9 13 117, 15
Bull. Fish. Res. Agen. No. 9, 13-117, 2003

Heterocapsa circularisquama
H. circularisquama

Physiological and ecological studies on harmful dinoflagellate Heterocapsa circularisquama -
Clarification on toxicity of H. circularisquama and its mechanisms causing shellfish kills

Yukihiko MATSUYAMA

Abstract Heterocapsa circularisquama Horiguchi (Dinophyceae) is a causative agent of
red tide organism, appeared in 1988 in first time and then rapidly dispersed off the coastal
waters of western Japan. The red tide due to H. circularisquama was associated with mas-
sive killing of commercially important bivalve species: pearl oyster Pinctada fucata
martensii, Pacific oyster Crassostrea gigas, manila clam Ruditapes philippinarum, blue
mussel Mvytilus galloprovincialis, etc. Until 2000, 31 cases of H. circularisquama red tide
(including 16 incidences leading to fisheries damage) had been recorded in western Japan.
Economic losses in shellfish aquaculture by direct killing of marketable products were es-
timated about at least 10 billion-yen in the last decade. Although the recurrent blooms of
H. circularisquama had damaged the shellfish aquaculture, no harmful effects on wild
and cultured finfish, other marine vertebrates, and public health hazard were recorded.
Therefore, this phenomenon is referred to as "novel red tide." The red tide due to H.
circularisquama has devastates shellfish aquaculture in most of the region, in terms of
mass mortality in farming organism, cost of measures to prevent the damage, adversely
affects the development of shellfish aquaculture, and secondary damage, i.e. decline of de-
mand due to misinformation. Incidence of this species has increased recently, and the eco-
nomic losses in aquaculture have been a cause for concern for the industry and society. In
the present study, mechanism of damage caused to shellfish aquaculture, toxicity of the
organism were conducted, in order to clarify the mechanism to be causing shellfish death
due to H. circularisquama red tide.

In field observations, pearl oysters exposed to 4,000-6,000cells/mL of H.
circularisquama resulted in death within several days although the level of dissolved oxy-
gen was not critical for their survival. The dead individuals were characterized by various
negative symptoms: valve closure, marked shrinkage of the mantle, decrease of glycogen
lobe attached to the mantle, gut discoloration, cardiac disorder, paralytic etc.. The symp-
toms caused by the H. circularisquama exposure clearly showed a potent cytotoxic effect
on bivalve physiology. The consist cytotoxicity to the bivalve molluscs was also confirmed
in laboratory-reared experiment. Further, laboratory exposure experiments revealed that
various marine animals such as bivalves, gastropods, ascidians, jellyfish, ciliates, and
some naked phytoflagellates are affected by H. circularisquama unlike vertebrates, crus-
taceans, starfish, and sea urchins, and mouse.
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According to survival experiments using various culture condition of H.
circularisquama, toxicity of H. circularisquama on the mussel were increased in the high
water temperature and high salinity culture conditions, but markedly decreased in nitro-
gen-limited conditions. These results suggested that toxicity of this dinoflagellate was
considerably affected by environmental conditions in nature. Further, comparative stud-
les on toxicity of H. circularisquama cells showed that toxicity of this algae clearly varied
among strains which isolated from various locatities in Japan.

The toxicity of H. circularisquama to bivalves molluscs was clearly mediated by a
chemical agent. The toxic effect of H. circularisquama on bivalves was not due to
extracellular metabolites, cell exudates, and "naked cells" prepared by sonication and cen-
trifugation. Furthermore, SDS (sodium dodecyl sulfate), triethanolamin, and trypsin
treatments were found to decrease drastically the toxicity of H. circularisquama cells.
The metabolism inhibitor for protein and glycochains also reduced the toxicity of H.
circularisquama. Therefore, labile glycoprotein-like complex localized on the cell surface
of H. circularisquama presumably exerts a detrimental effect on bivalves. Furthermore,
H. circularisquama did not affect on the anterior byssus retractor muscle of the mussel
M. galloprovincialis but significantly affects on the radula retractor muscle of rapa whelk
Rapana venosa, having various chemical receptors against peptide and other related sub-
stances. These results indicated that H. circularisquama does not synthesize monoamines
such as dopamine and acetyl-cholin, alternating bivalve physiology. Some bivalve species
resulted in gill damage and cardiac disorder in early periods of the exposure experiment.
Histological study on manila clam exposed to H. circularisquama demonstrated that
marked collaps of the mitocondria and muscle fiber occurred in several minuts. This is
considered as a potencial factor causing short-term death in shellfish species. Further, H.
circularisquama showed lethal effects on the early stage of bivalve species. Exposure of H.
circularisquama to non-fertilized eggs of bivalve causes rapid collapse of vitelline envelope
of eggs. These results indicated that a receptor destroying enzyme or related substances
in the cell surface of H. circularisquama is the causative agent of shellfish kills. Further,
affected larval stage of R. philippinarum by the H. circularisquama showed drastic in-
creases of intracellular calcium concentration. Therefore, detrimental effects of H.
circularisquama cells to the targeted organs (gills and mantle etc) led significant increases
the concentration of intracellular calcium at critical level, that is probably brought about
collapse of bivalve homeostasis.

The toxicity of H. circularisquama can easily lost by the simple mechanical disturbance
such as centrifugation of their cells. Further, the toxicity of H. circularisquama cells has
been dropped by gently treatments of SDS (sodium dodecyl sulfate), triethanolamine, and
trypsin. These detoxicated cell are readily cleared by the filter-feeding bivalve without
any negative responses. Therefore, physiological and chemical treatments can be apply to
prevent the detrimental effect of H. circularisquama in future. However, widespread ap-
plication of these procedures for marine environments may exert a secondary harmful ef-
fect on the other valuable aquatic organisms. It is necessary to improve the economically
cost and to asses risk management. Biological control of H. circularisquama; 1. e. diatoms
growth promoting due to silicate conditioning in coastal waters and clearances of H.
circularisquama cells by the other filter-feeder such as dense population of ascidians is
likely to be low cost and environmentally acceptable techniqus for mitigation in future.
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Fig. 2. Light and electon micrographs of the dinoflagellate Heterocapsa circularisquama Horiguchi. 1: Light
micrograph (Scale bars 10p m). 2: Scanning electon micrograph (Scale bars 5y m). 3: Transmition electon
micrograph. autolysosome (al), chloroplast (c), endosynbiosis (b), nucleus (n), pyrenoid (py), starch grain (s).



Fig. 3. The red tide of the Heterocapsa circularisquama occurred in Etajima Bay, a small branch of the
Hiroshima Bay, in September 1997
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Fig. 4. Photographs of dead shellfish species during Heterocapsa circularisquama red tide. 1: Kochi News Paper
reported a red tide and associated catastrophic death of farming manila clam Ruditapes philippinarum in
Uranouchi Bay, 1988. 2-3: Dead pearl oyster Pinctada fucata martensii in Ago Bay, 1992. 4-5: Dead shellfish: mus-
sel Mytilus galloprovincialis, razor clam Solen strictus, manila clam R. philippinarum etc. due to red tide of H.
circularisquama (Fukuoka Bay, 1989, photograph is provided by Y. Tanaka) in Fukuoka Bay, 1989. 6: Dead ma-
nila clam in Hiroshima Bay, 1998. 7: Dead mussels M. galloprovincialis in Hiroshima Bay, 1998.
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Fig. 5. Occurrences of Heterocapsa circularisquama in the western Japan. Numbers in the map are referred

to Table 2
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Table 2. Records of shellfish
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Chattonella

Karenia mikimotoi

species damage due to Heterocapsa circularisquama red tide in western Japan

Date| Shellfish species affected Notes Occasion Reference
1988 | Ruditapes philippinarum | 1560 ton losses Uranouchi Bay
1989 | Crassostrea gigas Fukuoka Bay Yamamoto and Tanaka (1990)
Mactra chinesis
Mpytilus galloprovincialis mass mortality
Ruditapes philippinarum
Solen strictus
1992 | Pinctada fucata 30-90% mortalities Ago Bay Matsuyama et al. (1995)
loss of 18 million individuals
Crassostrea gigas
Mpytilus galloprovincialis mass mortality
Chlamys nobilis
1993 | Ruditapes philippinarum | 50-90% decrease of harvest Lake Hamana
Crassostrea gigas mass mortalities
1994 | Pinctada fucata 40-90% mortalities in areas with Ago Bay Matsuyama et al. (1996)
extensive assemblages
1994 | Pinctada fucata mean 65.4% mortality in 2 years old |Kusu-ura Bay | Yoshida and Miyamoto (1995)
individuals
Ruditapes philippinarum | mean 69.5% mortality, 100 ton losses
Crassostrea gigas
Solen strictus
Mactra veneriformis
Musculista senhousia mass mortality
Anomalocardia aquamosus
Dosinorbis japonica
Glossaulax didyma
1995 | Pinctada fucata 9-36% mortality Ago Bay
Crassostrea gigas 36-68% mortality, 610 ton losses Hiroshima Bay | Matsuyama et al. (1997)
Ruditapes philippinarum 70% mortality, 210 ton losses
Mpytilus galloprovincialis | 10-55% mortality
1996 | Pinctada fucata mass mortality Ago Bay
losses of 1.5milion individuals
1997 | Pinctada fucata Obama Bay

