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Abstract

To elucidate the ichthyotoxic mechanisms of a harmful dinoflagellate Cochlodinium poly-
krikoides, biochemical responses of fish exposed to blooms were investigated. Particularly, based
on our finding that oxidative damages of gill were associated with fish mortality (J. Plankton Res.
21 (1999) 2105–2115), dysfunction of ion-transporting enzymes and secretion of gill mucus of
fish exposed to this bloom species were examined. The susceptibilities of several fishes to C.
polykrikoides were different; the active pelagic fishes such as black scraper Thamnaconus
septentrionalis, red sea bream Pagrus major, beakperch Oplegnathus fasciatus and seaperch
Malakichthys wakiyae, were more vulnerable than the benthic fishes, flounder Paralichthys
olivaceus and rockfish Sebastes inermis. In addition, the higher the algal cell density, the higher

21the fish mortality. When the test fishes were exposed to C. polykrikoides of 5000 cells ml , the
1 1transport-related enzymes, carbonic anhydrase and Na /K -ATPase activities were significantly

decreased. The activity of carbonic anhydrase was decreased with increasing algal cell density and
exposure time. The quantity of total polysaccharide in gill mucus is higher in the fish exposed to
C. polykrikoides than in the control fish; the magnitudes were higher in the pelagic fishes than that
of benthic fishes. Moreover, a drop of blood pH and oxygen partial pressure ( pO ) was also2

observed in red sea bream and flounder subjected to C. polykrikoides. These results suggest that
the inactivation of gill transport-related enzymes activities, the fall in blood pO and abnormal2

secretion of gill mucus by the C. polykrikoides may be one of the principal causes of fish kill.
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1. Introduction

In recent years, harmful algal blooms (HABs) have frequently occurred in Korean
coastal waters and caused mass mortality of fishes and bivalves. Among the di-
noflagellates, Cochlodinium polykrikoides is one of the most frequently appearing
harmful dinoflagellate responsible for fish kills. The alleged economic loss caused by the
C. polykrikoides bloom was $2.6 million in 1981, $8.4 million in 1993 and about $95.5
million in 1995 (Kim et al., 1997).

The precise toxic mechanisms of Cochlodinum are still poorly understood in spite of
nearly a decade of severe fisheries damage. Several hypotheses regarding fish kills have
been proposed. In Japan, C. polykrikoides and another unidentified Cochlodinium
species have been shown to produce ichthyotoxic substances consisting of three toxic
fractions: neurotoxic, hemolytic and hemagglutinating (Onoue et al., 1985; Onoue and
Nozawa, 1989a). Moreover, two unique paralytic shellfish poisoning (PSP) toxins were
also isolated from this species (Onoue and Nozawa, 1989b). However, the water- and
chloroform-soluble fraction of methanol extracts of Korean type C. polykrikoides did not
show ichthyotoxicity (Lee, 1996). In Korea, therefore, fish kills by C. polykrikoides are
generally thought to be due to suffocation due to oxygen depletion and smothering of
fishes by massive dinoflagellate mucus production (Lee, 1996; Cho et al., 1999; Kim et
al., 2000). Furthermore, our previous results suggested that reactive oxygen species

2 ?(ROS) such as superoxide anion (O ), hydroxyl radical ( OH) and hydrogen peroxide2

(H O ) generated from C. polykrikoides are one of the factors inducing fish kill;2 2

ROS-mediated oxidative damages are associated with ichthyotoxicity of C. polykrikoides
(Kim et al., 1999).

Despite these findings, there have been no physiological and/or biochemical studies
related to fish exposed to C. polykrikoides blooms. In the present study, therefore, we
investigated the effects of C. polykrikoides on the in situ activity of two important

1 1enzymes involved in ion transport in fish gills, Na /K -ATPase and carbonic
anhydrase, and oxygen partial pressure ( pO ) and pH values in the blood. In addition,2

total polysaccharide in gill mucus and susceptibilities of several fishes to this harmful
algal bloom species were also examined.

