern coast) Alexandrium tamiyavanichii ATY041106 38.7 109

October 18/2005 ATY051018 111.5

August 16/2003 A. catenella AC030816 45+28

June 14/2004 AC040614 41+1.1

April 20/2004 Kure Bay (Western coast) A. tamarense AT040420 33.0 £ 125

April 13/2005 AT050413 37+ 14

# Refer to Fig. 1.

Thailand. During monitoring Alexandrium spp. in the
Gulf, four Alexandrium species, A. fraterculus, A. leei and
A. tamiyavanichii, were found to occur, though no signifi-
cant shellfish toxicity was observed (Fukuyo et al., 1989).

By the way, isolation of A. tamiyavanichii from the Gulf
of Thailand during a monitoring survey of toxic dinoflagel-
lates and confirmation of its PSP production by culture
experiments was reported, suggesting that this is a tropical
species (Kodama et al., 1988). This species was originally
found in the phytoplankton samples from the Bay of Mex-
ico (Balech, 1967). Judging from all of these facts, A. tam-
iyavanichii has been considered to be a tropical or
subtropical species so far. However, in 1988, this species
was found in phytoplankton samples collected from Japa-
nese coastal water, Aburatsubo in Sagami Bay, Japan, in
November and its PSP production was confirmed (Ogata
et al., 1990). Specific toxicity of these strains was in the
range of 0.8-1.0 MU/10* cells. In addition, the first PSP-
infestation of bivalves in the southeast coastal water of
the Seto Inland Sea, Harima-Nada, Kagawa Prefecture,
in early December 1999 and the isolation of A. tamiyavan-
ichii with the specific toxicity as 7200 cells/MU, whose
score is equivalent to 138.9 x 107 MU/cell, from the
Straits of Naruto was reported (Hashimoto et al., 2002;
Yoshimatsu et al., 2001). This toxicity score is almost the
same as that of the strain ATY051018 isolated in the pres-
ent study. The Seto Inland Sea is surrounded by three
major islands (Honshu, Shikoku and Kyushu) of Japan
and is connected to the open ocean by only a few narrow
straits such as Kitan, Naruto, Hoyo and Kanmon Straits.
Though PSP compositions of this strain were not exam-
ined, its specific toxicity indicates the possibility of identity
of our strain with the strain isolated from the Straits of
Naruto. From a series of these studies including our pres-
ent study, this species also seemed to be distributed in
not only tropical or subtropical but also temperate water.
In this connection, prior to this episode, PSP-infestation
of green mussel Perna viridis due to the same species of
dinoflagellate was confirmed in Okinawa Prefecture in
early summer, 1996 (Koja et al., 2001).

Not only detection of PSP-producing phytoplankton A.
tamiyavanichii in Bingo-Nada, the eastern part of coastal
sea in Hiroshima Prefecture but also toxification of the biv-
alves in this area has not been reported so far. From the
present results, there is a possibility of the contamination

of bivalves during late fall to winter in this area with
blooms of A. tamiyavanichii in near future. This is a huge
threat to massive oyster culture area, Hiroshima Bay,
belong to the western coastal waters of Hiroshima Prefec-
ture, where cultured oysters are harvested mainly during
late fall to winter.

On the other hand, two strains isolated at 0 m depth in
Kure Bay, which is a part of Hiroshima Bay, in the eastern
part of coastal waters in Hiroshima Prefecture, in April,
2004 and 2005, designated ATKR040420(33.0 x 10~° MU/
cell) and ATKR050413(3.7 x 10~¢ MU/cell) were identified
as A. tamarense, respectively (Table 1). At this time, seawater
temperature at 0 m depth in Kure Bay was 15.7 and 12.0 °C,
respectively. Cells density of this dinoflagellate on that time
was 4.0 and 0.6 cells/mL. Specific toxicities of these two
A. tamarense strains were much lower than those of two
A. tamiyavanichii strains isolated in the present study,
along with the data on other strains of 4. tamarense reported
so far (Asakawa et al., 1995,2005). In this connection, A.
tamiyavanichii and A. catenella were not observed in this
bay. In this area, 4. tamarense has been mainly responsible
for PSP (Asakawa et al., 1995,2005) since 1992.

Table 2 shows the PSP profiles of cultured cells of toxic
dinoflagellate isolated in the coastal waters of the Seto
Inland Sea in Hiroshima Prefecture. In A. tamiyavanichii,
the amounts of C1 and 2 were only 20.6%. On the contrary,
more than 70% of toxins were composed of C1 and 2 in A.
tamarense and A. catenella regardless of the place of their
collection. This may be the reason why specific toxicity of
A. tamiyavanichii is higher than that of A. tamarense and
A. catenella. The PSP composition of A. tamiyavanichii
strain isolated in Harima-Nada, Kagawa Prefecture, in
early December 1999 mentioned above show similar ten-
dency. The total amounts of Cl and 2 were only 2.0%
(Hashimoto et al., 2002).