1998

1999

Crassostrea gigas
Mpytilus galloprovincialis

Crassostrea gigas
Mpytilus galloprovincialis
Sulculus diversicolors
Ruditapes philippinarum
Ruditapes philippinarum
Crassostrea gigas
Mactra veneriformis
Crassostrea gigas
Ruditapes philippinarum

Atrina pectinta

Haliotis discus

} mass mortality

mass mortality in spat and adult
75% mortality in assemblage area
mortality in natural population
210 ton losses

90% decrease of spat yield
considerable mortality

30-98% mortality

ca. 5,000 ton losses
50-90% mortality
considerable mortality

5,100 individuals dead

Hiroshima Bay

Buzen Sea

Suo-nada

Hiroshima Bay

Suo-nada

Wakinoura Port

Etoh et al. (1997)

The data sets were obtained from Fishery Regulation Office, Fisheries Agency of Japan
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Table 3.(1/2) Records of damage to shellfish species (bivalves and gastropods) due to red tides associated
with harmful algae in western Japan (1973 1986)

Date| Shellfish species affected Notes Occasion Causative taxa
1973 | Meretrix lusoria 6 ton losses Fuku-ura Bay Karenia mikimotot
1975| Crassostrea gigas 30% losses (deoxygenation) |Hiroshima Bay Prorocentrum
1976 | Haliotis discus 12 ton losses Wakayama Coast | Karenia mikimotot
Sulculus diversicolor Prorocentrum
Turbo (Batillus) cornutus Ceratium furca
Polykrikos
1977| Pinctada fucata 3 million individuals dead Tanabe Bay Karenia mikimotot
1979 | Ruditapes philippinarum 3,416 ton losses Buzen Sea Karenia mikimotot
1980| Haliotis discus 1,192 kg losses Katsu-ura Coast |Karenia mikimotot
Turbo (Batillus) cornutus 265 kg losses
Sulculus diversicolor 64 kg losses
Chlamys nobilis 60 kg losses
1981 | Sulculus diversicolor 95.8.kg losses Nyuzu Bay Karenia mikimotot
Haliotis discus 25.4 kg losses Heterosigma akashiwo
Prorocentrum
small flagellates
Sulculus diversicolor 2,000 individuals dead Asai Bay Karenia mikimotot
1982 | Haliotis discus 11.3 ton losses Buzen Sea Karenia mikimotot
Ruditapes philippinarum 219.2 ton losses
Fulvia mutica 18.5 ton losses
1983 | Ruditapes philippinarum 2 ton losses Nyuzu Bay Prorocentrum
1984 | Pinctada fucata 6.6 million individuals dead |Kumano Nada Karenia mikimotot
Chlamys nobilis 3.1 million individuals dead
Sulculus diversicolor 10,710 individuals dead
Haliotis discus 7.4 ton losses
1985 | Ruditapes philippinarum 1,550 ton losses Suo Nada Karenia mikimotot
Turbo (Batillus) cornutus
Sulculus diversicolor
Haliotis discus 3,720 ton losses
Fulvia mutica
Meretrix lusoria
Haliotis discus Moji Port Karenia mikimotoi
Turbo (Batillus) cornutus } mass mortality
Sulculus diversicolor
1986 | Haliotis discus mass mortality Kariya Bay Karenia mikimotoi

Turbo (Batillus) cornutus

Pinctada fucata

Haliotis discus

Sulculus diversicolor
Turbo (Batillus) cornutus

2.7 ton losses
200 kg losses

mass mortality

Bungo Channel

Karenia mikimotoi

The data sets were obtained from Fishery Regulation Office, Fisheries Agency of Japan
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Table 3. (2/2) Records of damage to shellfish species (bivalves and gastropods) due to red tides associated

with harmful algae in western Japan (1973 1986)

Date| Shellfish species affected Notes Occasion Causative taxa
1988 | Turbo (Batillus) cornutus 900 kg losses Tachibana Bay |Karenia mikimotoi
Turbo (Batillus) cornutus 1 ton losses
Haliotis discus 227 individuals dead
1989 | Haliotis discus 13.4 ton losses Beppu Bay Karenia mikimotot
Turbo (Batillus) cornutus 10.9 ton losses
Ruditapes philippinarum 6.7 ton losses
Solen strictus 900 kg losses
Scapharca broughtonii mass mortality Yatsushiro Sea | Karenia mikimotot
1990| Crassostrea gigas mass mortality Buzen Sea Ceratium furca
1991 Pinctada fucata 22,220 individuals dead Tsukumi Bay | Noctiluca scintillans
1992 | Haliotis discus mass mortality Fukuoka Bay Karenia mikimotot
Pinctada fucata 2.9 ton losses Uwa Sea Gonyaulax polygramma
Chlamys nobilis 676 kg losses
1995| Ruditapes philippinarum Harima Nada Karenia mikimotot
Haliotis discus } mass mortality
Turbo (Batillus) cornutus
Turbo (Batillus) cornutus mass mortality Yoshimi Port Karenia digitata
Sulculus diversicolor
Haliotis discus mass mortality Hagi Coast Heterosigma akashiwo
1996 | Turbo (Batillus) cornutus 30 kg losses Tki Island Noctiluca scintillans
Haliotis discus 14 kg losses
Haliotis discus 80% mortality Usuki Bay Karenia mikimotot

The data sets were obtained from Fishery Regulation Office, Fisheries Agency of Japan
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Fig. 6. Photomicrograph of the dinoflagellate Karenia mikimotoi and associated shellfish death in relation
to massive red tide. 1: Photomicrograph. 2: Dead manila clam Ruditapes philippinarum during the red tide
ocurred in Buzen sea, western Seto Inland Sea, 1985 (see Table 3). 3: Dead Pacific oyster Crassostrea gigas
during K. mikimotot red tide (Hiroshima Bay, 2002). 4: Dead blue mussel Mytilus galloprovincialis during
K. mikimotoi red tide (Hiroshima Bay, 2002).
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Fig. 7. Locations of sampling stations in Ago Bay

Fig. 8. The pearl oyster farming at Station B, in Ago Bay
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Fig. 9. Mortality of pearl oyster Pinctada fucata martensii after the summer red tide and mean

Heterocapsa circularisquama cell density (20-28 August, 1992)

Table 4. Behavior and synptoms of the pearl oyster Pinctada fucata martensii during
the bloom priods of Heterocapsa circularisquama in Ago Bay, 1992

Symptoms

Heterocapsa circularisquama cells/mL

Valve closure

Clapping

Decreases of cardiac activity

Decreases of glycogen branch

Shell growth suspension

Gut discoloriation (dark brown to orange)
Shrinkage of mantle edge

Paralysis

Death

50 200

50 200
1000
200 1000
200 1000
1000 2000
1000 2000
1000 2000
2000

1901

Gonyaulax polygramma

, 2001
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Fig. 10. Photographs of pearl oyster Pinctada fucata martensii affected by Heterocapsa circularisquama in 1992.
1: Dead pearl oysters. 2: Individual cultured at site without red tide. 3: Individual cultured at site with red tide.
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Vertical profile of dissolved oxygen concentration (saturation percentage, ) at Station 2, in 1992.

Pearl oyster cages were suspended at 1  2m depth.
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Fig. 12. Mortality changes of pearl oysters in re-
lation to cell density of Heterocapsa circulari-
squama in 1994. Upper is monitored at Station C.
Lower is at Station 3. Forty individuals of caged
pearl oyster were cultured at each station.
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2 3.5mg/L
Theede et al., 1969; , 1982;
, 1993

H. circularisquama 4,000
6,000 cells/mL

H. arcularisquama

Nagai et al. 2000 1994 H.
cireularisquama
24
2,000 cells/mL

24

6,600 cells/mL 10,000 cells/mL

H. circularisquama

H. arcularisquama

cireularisquama

1992
1994

H. arcularisquama

, , 1990;
, , 1995
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2

H. arcularisquama

H. arcularisquama

K. mikimotot

2001

mikimotol

cells/mL

4 H. crcularisquama

, 1966

Matsuyama et al.,

1935

K. mikimotoi

K.