2. Materials and methods

2.1. Fish and red tide dinoflagellate

Several live fishes, flounder Paralichthys olivaceus (average 800 g in body weight, ca.
35 cm in total length), black scraper Thamnaconus septentrionalis (average 200 g, ca. 22
cm), beakperch Oplegnathus fasciatus (average 210 g, ca. 20 cm), red sea bream Pagrus
major (average 330 g, ca. 25 cm), rockfish Sebastes inermis (average 330 g, ca. 25 cm),
seaperch Malakichthys wakiyae (average 240 g, ca. 23 cm) were purchased from an
adjacent fish farm. They were transferred into tanks with continuous water supply, and
then subjected to a 1–2-day period of adaptation before use. During this phase the
average temperature and salinity were 228C and 32‰, respectively. The red tide
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dinoflagellate, C. polykrikoides, were collected in Namhae (latitude 348439630 N;
longitude 1288029890 E) in summer 1998, in Korea, during a bloom of this species. This
algal blooms included a few Ceratium furca and Chaetoceros spp. ( , 1%), respectively.
The density of C. polykrikoides was monitored by counting the number of algal cells in
0.05–0.1-ml subsamples using a Sedgewick–Rafter chamber.

2.2. Ichthyotoxicity test

Toxicity tests were performed on various algal cell densities in 200 l of aerated
seawater. Seawater containing C. polykrikoides was poured into 500-l tanks, and then
the test fish were introduced. Five fishes were exposed to four different cell densities, ca.

211000, 3000, 5000 and 8000 cells ml , during an experimental period of 48 h.
Dinoflagellates were added every 12 h to the system to attain fixed densities. Five fishes
were also kept in natural seawater as controls. During the experiments, the water
temperature, salinity and dissolved oxygen in the containers were 23–248C, 32–33‰
and ca. 5 ppm, respectively.

2.3. Determination of polysaccharide in gill mucus

Mucous solution was prepared as described by Kobayashi (1989) with a slight
modification. After the entire gill was excised from the fish, the gill was immersed in
distilled water of 5 ml for 1 h. The mucous solution secreted from the gill was filtered
through Whatman GF/C filter, and the filtrate frozen for determination of polysac-
charide. Total polysaccharide levels of gill mucus were analyzed by the phenolsulfuric
method (Dubois et al., 1956).

2.4. Measurement of blood pH and pO2

Blood samples were obtained from red sea bream exposed to C. polykrikoides for 24 h
and moribund fish, respectively. Five fish were used for the blood analysis. Blood was
anaerobically withdrawn into a 1-ml syringe for determinations of pH and pO . These2

parameters were measured with Stat Profile 5 analyzer.

2.5. Measurement of carbonic anhydrase activity

For the carbonic anhydrase assay, the gills were homogenized in ice-cold solutions of
0.25 M sucrose, 40 mM Tris buffer (pH 7.5) and 5 mM EDTA. The homogenates were
centrifuged at 8500 3 g for 20 min at 48C. The supernatant was used as a crude enzyme
solution. The enzyme activity was determined using the esterase technique of Houston
and McCarty (1978). The reaction mixture containing 0.8 mM p-nitrophenyl acetate
( pNA), 67 mM Tris buffer (pH 7.5) and crude enzyme solution was incubated at 358C.
The hydrolysis of pNA was followed spectrophotometrically at 348 nm in the absence or
presence of 2 mM acetazolamide, which is the carbonic anhydrase inhibitor. The rate of

21change in absorbance was converted to mmol pNA min using an extinction coefficient
21of 4.69 mM cm (Waston et al., 1982).
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1 12.6. Measurement of Na /K -ATPase activity

1 1The activity of Na /K -ATPase was determined from the rate of oxidation of NADH
using a coupled pyruvate kinase / lactate dehydrogenase assay (Gibbs and Somero,
1989). Briefly, the gills were homogenized in 10 vol of cold buffer containing 0.25 M
sucrose, 50 mM imidazole, 2 mM EDTA, 5 mM 2-mercaptoethanol and 0.1% sodium
deoxycholate (pH 7.4), and then homogenates were centrifuged as above. The assay
medium contained 30 mM imidazole, 125 mM NaCl, 20 mM KCl, 4 mM MgCl , 5 mM2

EDTA, 0.4 mM NaN , 1 mM ATP, 0.2 mM NADH, 2 mM phosphoenol pyruvate,3
21 21pyruvate kinase (3 units ml ) and lactate dehydrogenase (2 units ml ) (pH 7.4). The

oxidation of NADH in the reaction mixture containing enzyme solution was monitored
spectrophotometrically at 340 nm in the absence or presence of ouabain (1.2 mM).