The relative abundance of B-epimers of 11-hydroxysul-
fate toxins (C2, GTX3, GTX4) always exceeded those of
a-epimers(Cl, GTX2, GTX1). In many Alexandrium spe-
cies, this phenomenon has been observed in common (Hall
et al., 1990; Oshima et al., 1990; Asakawa et al., 1995,2005).
As for A. tamiyavanichii (ATY041106), the PSP toxins exist
almost exclusively as B-epimers (C2, GTX3, GTX4), which
accounted for 72.7 mol%. The toxin profiles of this strain
are featured by the presence of a large amount of GTX3
(59.1 mol%) in comparison with the PSP compositions of
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Table 2

Toxin compositions of PSP-producing dinoflagellates isolated from the coastal water of Hiroshima Prefecture. Japan

Area Uchiura Bay? Kure Bay*

Dinoflagellate Alexandrium tamiyavanichii A. catenella A. tamarense

PSP Components ATY041106 AC030816 AC040614 AT040420 ATO050413
Cl 8.1 16.2 32.6 218 4.0
C2 12.5 80.5 46.3 61.2 88.6
GTX1 9.3 0.8 1.3 5.5 0.6
GTX2 9.9 1.0 9.2 5.1 0.5
GTX3 59.1 Trace 0.6 23 3
GTX4 1.1 1.3 9.6 1.5 0.2
neoSTX 0 0.2 0.4 2.6 : 3.1

All results are shown in mol%. Trace: less than 0.1%.
@ Refer to Fig. 1.

A. catenella and A. tamarense. In addition, it revealed that
the toxin profiles of two A. catenella strains (AC030816,
AC040614) exist almost exclusively as PB-epimers (C2,
GTX3, GTX4), which accounted for 81.8 and 56.6 mol%,
as the same manner. The toxin profiles of these strains are
featured by the presence of a large amount of C2 (80.5,
46.3 mol%) in comparison with the PSP compositions of
A. tamiyavanichii.

Until the 1980s, in Japanese coastal waters, contamina-
tion of bivalves with PSP by toxic dinoflagellates had been
restricted to some areas such as the Hokkaido and Tohoku
regions. But since the 1990s, toxic dinoflagellates have
bloomed at new areas in western and eastern Japan. In
Hiroshima Bay, PSP outbreaks have occurred almost every
year (Asakawa et al., 1993, 2005). The causative organisms
of PSP in Japan are mostly 4. tamarense, A. catenella and
G. catenatum as shown in many reports on the occurrence
of these dinoflagellates. (Asakawa et al., 2005; Fukuyo,
1985; Noguchi et al., 1990; Takatani et al., 1998a,b). As
for A. tamiyavanichii, there was no report on the occur-
rence of toxic dinoflagellate in eastern coastal waters of
the Seto Inland Sea, Hiroshima Prefecture. In early Decem-
ber 1999, a bloom due to 4. tamiyavanichii, which has not
been reported so far as causative plankton for PSP infesta-
tion of bivalves, occurred around the southeast coast of the
Seto Inland Sea in Kagawa Prefecture, resulting in PSP
toxification of mussels Mytilus edulis and ark shell Anadara
broughtonii (Hashimoto et al., 2002). These data including
our results shows that it is also distributed in temperate
waters. In addition to this, the present paper is the first
record of harmful influence of A4. tamiyavanichii in Hiro-
shima Prefecture. The present study adds A. tamiyavanichii
to the list of possible causative organisms of PSP in Hiro-
shima Prefecture. Actually, in Hiroshima Bay, the western
part of coastal water, this species has not been detected
until now.

Bivalves are suddenly infested with PSP, causing a seri-
ous damage to fisheries and related industries. In late
autumn of 1988, the scallop P. yessoensis was suddenly
and unexpectedly infested with PSP in Funka Bay, Hokka-
ido, where is one of the representative scallop culture areas
in Japan, causing a serious damage to fisheries and its

related industries. The responsible dinoflagellate was iden-
tified as A. catenella, whose lethal potency was estimated to
be 2.5 x 10%cells/MU. Scallops became toxic with the
highest toxicity score exceeding 400 MU/g digestive gland.
Before 1988, scallops have extensively been infested with A4.
tamarense in late spring to early summer in almost every
year, but never in autumn or winter. So is the case with
Hiroshima Bay. In this connection, from the results of
feeding the cultured A. tamiyavanichii cells to green mussel
to examine toxin accumulation, this dinoflagellate is harm-
ful enough to make bivalves inedible in a short time, when
they are exposed to the bloom (Wisessang et al., 1991).
Judging from the history of other areas where PSP toxifica-
tion or blooms of toxic dinoflagellate has occurred, these
episodes tend to occur repeatedly every year. Therefore,
attention should be paid to this species as well as the other
causative dinofiagellates throughout the coastlines in Hiro-
shima Prefecture. It would allow farmers to harvest sea-
food products before they can become contaminated with
dinoflagellate toxins, relocate aquaculture stocks to non-
affected areas, and to adjust marketing strategies.

Finally, it is very important to monitor A. tamiyavani-
chii strictly in addition to A. tamarense and A. catenella,,
especially in fall to early winter, because a large number
of culture oysters are harvested in Hiroshima Bay.
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