H. circularisquama

4,000 6,000

50 200 cells/mL

2
Fig. 13
1999 Fig. 14 ’
Korringa, 1976 5 6
1969 Chattonella
antiqua , 1973

Heterosigma akashiwo Karenia mikimotot
, 1986
1995 1998 H. circularisquama

1997; 2003

H. circularisquama

3
1995 Fig. 13 Stn. 1
1 Crassostrea gigas 87+ 22mm
11 14 Fig. 15
Stn. 1 Stn. 5
0, 2, 5, 8m
Stn. 1 30 Stn. 5 22
Mpytilus galloprovincialis
11 13 Stn. 1
94
30.0+ 5.2mm 2 mm
1998 54.2+ 11.2mm
8 mm
Stn. 1 2m
H. circularisquama
Stn. 1
1995 11 13

Stn. 4. 2,500 cells/mL
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Fig. 13. Location of Hiroshima Bay (upper) and sampled stations in the Ohno Strait (lower)
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Fig. 14. The oyster farming around the Etajima station, Hiroshima Bay

Fig. 15. Close-up of the oyster assemblages placed
in an experimental basket at Station 1 during red
tide periods, in 1995

oM m
10y m

4Tmm H.
circularisquama

22

11,200 cells/mL 200mL

27.omm 30.8mm 2
Stn. 1 1

H. arcularisquama

25
1995 10 Stn. 1
Isochrysis galbana Skeletonema
costatum 2.3+ 0.3mm
1 12
23mm
10,000 cells/mL dmL/
n 20 4
1
12

11 13 Stn. 4 3,700 cells/mL

GF/F



H. circularisquama

H. circularisquama

1,000 cells/mL
229+ 26mm n 3
10.9¢ 0.bomm n 5
4
Matsuyama and Uchida
1997
Heterocapsa triquetra

1,000 cells/mL

GF/F Whatman
ca. 0.7y m 3,700
cells/mL H. triquetra

11 24 Stn. 1

Table 5 H. circulari-
squama
Stn. 1 5km Stn. 2
1995 H.
circularisquama 3,500 9,000 cells/mL
11 21
3
Stn. 1 Crassostrea
gigas Fig. 16 Table 6

Table 5. Cell densities of phytoplankton species
collected at Station 1 on 24 November

cells/mL
Skeletonema costatum 91 7.5
Nitzschia spp. 2 0.2
Eucampia zodiacus 8 0.7
Thalassiosira spp. 15 1.2
Thalassionema sp. 29 2.4
Leptocylindrus danicus 1 0.1
Pleurosigma sp. 5 0.4
Prorocentrum triestinum 2 0.2
Cryptomonas sp. 90 7.4
Heterocapsa circularisquama 975 80.0

Sample was directly used for measurement of
clearance rate of oyster and mussel

37
11 14 12 15 Om
30.0 11 27
2m
36.7 5m 20.0 8m 6.7
19 Table 5
H. circularisquama
0 2m H. circulari-
squama 239 1,588
cells/mL 15 17
12 15 1996 4
25 3.3
Table 6 H. circularisquama
Stn. 4 11 14 11 30
0m 6.7 om 8m 0
3 Stn. 1
11 19
1 21
Fig. 17
Stn. 1 Stn. 1
11 30
30 Stn. 1
Fig. 18 11
17
2 11 27
17 27
Stn. 1 0m
9.5 Fig. 17
12 10
7 11 21 Stn. 2
Fig. 19
Stn. 1
3,700 cells/mL

H. circularisquama
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Fig. 16. Temporal changes in the vertical distribution of Heterocapsa circularisquama cell density, and as-

sociated mortality of adult oysters at Station 1. Arrow denotes the start of the suspension of oysters (see
Fig. 15) in the water column on 14 November.

Table 6. Comparison of mortalities ( ) of l-year old oysters” between the red tide
and a non-red tide area

Mortality at Stn.l (red tide area)

Depth(m) 14 Nov.-15 Dec. (31 days)® 15 Dec.-25 Apr.(132 days)®
0 (>30.0)" 8
2 36.7 3.3
5 20.0 3.3
8 13.3 3.3

Mortality at Stn.5 (non-red tide area)

Depth(m) 16 Nov.-15 Dec.(25 days)®? 15 Dec.-25 Apr.(136 days)®
0 9.1 0
2 4.6 0
5 0 0
8 0 0

" The oysters used in this study was maintained near the Station 1 until 14 Nov.
? Red tide period
“ Non-Red tide period

Oysters were consistently suspended at the same depth from the red tide period
* Caged oysters suspended at 0 m were lost
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Fig. 17. Changes of Heterocapsa circularisquama cell density, and associated
mortality of adult oysters and mussels at Station 1

Fig. 18. Field observations on shellfish farming ground during Heterocapsa circularisquama red tide period
occurred in 1995, Hiroshima Bay. Pictures (captured from VTR) was provided by Dr. Usuki H. (FIES).

1: Close-up of the oyster assemblages which farmed at Station 1. Reddish brown discoloration was due to
H. crcularisquama red tide (ca. 1,000cells/mL of H. circularisquama). 2-4: Dead oysters (D) at Station 1 (2
weeks after the occurrence of red tide). 5-6: Dead manila clams Ruditapes philippinarum observed at Station
4. Arrow denote live juvenile black sea bream Acanthopagrus schlegeli.
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Fig. 19- 9 13 61
90 30 8 25
Stn. 1
Stn. 2
Stn. 1
Fig. 19 Stn. 4
51
11 27 89
Fig. 4
1998
Stn. 1
Fig. 20 H. Fig. 21
crcularisquama 1,000 5,000 cells/mL
H. circularisquama 100 cells/mL
3 1995 11 13 Stn. 4
3,000 cells/mL 8 25

Fig. 19. Photographs of dead bivalves due to Heterocapsa circularisquama red tide at Station 2. 1: Dead
natural oysters (death/total 9/12). 2: Dead natural mussels (death/total 12/22). Several dead individuals
with remaining their mantles and adductor muscles. 3: Dead natural oysters which might be killed within

a few day, showing notable mantle shrinkage.
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Table 7 11,200 cells/mL 5 10 /
10 2

clapping 295

H. arcularisquama 48 60

clapping

4000 - - 70

(cells/mL)
)
o
o
o
Cumulative mortality (%)

— @ —Heterocapsa circularisquama
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Fig. 20. Temporal changes of Heterocapsa circularisquama cell density (closed circle with solid line) and associ-
ated mortality of pearl oyster spat (Shell height 54.2+ 11.2 mm [SD]) at Station 1 in Hiroshima Bay, 1998

Zoide

Fig. 21. Photographs of marine animals in the Heterocapsa circularisquama red tide site in Hiroshima Bay,
1998.

1: Rocky shore which are covered by H. circularisquama red tide (3,150cells/mL). No killing of marine ani-
mals was observed during the course of H. circularisquama red tide except for bivalve molluscs. ¢; Shore
swimming crab Charybdis japonica, p; Puffer Takifugu niphobles.

2: Manila clam farming ground after the red tide episode. Some birds pecked the dead manila clam but any
negative effects was not observed. m; dead manila clam, b; Carrion crow Corvus corone, s; Little egret
Egretta garzetta
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H. circularisquama

H. circularisquama

10,000 cells/mL
Fig. 22 H. circularisquama
3 45 4 15
11 13 H. circularisquama

1,000 cells/mL

Fig. 23
H. crcularisquama
1.5 8.8
30
clapping
GF/F
H. circularisquama
H. creularisquama
Fig. 24 H. circularisquama 50
cells/mL 1/2
100 cells/mL
1995 Stn. 1

H. circularisquama

0 2m

H. arcularisquama

H. circularisquama

1998

cireularisquama

H. circularisquama

H. arcularisquama

H. circularisquama
1,000 cells/mL
100 cells/mL

3 1995
Stn. 1 Stn. 2

H. circularisquama

1995
H. circularisquama 1,000 3,000
cells/mL
1995 Stn. 1 1,000
3,000 cells/mL 9.5
3,500 9,000 cells/mL
Stn. 2 30
10,000 cells/mL 4
85
22
Stn. 1
H. circularisquama
.
circularisquama 1,000 2,000 cells/mL
4,000
6,000 cells/mL
Nagai et al., 1996 1995
Stn. 3 1,000 3,

000 cells/mL
4,000 cells/mL
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H. circularisquama 4,000

6,000 cells/mL

1 H. crcularisquama
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clapping

cireularisquama
H. circularisquama

clapping

Table 7. Effect of red tide seawater of Heterocapsa circularisquama
(11,200 cells/mL) on the survival of the l-year old oysters

Shell height

Time(h) 27.5mm 30.8mm
1 clapping clapping
12 valve closure valve closure
24 paralysis valve closure
48 death paralysis
60 death

Water temperature was 20 . Aeration was not conducted. H. circularisquama me-

dium was replenished once at 25h.

100 @ /x 7% rAy /X A
T *o——@
&
3]
i
= 50 -
2 e
e J
3
)
- N=20
Shell height
2.3+0.31(S.D)mm
; [ ]
i -5 Filtered bloom water
—o— Bloom water
0 ] L L 1 .