21 21ATPase activity was reported as nmol ATP mg protein min , and protein was
measured by the Lowry method (Lowry et al., 1951).

3. Results

21When the test fishes were exposed to C. polykrikoides of densities . 3000 cells ml ,
they were exerting every effort to escape. Specifically, the active pelagic fishes such as
black scraper, red sea bream, beakperch and seaperch, showed violent swimming at
about 1 h after exposure. However, all species in seawater containing low algal cell

21densities (ca. 1000 cells ml ) were relatively silent throughout the exposure period, and
not killed. All test fishes in seawater containing C. polykrikoides exhibited mortalities of
20–100% within 24 h, whereas all species in control tanks were unaffected (Table 1).
The mortalities of all fishes were increased in proportion to algal cell densities. Table 1
also shows that the extent of fish mortality is considerably larger in the active pelagic
fish species than in the benthic fishes such as rockfish and flounder. Moreover, the
threshold lethal time of pelagic fishes by C. polykrikoides was also earlier than that of
benthic fishes.

After 24 h exposure to C. polykrikoides, the individual fish were taken up and their
entire gills were excised, and then the mucous solution was prepared as described in
Section 2. In all fish species, the contents of polysaccharides in gill mucus of fish
exposed to C. polykrikoides and moribund fish appear to be higher than that of control
fish (Table 2). In the case of increasing rates of polysaccharides, however, no significant
difference was found between the pelagic fish groups and the benthic fishes, although the
mortality of the active pelagic fishes was higher than that of the benthic fishes. Table 2
shows that, to a certain extent, C. polykrikoides induces excessive mucus secretion from
mucous cells of gills.

In order to find the changes of transport-related enzyme activities, carbonic anhydrase
1 1and Na /K -ATPase, in the gills of fish exposed to C. polykrikoides, the gills were

dissected from three live fishes after exposure to C. polykrikoides. Table 3 shows the
activity of the gill carbonic anhydrase of several fishes exposed to C. polykrikoides

21fractions with a cell density of 1000 and 5000 cells ml for 24 h, respectively. As
shown in Table 3, it was found that the carbonic anhydrase activities of all the species
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Table 1
Mortalities of fishes exposed to the dinoflagellate C. polykrikoides

Fish Algal cell density Mortality (%) Threshold
21species (cells ml ) for 24 h lethal time (h)

Black scraper 8000 100 2
5000 100 3.5
3000 30 6

a1000 0 –

Red sea bream 8000 100 2
5000 60 3
3000 20 10

Beakperch 8000 100 2.5
5000 30 10
3000 20 10

Seaperch 8000 60 3
5000 30 10
3000 0 –

Rockfish 8000 30 10
5000 0 –

Flounder 8000 30 12
5000 0 –

Control 0 – –
a No fish kill was observed to the density less than 1000 cells ml of C. polykrikoides for 24 h.

were decreased after exposure to C. polykrikoides. Particularly, the enzyme activity in
21red sea bream and beakperch subjected to C. polykrikoides of 5000 cell ml was

decreased to about 60% of the control values, respectively. Namely, among the test
species, the highest in situ susceptibility to C. polykrikoides was found in the red sea
bream and beakperch. In addition, C. polykrikoides-induced inhibition of carbonic
anhydrase activity was substantially decreased with increasing concentrations of algal

1 1cells and exposure time, as shown in Fig. 1. Na /K -ATPase activity was also inhibited

Table 2
Changes of the polysaccharide in the gill mucus of fish exposed to C. polykrikoides