0 1 2 3 4 5

Days after exposure

Fig. 22. Changes in the survival rate of juvenile
mussel exposed to high cell densities (10,000cells
/mL) of natural Heterocapsa circularisquama cells.
Water temperature was 20 , aeration was not
conducted H. circularisquama medium was replen-
ished once at 25h

£ 0.2- .
° £
[7] =
3 8
E 2
3 3
Q
2 0.11 3
[ c
© o
o 3
© o
0
Mussel Oyster
(N=4) (N=3)

OControl M Red tide Red tide filtrate

Fig. 23. Clearance rates of the blue mussel,
Mpytilus galloprovincialis (shell height 10.9+ 0.5
[mean+ SD] mm, N=12) and the Pacific oyster,
Crassostrea gigas (shell height 22.9+ 2.6 mm, N=9)
exposed to Heterocapsa circularisquama red tide.
Cell density in red-tide (solid bars) water was
1,000cells/mL. Filtrate (shaded bars) was prepared
from red-tide water (3,700cells/mL) and used in
the experiment within 30 min. Vertical bars show
standard deviations.
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Fig. 24. Mean clearance rates of the adult blue
mussel exposed to various cell densities of natural
Heterocapsa circularisquama cells. Bars denote
standard deviations.

60

H. circularisquama
H. circularisquama
1,000 cells/mL
10
clapping
H. circularisquama
20 50 cells/mL

H. carcularisquama 50 200 cells/mL

H. circularisquama

Jergensen, 1990

4
1 H. circularisquama

2

3 H. circularisquama

H. arcularisquama

4 H. circularisquama

H. crcularisquama 50 cells/mL

cireularisquama

H. circularisquama

H. circularisquama

4,000 6,000 cells/mL
1,000 3,000 cells/mL

50
200 cells/mL

Karenia mikimotoi  Gyrodinium aureolum, G. cf.
aureolum, G. cf. nagasakiense, G. mikimotoi

Tangen, 1977;
Shumway, 1990; Honjo, 1994; Hansen et al., 2000;
Landsberg, 2002

Shumway, 1990; Smolovitz and Shumway,
1997; Matsuyama et al., 1998; Landsberg, 2002 K.
mikimotol

200 cells/mL



H. circularisquama

500 cells/mL
Widdows et al.,
1979; Matsuyama et al., 1998

Widdows et al., 1979  H. circularisquama

K. mikimotot

K. mikimotoi

Tangen,
1977; Honjo, 1994
H. circularisquama 10
H.
circularisquama
H.
circularisquama
H. circularisquama
H.

circularisquama

H. circularisquama

4 Heterocapsa circularisquama

H. circularisquama

H. arcularisquama

H. circularisquama

H. crcularisquama

circularisquama
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H
cireularisquama
H
cireularisquama 1 1
H. circularisquama
40
60mm
50 100y m
0.5 1.0mL
60 Sedgewick-Rafter cha-
mber H.
cireularisquama
0.1y m
SWM 3
10 8
1 2
H. crculart-
squama 4 6
1
5 mL 18mm TB
-2800 75°C 1

22 150p mol photons/m*/s 12hL: 12hD
10

H. crcularisquama

H
cireularisquama
H. circularisquama
HA9201 HA9402
Cu*™
1/50 SWM 3 Table 8
22 120y mol photons/m’/s 12hL: 12hD
126mL 250mL

10 18
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1 H. circularisquama

5.4+ 2.2mm
6.2+ 1.2mm

Crassostrea gigas

Ruditapes philippinarum

Mpytilus galloprovincialis 2.7+ 0.28
mm Musclista senhousia 13.3
+ 1.2mm 2 4

Skeletonema costatum Isochrysis galbana
Heterocapsa triquetra

Pinctada fucata martensii

19.9+ 2.2mm
H. circularisquama 0 10,000 cells/
mL 31
33psu

1

Table 8. Composition of modified SWM3 medium
used for the exposure experiments of Heterocapsa
cireularisquama

Chemicals Concentration
KNO; 170mg
KH:PO,-2H,O 15.6mg
EDTA-Na 11.2mg
Fe-EDTA 0.84mg
Mn-EDTA 6.9mg
CoCl-6H,O 0.24mg
H.SeO; 17.3p g
H;BO; 12.4mg
Thiamine-HCI 0.5p g
Nicotinic acid 200 g
Ca-Pantothenate 204 g
p-Aminobenzoic acid 0.25p g
Biotine 0.025p g
Inositol 125p g
Thymine U g
Vitamin B 0.025p g
Folic acid 0.05p g
Tris 0.5g
Filtered seawater 1000mL

Autoclaved for 5 min

H. circularisquama 15mL
22
100mL
30mL
1
500mL
12
9 20
H
cireularisquama

H. arcularisquama
1 2

H. circularisquama

2 H. circularisquama

clapping
H. arcularisquama
113+ 28mm 3L
2.5L
H. crcularisquama 1 5,000 cells/mL
clapping
10

Isochrysis galbana

14 17°C

3 H. circularisquama

H. circulari-
squama
4.9+ 0.58mm 6
15mL H. circularisquama
200 30,000 cells/mL
12
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SWM 3 15

4 H. circularisquama

Matsuyama and Uchida 1997

Filtration rate

Brand and
Guillard, 1981
Clearance rate , ,
1976
100
Jergensen, 1990
I galbana H. triquetra
90 H. crculari-

squama

Ali, 1970; Schulte, 1975; Winter, 1978

SWM 3
1 galbana a
20p g/L
H. circularisquama
0 500 cells/mL
H. circularisquama 5
1. galbana
SWM 3
EDTA
30
15

100mL
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50 80mL
1 galbana
H. circularisquama

H. arcularisquama

2 3

H. circularisquama

4  5mL Turner
Model 101 in

vivo F,

desighn

0 10 30
4  5mL Ft

10

Coughlax 1969
FR In Fy/F. M/t
FR L/individual/h  F,

in vivo Foot

M L ¢t h

3mg/L

5 H. circularisquama

H. arcularisquama
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H. triquetra H. circularisquama  H. triquetra S.
Scrippstella trochoidea trochoidea 3 8,000 cells/mL
H. circularisquama SWM 3
1. galbana
I galbana 80,000 cells/mL
14 . 14 X .
Isochrysis galbana W Heterocapsa circularisquama
12 4 12 4
in vivo
10 - 10 - .
= - Fig. 25
£ E
8 4 8 4
L InC = 1.0962-InF +
& . ) 4.2062
R?=0.9937 R? = 0.9941
4 ————— 4 — . .
6 2 4 8 8 0o 2 4 6 8 1 H. circularisquama
InF InF
L W Scrippsiella trochoidea 144 Heterocapsa triquetra Flg' 26 H. circulari-
squama 100 cells/mL
12 124 11 79
10 15 60 134
Q Q
E E
8 1 8 4
= 10702 InF 5,000 10,000 cells/mL
6 nC = 1.0702-InF + 6 s .
39204 I e InF 1,000 cells/mL
. R? = 0.9892 , Y- 60 0
0 2 4 6 8 0 4 6 8 3
InF InF
2

Fig. 256. Correlations between natural logarithm of
cell densities (C;cells/mL) and natural logarithm of
in vivo fluorescence (F; relative units) for the 4

microalgal species used in this study H. circularisquama
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Fig. 26. Effects of Heterocapsa circularisquama on the survival of five bivalve molluscs
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Fig. 27. Effects of Heterocapsa circularisquama cells density on the adductor muscle activity (clapping be-
havior) of Crassostrea gigas
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Fig. 28. Effects of Heterocapsa circularisquama

cells density on the byssus production rate of H. circularisquama
Mytilus galloprovincialis



50

clapping
mL 2 /10min

90 cells/mL

200 cells/mL 20

4 2 cells/
mL 10

cells/mL
1 cell/
clapping vomiting

100 cells/mL 14 /10

min 5,000 cells/mL 22 /10min
5 H. circularisquama
3 H. circularisquama
H. crcularisquama 8,000 cells/mL
H. arcularisquama
Fig. 28 Fig. 30 H
5 13 triquetra S. trochoidea
100 cells/mL 1. galbana H.
95 1,000 cells/mL circularisquama
5,000
cells/mL 45 30,000 cells/mL 5
H. arcularisquama 5
4 H. circularisquama 1,000
10,000 cells/mL H.
) H. crcularisquama cireularisquama
Fig. 29 clapping
H. circularisquama 20 cells/mL
H
100 - Nt
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Fig. 29. Changes of the relative clearance rate (Control 100) of five different species of bivalve molluscs ex-
posed to Heterocapsa circularisquama
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circularisquama 100 cells/mL 5
5 30
H. circularisquama
Nagai et al. Table 3
1996 H. circularisquama H. circulari-
squama

H. carcularisquama 5,000

10,000 cells/mL 48

H. circularisquama

9,000 cells/mL Chattonella
Nagai et al. 1996
Okaichi, 1989; Honjo, 1994  Chattonella antiqua
H. circularisquama

20 50 cells/mL
Shimada et al., 1993; Okaichi,

H. triquetra S. trochoidea 1989; Ishimatsu et al., 1990; Honjo, 1994; Ishimatsu
H. et al., 1996a
crcularisquama , 1982; Okaichi, 1989
Shimada et al., 1991; Tanaka et al., 1994; Oda et
H. al., 1992; Ishimatsu et al., 1996b; Kim et al., 2000
crcularisquama a Onoue et al., 1990; Endo et al., 1991

H. circularisquama

Clearance rate (mL/mussel/h)

0 500 1000

Isochrysis galbana

Heterocapsa triquetra

Scrippsiella trochoidea

Heterocapsa circularisquama

Fig. 30. Clearance rate (L/mussel/h) of Mpytilus galloprovincialis exposed to four different species of

microalgae. Cell densities are 80,000cells/mL for Isochrysis galbana (control) and 8,000cells/mL for other
species. Bars show * SD.
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H. circularisquama

1986
20 y
1986

, , 1986

H. circularisquama

10,000 cells/mL

Schulte, 1975
20u g/L

H. circularisquama

20 100 cells/mL

1/100

H. circularisquama

Ali, 1970;
Schulte, 1975; Winter, 1978

Shumway et al., 1985

Shumway and Cucci,
1987; Ward et al., 1992; Ward et al., 1997
H. circularisquama

Isochrysis galbana

H. crculari-

squama

2 H. circularisquama

H. circularisquama

H. crcularisquama

H. arcularisquama

clapping
50 200 cells/mL
H
cireularisquama
H
cireularisquama
Alexandrium

White, 1978; Boyer et al., 1987; Ogata et al., 1987,

Anderson et al., 1990; Kim et al., 1993; Anderson
et al, 1990; Usup et al., 1994; Cembella, 1998;
Lippemeier et al., 2003

H. crcularisquama

H
cireularisquama
1
1994 H
circularisquama  HA9402 H. circulari-
squama HA9402 15, 20, 25 1
SWM 3 120p mol photons/

m’/s 12hL: 12hD
31psu 10,000

cells/mL
1996 10
2.75¢ 0.41mm 1996
10 30 15 20 25
3 Isochrysis galbana

Skeletonema costatum 1



H. circularisquama

12 1
H. arcularisquama 5mL
15 20 25 H
circularisquama
2
1994 H
circularisquama  HA9402 H. circulari-
squama 28 30 32 34psu
SWM 3 L
1 22 120p mol photons/
m’/s 12hL: 12hD
10,000 cells/mL
H. circularisquama
2
1996 10
4.50+ 0.47Tmm 1996 10 30
3
22 23
12 1
H. carcularisquama 5mL
22 H. circularisquama
3
1994 H
circularisquama  HA9402 H. circulari-
squama N P N 1000
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H. arcularisquama

Yamaguchi et al.,

UM P 66650 M NP 15
N 2000 M P 50u M N:P 4
N 1000 M P 10y M N:P 100

22 120p mol photons/m’/s 12hL: 12hD

1/5

2001
N P
N P 0.45p m
N P
30.3psu, N 0.21y M, P
0.08y M 10,000 cells/mL
2.96+ 0.25mm 1996 12 20
21 2
6 1
H. circularisquama 10mL
22 23
N P
2
1
3 H. circulari-
squama
Fig. 31 15 20
3
7 80 75
25 2
80 7
35
2
5 H. circulari-
squama
Fig. 32 28 30psu
2 28 30psu
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6 Fig. 34 NP 2
80 7
56 Fig. 34 N
32psu 55 34psu
25 94.4
P
3 NP
Fig. 33 H. circularisquama 44
N P H. carcularisquama N
11 13 P NP
14
N N 037y M
P P 0.09y M 1 H. circularisquama
2 H
circularisquama NP
23 N 11 P 4 H. circularisquama
3 H. circulari- H. arcularisquama
squama
100 ’,.A}“—;jé}:@—_—'é.‘\
SA—=—k
90 - \A
\Dx
80 - ® A
O
< 70 - S
= Q
- Y b
o 60 N 5
= T
T 50 4 ._.\ 2
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% 40 \ %]
D ®
30 1 g
Water temperature 30 4 —
—e—25°C alinity *
20 1 —[-20°C n=20 204 --e-34psu
Shell height
104 ——15C  275:041(SD)mm A32Zpsu n=20
L 1049 —e—30spu Shell height
-131--28 psu 4.50£0.47(SD)mm
0 T T T T T T ] 0 T T T T Y 1
0 1 2 3 4 5 6 7 0 1 2 3 4 5 8
Days after the exposure Days after the exposure
Fig. 31. Effects of Heterocapsa circularisquama . . .
exposure (10,000cells/mL) on survival of Mytilus Fig. 32. Effects of Heterocapsa circularisquama

galloprovincialis spat (shell

under three different water temperature condi-

tions

exposure (10,000cells/mL) on survival of Mytilus
galloprovincialis spat (shell height: 2.75+ 0.41mm)
under four different salinity conditions

height: 4.50%+ 0.47Tmm)



H. circularisquama
P N

3.25
3.75 10

Chattonella

Heterosigma akashiwo

Karenia mikimotoi Cochlodinium

White, 1978; Ogata et al.,
1987; Boyer et al., 1987; Anderson et al., 1990;
Usup et al., 1994; Flynn et al., 1996; Cembella,
1998; Parkhill and Cembella, 1999; Taroncher-
Oldenburg et al., 1999; Hwang and Lu, 2000;
Lippemeier et al., 2003

Singh et al., 1982; Ogata et al., 1987;
Boyer et al., 1987; Parkhill and Cembella, 1999;
Hang and Lu, 2000; Lippemeier et al., 2003
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Fig. 33. Growth curve of nitrogen or phosphorus
limited culture of Heterocapsa circularisquama
used In exposure experiments
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Ogata et al., 1987 H. circularisquama

275 32.5°C
2003 3
25°C
White, 1978  H. circularisquama
2003
H. circularisquama
H. circulari-
squama

Yamaguchi et al., 1997,

, 2003  H. crcularisquama

100 A==A—A—aA—A—A
\o\ e
90 - hs)
80 '\\
i o
g - o\
% 60 - T "
= *—@
g 50 4 o,
‘o0
® 40 -

Culture conditions
30 4 —e—Fulllength enriched

—a— Nitrogen limited
20 4 --0O-- Phosphorus limited
n=18

10 4  Shell height
2.96+0.25(SD)mm

0 Y ™

0 1 2 3 4 5 6 7

Days after the exposure

Fig. 34. Effects of nitrogen- and phosphorus-
limited cells exposure of Heterocapsa circulari-
squama (10,000cells/mL) on survival of Mytilus
galloprovincialis spat (shell height: 2.96+ 0.25mm)
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1995 H
circularisquama
1998
, 1997; , 2003
1995 13
17
H. creularisquama
2003; 4
Redfield N:
P 16:1
H. circulari-
squama
H
cireularisquama

Alexandrium

Boyer et al., 1987, Bechemin et al., 1999;
John and Flynn, 2000; Lippemeier et al., 2003
Chrysochromulina  polylepis
Prymnesium parvum
Edvardsen et al., 1990;
Granéli and Johansson, 2003 1999
2003
N:P

cireularisquama

1993; , 2002
Theede et al.,
1969 M.
galloprovincialis
15 20 Lutz and

Kennish, 1992 25 30
Hrs-Brenko and
Calabrese, 1969

Mpytilus edulis
Mytilus galloprovincialis

15 25
22

H. circularisquama

25

H. circularisquama

Shurova, 2001  34psu

Kodama et al., 1982; Singh et al., 1982; White,
1986; , 1988; Cembella, 1998;
, 1998
Suzuki et
al., 1997; Hoshiai et al., 1997; Ichimi et al., 2002
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Oshima et

al., 1982; Maranda et al., 1985; Kim et al., 1992;

Oshima et al., 1993; Anderson et al., 1994; Higman

et al., 2001 H.
cireularisquama

H. circularisquama

H. creularisquama

SWM 3 Chen et al.,
1969; , , 1987 1993 1995
H. circularisquama
H. arcularisquama HA9401 HGY402 HU9434 HH95S201
HI9417 SWM 3 32psu
22 12hL: 12hD 100y mol photons/m?®/s
Lovko et al., 10
2003 10,000 cells/mL
H. circulari-
squama 1995
11
3 HH95N2401, HH95N2403, HH95N2404
24 34
psu 12,000 cells/mL H. carculari-
4 squama
H. crculart-
squama
Nagai et al. 2000 o
5 1995 10 18
H. circularisquama 3
1996 11 5.64+ 0.75 SD
mm 20 2
1 I galbana S.
costatum
3 H. circularisquama 12
1 5 mL 22
H. crcularisquama
Alexandrium Gymnodinium catenatum
Fig. 35
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H. circularisquama