21Fish Polysaccharide (mg mucus per g gill tissue )
species

aControl Struggling fish Moribund fish

Black scraper 221.7 252.4 (14) 263.6 (19)
Red sea bream 245.6 305.6 (24) 330.3 (34)
Beakperch 259.6 282.4 (9) 345.3 (33)
Seaperch 211.3 231.7 (10) 245.0 (16)
Rockfish 259.8 289.8 (12) 296.4 (13)
Flounder 134.2 147.5 (10) 165.1 (23)

a 21After the test fish were exposed to C. polykrikoides at about 5000 cells m for 24 h, the fish gills were
excised out. Values in parentheses are the percentage of the content of control fish. Data are averages of
triplicate measurements.
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Table 3
Gill carbonic anhydrase activity of fish exposed to C. polykrikoides

aFish species Carbonic anhydrase activity
21 21(mmol pNA min g protein )

Algal cell density
21(cells ml )

0 1000 5000

Red sea bream 83.7 62.5 (25) 33.6 (60)
Beakperch 39.5 30.7 (22) 16.7 (58)
Seaperch 63.3 50.0 (21) 37.4 (41)
Rockfish 49.4 40.3 (18) 28.3 (43)
Flounder 69.8 62.5 (10) 37.3 (47)

a The fish gills were excised out from the fish exposed to C. polykrikoides for 24 h.Values in parentheses are
the percentage of the inactivation of control. Data are averages of triplicate measurements with gill tissues of
three fishes.

by C. polykrikoides (Table 4). Inhibition of this enzyme by C. polykrikoides was similar
to that of carbonic anhydrase in fish gills. On the whole, the inhibition of ion-
transporting enzyme activities in the active pelagic fishes appear to be higher than that of
the benthic fish group.

Fig. 2 demonstrates changes in blood pH and PO values of flounder and red sea2

bream. In the red sea bream, significant difference was observed between test fish
groups. Although the blood pH values of normal fish were 7.15–7.35 (average 7.25), the
pH in the moribund fish and in the struggling fish were 5.35–6.80 (average 6.02) and
6.80–7.05 (average 6.96), respectively. Blood pO also decreased by ca. 33 and 59% in2

striving and moribund fish by C. polykrikoides, respectively. Of course, the fall of blood
pH and pO in the C. polykrikoides-exposed flounder was also similar to that of the red2

sea bream.

4. Discussion

Although several hypotheses are suggested regarding the cause of fish mortality
associated with C. polykrikoides blooms, it is generally accepted that the fish die from
asphyxiation (Hallegraeff, 1992; Lee, 1996). However, the reasons why many fishes die
from suffocation, in spite of sufficient oxygen dissolved in seawater, are unanswered.

In the present study, primarily, we investigated the susceptibility of several fish
species exposed to C. polykrikoides with a different cell density. As can be seen in Table

211, the experimental fishes exposed to C. polykrikoides with about 1000 cells ml were
21not killed. However, the fishes in the seawater containing over 3000 cells ml were

moribund. Particularly, the active pelagic fishes were more sensitive than the benthic
fishes. In addition, this result indicates that the threshold lethal density of C. poly-

21krikoides to fish is approximately 3000 cells ml .
The role of a mucous substance on the gill surface has been noted in the fish death

caused by Chattonella red tide (Endo et al., 1985). In order to know the changes of gill
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Fig. 1. Changes of the gill carbonic anhydrase activity of the flounder exposed to C. polykrikoides. (A)
Dependence of enzyme activity on the concentration of algal cell. After the flounder was exposed to various
concentrations of C. polykrikoides for 24 h, the gill tissue were immediately collected. (B) Enzyme activity of
flounder subjected to C. polykrikoides for different exposure time. Experimental conditions are same as in
Table 3. Data are presented as mean6S.E. (n 5 3–4).
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Table 4
1 1Gill Na /K -ATPase activity of fish exposed to C. polykrikoides

1 1 aFish species Na /K -ATPase activity
21 21(mmol ATP min mg protein )

Algal cell density
21(cells ml )

0 1000 5000

Red sea bream 310.7 250.3 (19) 169.0 (46)
Beakperch 195.3 155.7 (20) 72.9 (63)
Seaperch 162.3 135.7 (17) 76.2 (53)
Rockfish 237.4 214.7 (10) 160.5 (34)
Flounder 218.3 200.2 (8) 145.6 (33)

a The fish gills were the same as in Table 3. Values in parentheses are the percentage of the inactivation of
control. Data are averages of triplicate measurements with gill tissues of three fishes.