Fig. 36 H
circularisquama
27 31
76 88
60
3
H
circularisquama
60
100 ~

Water temperature: 24°C
Salinity: 34psu

Isolates name

Survival rate (%)
8]
o

30 - HH95N2401
------ HH95N2403
20 4 --- HHI5N2404
n=20
10 4  shell height :
5.6420.75(SD)mm L
0 1 1 T 1
0 1 2 3 4

Days after the exposure

Fig. 3. Effects of three isolates of Heterocapsa
circularisquama exposure (10,000cells/mL) obtained
from a bloom water occurred in Hiroshima Bay,
1995, on survival of Mytilus galloprovincialis spat
(shell height: 4.81+ 0.43mm)

Alexandrium Gymnodinium catenatum

Oshima et al., 1982; Maranda et al., 1985;
Cembella et al., 1987; Kim et al., 1992; Oshima et

al., 1993; Anderson et al., 1990; Holmes et al., 2002;
Ichimi et al., 2002

H. arcularisquama

H. circularisquama

100

H. circulari-
squama
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Fig. 36. Effects of five isolates of Heterocapsa

circularisquama  exposure  (10,000cells/mL) ob-
tained from five different bloom water occurred at
each location, on survival of Mpytilus gallo-
provincialis spat (shell height: 2.75+ 0.41mm)



H. circularisquama

H. creularisquama

H. arcularisquama

, 1998

H. crcularisquama 30 25 30psu
, 1998

H. circularisquama

cireularisquama

Table 1 2
2 3
H. circularisquama

3

1 H carcularisquama
2 H. carcularisquama

NP
3 H. carcularisquama

60

H. arcularisquama

4 H. circularisquama

H. arcularisquama

H. circularisquama

59
H. arcularisquama
, 1916
Southgate et al., 1984; Gjester et al., 2000
H. arcularisquama
H. circularisquama SWM 3
22 60 120y mol photons/m’/s 14hL: 10hD
20L
15L 65,0
00 cells/mL
22 120y mol photons/m?/
s 12hL: 12hD H. circulari-
squama
100
1
165.2+ 15.4mm 78.3+
6.6mm 144.5+ 10.2mm
48.2+ 4.4mm

H. circularisquama HA9201
3,000 cells/mL

52,600 cells/mL 58,440 cells/mL

100,000 cells/mL oL H. circulari-
squama 1 3
1 L/min 5 10

22.5 234
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squama
20L

3 L/min
22 24  3l6psu 8.0 8.2

H. arcularisquama

10min 10 cells
2
Haliotis discus 10.3+
Sulculus diversicolor 15
1
circularisquama
cells/mL
48
3

1997 9
H. arculari-
58,000 cells/mL
152.4+ 12.5mm 3
10
pH

3,000rpm,

1.1mm
2+ 1.2mm

22 H.
1,000, 10,000, 100,000

20mL

23

H. circularisquama

20,000 50,000 cells/mL 3
4
4 5 12¢g
1L 25,000 cells/mL
H. crcularisquama 750mL
5
5
10L
25,000 44,000 cells/mL H. crculari-
squama 5L 3
6
Acartia sp.
100,000 cells/mL H.  crculari-
squama 10
H
circularisquama 20,000 cells/mL 5
2 Chattonella antiqua Heterosigma

akashiwo )

Alexandrium catenella,

Cochlodinium polykrikoides, Gymnodinium

catenatum, Karenia mikimotol Prorocentrum
Skeletonema costatum

9,200 42,000 cells/

dentatum 2

Chaetoceros didymum

mL 6

H. circularisquama
20,000 cells/mL 6
7

H. circularisquama
3,000rmp, 5 min
10° cells
5 5

1
H. arcularisquama
2
Table 9 H.
cireularisquama 48
H. circulart-
squama H.
cireularisquama
5
H.
cireularisquama
3
3
4
20,000 cells/mL
vomitting



H. circularisquama 61

6
Acartia sp. 100,000 cells/mL 7
H. circularisquama 2
5 3 1 5 1
Fig. 37
H.
crcularisquama
H. circularisquama
C. antiqua, H. akashiwo K. mikimotoi
H. circularisquama
H.
G. catenatum 10,000 cells/mL 50 cireularisquama 1,000 10,000 cells/mL
C. polykrikoides
H. crcularisquama H. circularisquama
C. didymum
H. circularisquama Acartia
A. catenella P. dentatum S. costatum H.

circularisquama

Table 9. Effects of Heterocapsa circularisquama exposure on the survival and
physiological conditions of two gastropod species

Heterocapsa circularisquama Haliotis discus Sulculus diversicolor
cells/mL 24h 48h 24h 48h
10° DD DD DD DD
10* DD DD DD DD
10° AD PD AP AD
Filtered seawater AA AA AA AA
Modified SWM3 medium AA AD AA AA

A: alive, P: paralysis, D: Dead

Fig. 37. Micrographs of a ephila stage of jellyfish. 1: In filtered seawater, 2: Tentacle was tightly con-
tracted within several seconds in which exposed to 20,000cells/mL of Heterocapsa circularisquama.
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H. arcularisquama

H. arcularisquama

Table 2
Chattonella
Honjo, 1994  Karenia mikimotoi

Gymnodinium  aureolum

Shumway, 1990; Honjo, 1994; Lansberg, 2002

Chrysochromulina polylepis
Gjozmter et al., 2000

squama

H. crculari-

Table 10 H. arcularisquama
H
cireularisquama
H
cireularisquama

Uchida et al., 1995; Kamiyama and
Arima, 1997; Kim et al.,, 2000b; Uchida et al.,
1999 2

2 H. crcularisquama

H. arcularisquama

H. circularisquama H.

cireularisquama

Kamiyama and Arima, 1997; Kim et al., 2000b;
Uchida et al., 1999

H. arcularisquama

Legionella
Maki and Imai, 2001
Legionella

Table 10. Effects of Heterocapsa circularisquama on various animals

Animals cells/mL Symptoms
Bivalves 10™-10? Feeding inhibition etc.
Gastropods 10'-10? Unusual locomotion
Solitary ascidians 10° Feeding inhibition
Jellyfish 10° Tentacle contruction
Protozoa” 10°-10° Feeding inhibition
Dinoflagellates 10° Death by cell contact
Mouse 10°”
Finfish 10°
Crab 10"
Lobster, shrimp 10*
Star fish 10*
Copepods 10*
Diatoms 10"

: Not affected
a) Species-specific
b) Intraperitoneal injection
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Ching and Meyer, 19

87  H. circularisquama

Legionella
H
cireularisquama
Karenia breve
H. creularisquama
Legionella
5 Heterocapsa circularisquama
1 Heterocapsa circularisquama
4 H. circularisquama
H. arcularisquama
H. arcularisquama
"phycotoxin” H.

circularisquama

Chattonella antiqua

63

Honjo, 1995

Aureococcus anophagefferens
Gainey and Shumway,
1991

Karenia mikimotoi

Shumway, 1990; Honjo, 1994; Gentin, 1998

H. arcularisquama

1 H. circularisquama

H. arcularisquama

1994 H
HA9401

SWM 3 22

32psu 12hL: 12hD 100y mol photons/m’/s

cireularisquama

3,000rpm, 10min

1 2:1, V/V. 2 80
3 4 n- 5 0.5N-
6 6 1
3,000rpm, 10
40
DMSO
20

25,000 30,000 cells/mL

pH 8.0
H
cireularisquama
30
Heterocapsa triquetra 5,000 cells/mL
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in vivo
H. triquetra
H
triquetra
Table 11 6
2:1, V)V
10 300,000 cells/mL
H
circularisquama
Karenia breve brevetoxin
Gambierdiscus toxicus cigatoxin
Dinophysis
okadaic acid dinophysistoxin
saxitoxin
0.5N-
H. circularisquama
2 H. circularisquama

H. circulari-

Table 11. Toxicity in cell extracts of Heterocapsa
circularisquama

Extraction soluvent Toxicity

1) Chloroform: methanol
2) 80% methanol

3) Acetone

4) Hexane

5) 0.5M-Acetic acids

6) Water

; negative

squama
6
1 1994
H. circularisquama
SWM 3 22 32psu

12hL: 12hD 100p mol photons/m’/s

1 1y m
100,000 cells /mL H.
circularisquama GF/C
1y m
Heterocapsa triquetra 8,000 cells/mL