mucus caused by C. polykrikoides, therefore, the contents of polysaccharides of gill
mucous solution were determined. From Table 2, the amounts of polysaccharides are
considerably higher in the fish gill exposed to C. polykrikoides than that in the control.
This phenomenon is very similar to those observed in Chattonella sp. (Kobayashi,
1989). Moreover, Kobayashi et al. (1989) have reported that change in composition of
the glycoprotein in the gill mucus was related to the capability of gas exchange in gill
epithelium. Consequently, the abnormal mucus secretion in gill cells impedes water and
oxygen flow through the gill, and thus may result in fish kill.

1 1Inhibition of ion-transporting enzyme activities, carbonic anhydrase and Na /K -
ATPase, were also found in C. polykrikoides-exposed fishes as compared with control
fish (Tables 2 and 3). Particularly, in the case of carbonic anhydrase, inhibition of
enzyme activity decreased linearly with increasing algal cell density and exposure time
(Fig. 1). Nevertheless, the rate of inhibition is quite different from that of Chattonella
marina red tide (Sakai et al., 1986): inactivation of the carbonic anhydrase by C. marina
was remarkably higher than the C. polykrikoides-induced inactivation. When red sea

21bream was exposed to C. marina of 6500 cells ml for about 1 h, its activity was not
detectable. However, in the case of C. polykrikoides, the enzyme activity remained under
similar conditions.

Since the ion-transporting enzymes in the fish gill are involved in osmoregulatory
mechanism, it would be reasonable to assume that physiological disorders such as
osmotic imbalance occurs in fish. Particularly, as the function of carbonic anhydrase is

1considered to be the transport of H and CO into the surrounding medium, this enzyme2

activity is associated with the changes of blood pH and pO (Dimberg et al., 1981;2

Houston and Mearow, 1982). In this respects, several works have reported that the
decrease of transport-related enzymes activity in the gills by red tide result in
physiological changes, such as reductions of blood pH and pO and osmotic imbalance2

which would lead to asphyxiation (Endo et al., 1985; Sakai et al., 1986). Therefore, the
results in Tables 2 and 3 and Fig. 1 led us to speculate that, at least to a certain extent,
inhibition of transport enzymes in gills by C. polykrikoides may be deeply involved in
physiological disorders in fish.

1 1Meanwhile, Na /K -ATPase acting as an osmoregulator in fish is a heterodimeric
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Fig. 2. The values of blood pH (A) and pO (B) of struggling and moribund fish in seawater containing C.2

polykrikoides, compared with those of control fish. The concentrations of C. polykrikoides and exposure time
21were 5000 cells ml and 24 h, respectively. Data are given as mean6S.E. (n 5 5–7).

integral membrane protein (Philpott, 1980). Moreover, it has been reported that its
activity is linked to the lipid composition of the plasma membrane (Gibbs and Somero,
1990). Furthermore, it is generally accepted that the loss of membrane fluidity resulting
from lipid peroxidation can contribute to the decreased enzyme function (Gorotti, 1990).

1 1Thus, we can guess that, at least to a certain extent, the inactivation of Na /K -ATPase
caused by C. polykrikoides is induced by this species-mediated lipid peroxidation, as we
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previously reported that reactive oxygen radicals generated from C. polykrikoides
induced lipid peroxidation of gill tissue (Kim et al., 1999).