30
H. triquetra

2 0.45y m
20 30mm
15 20mm 200mL 2
24,000 cells/mL
H. circularisquama 10mL  0.45
M m
3
120,000 cells/mL H. circularisquama
10mL 80
5
8,000 cells/mL
4
120,000 cells/mL H. crcularisquama
oSmL 50mL
1
8,000 cells/mL
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Table 12
120,000 cells/mL H. crcularisquama
omL 156mL 4
3,000rpm, 5 53
8,000 cells/mL Table 12 50 cells
/mL
1 4 1 1/160
80
5
92
18 30mm Table 12
Skeletonema costatum Isochrysis galbana
I galbana
H. circularisquama 50 cells/mL
5 t
2,000 H. circularisquama
H. circularisquama
1y m
100,000 cells/mL H. circularisquama H. cireularisquama
80
Table 12 H. circularisquama
0.45u m
H. circularisquama 0.45u m H.
cireularisquama
H. circularisquama
30 1
H. carcularisquama 0.45p m
80 ) H. circularisquama H. circularisquama

108

Table 12. Clearance rates (mL/mussel/h) of Mytilus galloprovincialis exposed to
physically treated Heterocapsa circularisquama cells (8,000cells/mL)

Treatment Clearance rate of Control t-test
Control 1,112+ 266
Untreated 3+ 1 0.27 p 0.005
1 Filtrate 892+ 170 80 ns
3  Heat shocked 1,205+ 440 108 ns
4 Sonication 590+ 218 53 p 0.05
5  Centrifugation 1,026+ 231 92 ns

Control: Isochrysis galbana,

80,000cells/mL. ns: not significant (p 0.05).
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1

2 5

H. arcularisquama
Fig.

38

H. circularisquama

0.2y m
0.2y m

Yang and Albright, 1992; Yang and Albright,
1992; Albright et al., 1993
H. circularisquama

Heterocapsa triquetra

Chaetoceros spp.

Inactivation
within a minute

e

>

Centrifugation
Sonication
Heat shock

2

Toxic to the bivalve
and gastropods

Naked cells
(non-toxic)

Fig. 38. Schematic illustration of Heterocapsa
circularisquama toxicity in their cells when physi-
cally treated by centrifugation, sonication, and

heat shock

H

cireularisquama
Chattonella antiqua
1973; , , 1974 C. antiqua

Tanaka et al., 1994 H. crcularisquama

H. circularisquama

Chattonella Karenia mikimotot

Okaichi, 1989; , 1982; Arzul et
al., 1995; Gentien, 1998 Matsuyama and Suzkuki
1997 H. crcularisquama

H. triquetra

Clﬂ CZZ
, 1982; Arzul et al., 1995

Okaichi, 1989;

Suzuki and Matsuyama, 1996

H. circulari-
squama
Oda et al. 2001

H. circularisquama

100



H. circularisquama

H. circularisquama

Sato et
al., 2002 H. triquetra

H. circularisquama

Kim et al., 2002

Oda et al., 2002
circularisquama
Oda et al., 2002
H. circularisquama
Hiraga et al,
2002

Hiraga et al., 2002

2003

Oshima

Gyrodinium aureolum

Scrippsiella trochoidea
et al., 1994

K. mikimotot
Yasumoto et al., 1990; Parrish et
al., 1998

Sakata and Ina, 1985

H. circularisquama

H. creularisquama

H. circularisquama
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100,000 cells
/individual/day 1

H. circularisquama

H. crcularisquama

3 H. circularisquama

H. arcularisquama

1994
H. crcularisquama HA9402
SWM 3 22
3lpsu 12hL: 12hD 100y mol photons/m’/s

3
1
H
circularisquama 570,000 cells/mL 5 mL
14 octyl-glucoside,

octyl-thioglucoside, sucrose monolaurate, heptyl-
thioglucoside, sodium chlolate, sucrose monocaprate,
deoxyl-maltoside, BIGCHAP, deoxy-BIGCHAP,
CHAPS, CHAPSO, Digitonin, MEGA-8, MEGA-9
200mg /L 25
1 3,000rpm, 5
1. galbane 100

*1 2003: Heterocapsa circularisquama 15 P.257
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H. crcularisquama 240,000 cells/mL
100mg /L
3,000rpm, 10 I galbane
100
3
a-
H. crcularisquama 240,000
cells/mL 100ppm
3,000rpm, 10 I
galbane 100
Fig. 39 14

octyl-glucoside octyl-thioglucoside deoxy-BIGCHAP
3

3 deoxy-
BIGCHAP

octyl-glucoside
Fig. 40

ARG BB
Y

MEGA-9
MEGA-8
deoxy-BIGCHAP
CHAPS

Digitonin

CHAPSO
BIGCHAP

sucrose

sodium cholate

sucrose

cly

octyl-glucoside |
T

T T T T T

0 20 40 60 80 100 120 140

Relative clearance rate (Control=100)

Fig. 39. Effect of various surfactants treatment
on the toxicity of cell-free extracts which were ob-
tained by centrifugation. Toxicity was determined
by the clearance rate of Mytilus galloprovincialis.
Control: Isochrysis galbana, 75,000cells/mL.

octyl-glucoside H.
cireularisquama
60 10
octyl-glucoside
6
18
H
cireularisquama
octyl-glucoside
H. circulari-
squama

60

octyl-glucoside

octyl-glucoside

octyl-glucoside,
60°C, 10min

0 50 100 150
Relative clearance rate (Control=100)

Fig. 40. Effects of heat stability on the toxicity
of cell-free extracts from Heterocapsa circulari-
squama obtained by centrifugation under the
presence of octyl-glucoside. Toxicity was deter-
mined by the clearance rate of Muytilus gallo-
provincialis.
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4 H. circularisquama

H. creularisquama

octyl-glucoside

H. circulari-

squama

1994
H. circularisquama HA9402
SWM 3 22
3lpsu 12hL: 12hD 100y mol photons/m’/s

421,000 cells/mL 5 mL

H. circularisquama

5
[ SDS]
[ SDC]
[ Triton X-100]
[ Brij-35]
H. arcularisquama
25
1 H. circularisquama

69

349,000 cells/mL 5mL

H. circularisquama

5
[ DTT] EDTA EGTA
[ NaBH, ] H.

cireularisquama

25 2

H. circularisquama
3

H. circularisquama 289,000 cells/mL
omL
5

H. carcularisquama
25 5

H. arcularisquama

331,000 cells/mL

H. circularisquama
omL

H. circularisquama
25 1

H. creulari-

squama

H
50,000 cells/mL

cireularisquama
Isochrysis galbana

270 290 cells/mL

SDS

50,000 cells/mL  I. galbana

H. circularisquama
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circularisquama EDTA
Triton X-100
H. arcularisquama
.
circularisquama
1
Table 13 H. crcularisquama Fig. 41 5
) SDC  Triton
X-100 Brij-35
H. circularisquama SDS
90 p 0.0001
p 0.05
H. arcularisquama
2
Fig. 42 SDS
SDS
30mg/L 40 50mg/L
SDS H. arcularisquama

Table 13. Effects of various chemicals on the motility of Heterocapsa circularisquama
Chemicals Tmj, 90

Treated concentration

Sodium Dodecyl Sulfate (SDS) 40 46mg/L 32mg/L 0 50mg/L
Sodium Deoxycholate (SDC) 90 80mg/L 20mg/L 1Tmg/L
Triethanolamine 2omM 42mM 22.TmM
Triton X-100 20mg/L 15.7Tmg/L 7.4mg/L
Brij-35 99mg/L 23mg /L 21mg/L

DTT 4 6mM 2mM 2mM

EDTA 120 160p M 89u M 96u M

EGTA 2.2mM 1.9mM 1.2mM
Periodic acid 140 180y M 10y M 96y M

NaBH4 73 84y M 67y M 654 M
Cycloheximide 2 2.5mM 1.18mM 0.5mM

a o -Dipylygil 4.1mM 3.2mM 0.53mM
Colchicine 2.omM 1.2mM 0.25mM
Tunicamysin 30 40p M 30u M 2o M
Trypsin 1.6 2.0x 10'units/L 1.1x 10'units/L 1.0x 10'units/L
Pronase 0.8 1.4x 10%units/L  2.4x 10%units/L 2.1x 10%units/L
Papain 0.35units/L 0.25units/L 0.2units/L
Amylase 4.9x 10*units/L 2.4x 10*units/L 0.8x 10*units/L
Lysozyme 4x 10"units/L 3.5% 10™units/L 2.0x 10™units/L

Each treatment was conducted at 25

for 1 5 hours

Ims means half inhibiting concentration of the H. circularisquama motility
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3
Fig. 44 5
a,o -
p 0.0101 p 0.0027
Fig. 43
p 0.0077 H
p 0.05 circularisquama

DTT, EDTA, EGTA, NaBH

Relative clearance rates (Control=100)
0 20 40 60 80 100 120

Control
Untreated

SDC

SDS
Triethanolamine p<0.0001
Triton X-100
Brij-35

<0.0p01

Fig. 41. Changes in relative clearance rates of Mytilus galloprovincialis exposed to pre-treated Heterocapsa
circularisquama cells by various surfactants. Control: Isochrysis galbana, 80,000cells/mL. Initial cell density
of H. circularisquama ranged from 260 to 290cells/mL. Bars show + SD.

20 30 40 50

Control 0 10

1.5 1

RN
o
[ ]

=
(6
1

Clearance rate
(L/mussel/h)

©
o
i

SDS concentration (mg/L)

Fig. 42. Changes in clearance rates (L/mussel/h) exposed to Heterocapsa circularisquama (1,000 to
1,120cells/mL) pre-treated with various concentration of SDS. Bars show * SD.
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Fig. 43. Changes in relative clearance rates of Mytilus galloprovincialis exposed to pre-treated Heterocapsa
circularisquama cells by various chemicals. Control: Isochrysis galbana, 80,000cells/mL. Initial cell density of
H. circularisquama ranged from 260 to 290cells/mL. Bars show + SD.
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Fig. 44. Changes in relative clearance rates of Mytilus galloprovincialis exposed to pre-treated Heterocapsa
circularisquama cells by various metabolism inhibitors. Control: Isochrysis galbana, 80,000cells/mL. Initial
cell density of H. circularisquama ranged from 260 to 290cells/mL. Bars show + SD.
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Fig. 45. Changes in relative clearance rates of Mytilus galloprovincialis exposed to pre-treated Heterocapsa
circularisquama cells by various enzymes. Control: Isochrysis galbana, 80,000cells/mL. Initial cell density of
H. circularisquama ranged from 260 to 290cells/mL. Bars show + SD.
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Anterior byssus retractor muscle of Mytilus galloprovincialis
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Fig. 46. Effects of Heterocapsa circularisquama on the shrinkage activities of isolated shellfish muscles
obtainded from the mussel Mytilus galloprovincialis (upper) and rapa whelk Rapana venosa (lower). SW:
seawater, SWMa3: culture medium.
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Fig. 47. Scheme of structural differences between two shellfish muscle used in the present study
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JEM-1010 H. circularisquama
2
30 H
circularisquama
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Fig. 48
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H. arcularisquama Gyrodinium aureolum 500
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5
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Fig. 48. Close-up of inhalant siphon of adult ma-
nila clam Ruditapes philippinarum exposed to
2 9 2 Heterocapsa circularisquama. 1: A normally ex-
tending siphon in filtered seawater, 2: Similar in-
dividual when exposed to 210cells/mL  of
Heterocapsa circularisquama. The exhalent siphon
was completely closed and frequently showing
H. circularisquama vomiting behaviors.

H. circularisquama
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fp i

R PR

Fig. 49. TEM observation on heart of the manila clam Ruditapes philippinarum exposed to Heterocapsa
circularisquama  15,758cells/mL . 1: Control (M: muscle, Mt: mitcondrion), 2-3: Affected specimen showed
a marked destruction of the mitcondrion and muscle fiber. 4: An unidentified particle whchi observed
around affected site of manila clam (x 14,280). Flagerium (F: 9+2) and chloroplast-like material (¢) surround-
ing the high dense core which thought to be an invaded cell of Heterocapsa circularisquama.
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Smolowitz and Shumway, 1997* Gainey and Shumway, 1987
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*2 Widdows et al. 1979 Smolowitz and Shumway 1997 Gyrodinium aureolum Hulburt
Karenia mikimotoi Miyake et Kominami ex Oda Hansen & Moestrup G. aureolum
Gyrodinium aureolum Hulburt Hansen et al. 2000 Gymnodinium aureolum Hulburt Hansen
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Fig. 50. Structure and flow of fluorescent com-
plex for intracellular Ca® probe of Fura 2 AM.
(1{6-Amino-2-(5-carboxy-2-oxazolyl)-5-
benzofuranyloxy]-2-(2-amino-5-methylphenoxy)-
ethane-N,N,N' N'-tetraacetic acid,
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Fig. 51 H. circularisquama
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Fig. 52 H. circularisquama
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Fig. 51. Effects of Heterocapsa circularisquama exposure (2 hours) on the non-fertilized eggs of Crassostrea

gigas
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Table 14. Effects of Heterocapsa circularisquama exposure on motility
and fertilization ability of the oyster Crassostrea gigas sperm

Motility Fertilization ability ( )

Control ++ 93.3
Heterocapsa circularisquama ++ 86.1
30
85 10
SWM 3 22 83
H
Fig. 52 circularisquama 1,000 5,000 cells/mL
2 5,000 10,000 cells/mL
Fig. 53 H. circularisquama 10 20,000 cells
/mL  H. circularisquama 0.45p m
87
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Fig. 54 4
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Fig. 55,
30 Fig. 58 Fura-2 AM
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Fig. 56 H. circularisquama Fig. 58



H. circularisquama 85

Fig. 52. Microscopic observations on the non-fertilized eggs of Mytilus galloprovincialis exposed to
20,000cells/mL of Heterocapsa circularisquama. 1: Control eggs in seawater. 2-3: Affected eggs showing no-
table destruction of vitelline envelope (30 minutes to 3 hours). 4: Affected eggs resulted in lysis (3 hours).
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Fig. b3. Effects of Heterocapsa circularisquama exposure (2 hours) on Crassostrea gigas embryos
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Heteroccapsa circularisquama
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Onormal Hunusual MEdead

Fig. 54. Effects of Heterocapsa circularisquama, H. triquetra and Scrippsiella trochoidea exposure (4 hours)
on Crassostrea gigas embryos. Cell density was 20,000cells/mL in each experiment.

Fig. 55. Microscopic observations on the Mytilus galloprovincialis and Crassostrea gigas embryos exposed
to 20,000cells/mL of Heterocapsa circularisquama. 1: Affected M. galloprovincialis embryo (2 cells). 2-3: Af-
fected M. galloprovincialis embryo showing destruction of vitelline envelope and concurrent cell lysis (30
minutes to 3 hours). 4: Affected C. gigas embryo resulted in pieces (2 hours).
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Filtered 22% culture 100 500 1000 2000 5000 10000 20000 20000 filtrate
seawater medium
Heterocapsa circularisquama cells/mL
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Fig. 56. Effects of Heterocapsa circularisquama exposure (2 hours) on trochophore stage of Crassostrea

gigas

Fig. b7. Effects of Heterocapsa circularisquama on trochophore stage of Mytilus galloprovincialis. 1: Control
individuals. 2-4: Affected individuals, showing cilia crush, notable discharge of the cytoplasms, and mass mucus
production. 4: Individual which already lost the motility sometimes aggregated each other.
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H.
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H. circularisquama
H. arcularisquama
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Uchida et al., 1993; Uchida, 2001
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Fig. 58. Fluorescent microscopic observations on trochophore stage of Ruditapes philippinarum affected by
Heterocapsa circularisquama. 1: Left individual is affected by Heterocapsa circularisquama, showing numer-
ous discharged cytoplasms and mass mucus production. Right individual still remains normal shape (less
fluorescence). 2: The same individual under the blue light excitation, stained with intracellular calcium probe
Fura-2 AM (final concentration: 1.7y M). 3: Aggregated individuals affected by Heterocapsa circularisquama.
4: The same individuals under the blue light excitation, stained with intracellular calcium probe Fura-2 AM.
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Fig. 59. Schematic diagram of occurrence and mechanism of Heterocapsa circularisquama toxicity on the
physiology of bivalve molluscs
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Fig. 60. Effect of SDS addition (final concentration: 4 mg/L) on survival of Mytilus galloprovincialis ex-

posed to Heterocapsa circularisquama
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Fig. 61. Effect of SDS addition on byssus production of the mussels Mytilus galloprovincialis exposed to
various cell densities of Heterocapsa circularisquama

Control
Blank test*
0

10

20

30

(mg/L)

40

Treated SDS concentration

50

Clearance rates (mL/mussel/h)

500

1000

1500

2000

Fig. 62. Effect of SDS treatment on clearance rates of the mussels exposed to natural bloom water of
Heterocapsa circularisquama. * Final concentration of SDS was 2.4 mg/L in assay medium.
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Table 15. Effects of Raval separator operation on the motility
and toxicity of Heterocapsa circularisquama
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Fig. 64. Micrograph of Heterocapsa circularisquama,
treated with Raval separarator for 3.67 min.
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Fig. 65. Effects of silicate conditioning to the diatoms and Heterocapsa circularisquama succession in natu-
ral waters
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Fig. 66. Solitary ascidian Styela plicata (arrows) which attached on oyster assemblages in Station 1 (2m
depth), on 17 Novenmer, 1995. Siphones were being opened in H. circularisquama red tide.
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Fig. 67. Solitary ascidian Styela clava used in the
feeding experiments
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