The decrease of blood pO and pH was also found in the struggling and moribund2

fishes (Fig. 2). These results led us to assume that the fall in pO and pH appears only2

towards the death of fish, and this phenomenon is also one of the important symptoms in
fish kill mechanisms, such as in Chattonella red tide (Ishimatsu et al., 1997). In the
hematological aspects, however, there is no general agreement on the cause of fall in
pO and pH, in spite of a few works (Yamaguchi et al., 1981; Sakai et al., 1986;2

Ishimatsu et al., 1991, 1997). Further study is currently underway in our laboratory.
If it is so, what are the causative agents to inducing physiological changes in fish? In

this respect, with first priority, we can guess that the ROS generated from C.
polykrikoides is one of the factors inducing enzyme inhibition. Namely, our previous
study demonstrated that C. polykrikoides generates ROS, and then generated ROS are
involved in the loss of functional and structural integrity of gill cells (Kim et al., 1999).
Consequently, gill cells of fish are attacked by the ROS, and then the oxidative damages
such as enzyme inhibition and lipid peroxidation occurs in gills. Moreover, it is known

?that the hydroxyl radical ( OH) has a role of stimulator which induces mucus secretion
in gills (LaMont, 1989). But even so, of course, the possibility would be entirely

2 2excluded that Br and I present in planktons may also be involved in the inhibition of
gill carbonic anhydrase, because they are known as intense inhibitors of carbonic
anhydrase. (Pocker and Stone, 1967).

In conclusion, our results indicate that inactivation of the ion-transporting enzymes in
fish gill exposed to C. polykrikoides seem to be involved in decrease of gas exchange in
the gills. Both physical clogging of gill by abnormal mucus excretion as well as gill
damage by ROS may be involved in fish kill by C. polykrikoides.

Acknowledgements

This work was supported by a grant-in-aid from the Maritime Affairs and Fisheries
Ministry of Korea. [SS]

References

Cho, E.S., Kim, C.S., Lee, S.G., Chung, Y.K., 1999. Binding of alcian blue applied to harmful microalgae from
Korean coastal waters. Bull. Natl. Fish. Res. Dev. Inst. 55, 133–138.

¨Dimberg, K., Hoglund, L.B., Knutsson, P.G., Ridderstrale, Y., 1981. Histochemical localization of carbonic
anhydrase in gill lamellae from young salmon (Salmo salar L.) adapted to fresh and salt water. Acta
Physiol. Scand. 112, 218–220.

Dubois, M., Gilles, K.A., Hamilton, J.K., Rebers, P.A., Smith, F., 1956. Colorimetric methods for
determination of sugars and related substances. Anal. Chem. 28, 350–356.

Endo, M., Sakai, T., Kuroki, A., 1985. Histological and histochemical changes in the gills of the yellowtail
Seriola quinqueradiata exposed to the Raphidphycean flagellate Chattonella marina. Mar. Biol. 87,
193–197.



C.S. Kim et al. / J. Exp. Mar. Biol. Ecol. 254 (2000) 131 –141 141

Hallegraeff, G.M., 1992. Harmful algal blooms in the Australian region. Mar. Pollut. Bull. 25, 186–190.
1 1Gibbs, A., Somero, G.N., 1989. Pressure adaptation of Na /K -ATPase in gills of marine teleosts. J. Exp.

Biol. 143, 475–492.
1 1Gibbs, A., Somero, G.N., 1990. Pressure adaptation of teleost gill Na /K -adenosine triphosphatase: role of

the lipid and protein moieties. J. Comp. Physiol. 160B, 431–439.
Gorotti, A.W., 1990. Photodynamic lipid peroxidation in biological systems. Photochem. Photobiol. 51,

497–509.
Houston, A.H., McCarty, L.S., 1978. Carbonic anhydrase (acetazolamide-sensitive esterase) activity in the

blood, gill and kidney of the thermally acclimated rainbow trout, Salmo gairdneri. J. Exp. Biol. 73, 15–27.
1 1Houston, A.H., Mearow, K.M., 1982. Branchial and renal (Na /K ) ATPase and carbonic anhydrase activities

in a eurythermal freshwater teleost, Carassius auratus L. Comp. Biochem. Physiol. 71A, 175–180.
Ishimatsu, A., Tsuchiyama, T., Yoshida, M., Sameshima, M., Pawluk, M., Oda, T., 1991. Effects of

Chattonella exposure on acid-base status of the yellowtail. Nippon Suisan Gakkaishi 57, 2115–2120.
Ishimatsu, A., Maruta, H., Oda, T., Ozaki, M., 1997. A comparison of physiological responses in yellowtail to

fatal environmental hypoxia and exposure to Chattonella marina. Fish. Sci. 63, 557–562.
Kim, H.G., Lee, S.G, An, K.H., 1997. Recent Red Tides in Korean Coastal Waters. National Fisheries

Research and Development Agency, pp. 237–239.
Kim, C.S., Lee, S.G., Lee, C.K., Kim, H.G., Jung, J., 1999. Reactive oxygen species as causative agents in the

ichthyotoxicity of the red tide dinoflagellate Cochlodinium polykrikoides. J. Plankton Res. 21, 2105–2115.
Kim, C.S., Bae, H.M., Yun, S.J., Cho, Y.C., Kim, H.G., 2000. Ichthyotoxicity of a harmful dinoflagellate

Cochlodinium polykrikoides: aspect of hematological responses of fish exposed to algal blooms. Kor. J.
Fish. Sci. Tech. (in press).

Kobayashi, H., 1989. Some aspects on the secretion of gill mucus in red sea bream Pagrus major exposed to
the red tide. Nippon Suisan Gakkaishi 55, 553–557.

Kobayashi, H., Takahashi, Y., Itami, T., 1989. Changes in the electrophoretic pattern of mucous solution
extracted from gills of the yellowtail Seriola quinqueradiata affected by the red tide. Nippon Suisan
Gakkaishi 55, 577.

LaMont, J.T., 1989. Oxygen radicals stimulate gallbladder glycoprotein secretion. In: Chantler, E., Ratcliffe,
N.A. (Eds.), Mucus and Related Topics. The Company of Biologists Ltd, Cambridge, pp. 273–278.

Lee, J.S., 1996. Bioactive components from red tide plankton, Cochlodinium polykrikoides. J. Kor. Fish. Soc.
29, 165–173.

Lowry, O.H., Rosebrough, N.J., Farr, A.L., Randall, R.J., 1951. Protein determination with the Folin phenol
reagent. J. Biol. Chem. 193, 265–275.

Onoue, Y., Nozawa, K., 1989a. Separation of toxins from harmful red tides occurring along the coast of
Kagoshima prefecture. In: Okaichi, T., Anderson, D.M., Nemoto, T. (Eds.), Red Tides: Biology,
Environmental Science, and Toxicology. Elsevier, New York, pp. 371–374.

Onoue, Y., Nozawa, K., 1989b. Zinc-bound PSP toxins separated from Cochlodinium red tide. In: Natori, S.,
Hashimoto, K., Ueno, Y. (Eds.), Mycotoxins and Phycotoxins ’88. Elsevier, Amsterdam, pp. 359–366.

Onoue, Y., Nozawa, K., Kumanda, K., Takeda, K., Aramaki, T., 1985. Toxicity of Cochlodinium type ’78
Yatsushiro occurring in Yatsushiro Sea. Bull. Jpn. Soc. Sci. Fish. 51, 147.

Philpott, C.W., 1980. Tubular system membranes of teleost chloride cells: osmotic response and transport sites.
Am. J. Physiol. 238, R171–R184.

Pocker, Y., Stone, J.T., 1967. The catalytic versatility of erythrocyte carbonic anhydrase. III. Kinetic studies of
the enzyme-catalyzed hydrolysis of p-nitrophenyl acetate. Biochemistry 6, 668–678.

Sakai, T., Yamamoto, K., Endo, M., Kuroki, A., Kumanda, K., Takeda, K., Aramaki, T., 1986. Changes in the
gill carbonic anhydrase activity of fish exposed to Chattonella marina red tide, with special reference to the
mortality. Bull. Jpn. Soc. Sci. Fish. 52, 1351–1354.

Yamaguchi, K., Ogawa, K., Takeda, N., Hashimoto, K., Okaichi, T., 1981. Oxygen equilibria of hemoglobins
of cultured sea fishes, with special reference to red tide-associated mass mortality of yellowtail. Bull. Jpn.
Soc. Sci. Fish. 47, 403–409.

Waston, T.A., Tilley, P.A.G., Mckeown, B.A., Geen, G.H., 1982. In vitro effects of acephate on carbonic
anhydrase activity in the blood and gills of rainbow trout, Salmo gairdneri. J. Environ. Sci. Health B17,
63–75.


