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Abstract

Ž .Milkfish Chanos chanos Forsskal fingerlings were treated with toxic, nontoxic dinoflagellate
Alexandrium minutum cells or toxic algal extract in the water medium without any aeration.
Mortality of fish increased with increasing concentrations of toxic, nontoxic algal cells and
water-soluble toxic algae extract. Milkfish fingerlings, which were exposed to toxic algae
Ž 4 4 . w 3 4 41.5=10 –3.0=10 cellsrml or algal extract 5.13=10 –2.05=10 cellsrml, 0.195 MUr10

Ž .xcells toxin concentration for 24 h, revealed by light microscopic observations a noticeable
edema, hyperplasia and necrosis of secondary gill lamellae. The same toxicological symptom was

Ž . Ž y2 .observed in fish exposed to pure saxitoxin STX 6.475=10 mgrml in the water medium. A
higher critical oxygen pressure and oxygen consumption rate were also found in the milkfish

Ž 3 4 . Žfingerlings exposed to toxic algae extract 5.13=10 –2.05=10 cellsrml and STX 6.475=
y2 .10 mgrml . The cells of nontoxic A. minutum did not cause the gill damage to milkfish, and

the extract of nontoxic algae did not cause an increase in oxygen consumption rate or critical
oxygen demand of milkfish. From these results, we infer that toxic cells and its extract cause
nonspecific response in gill tissues of milkfish. An instant increase in oxygen consumption rate
and oxygen demand may be one of the major causes of fish death. q 2001 Elsevier Science B.V.
All rights reserved.
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1. Introduction

Alexandrium minutum is a toxic dinoflagellate that causes paralytic shellfish poison-
Ž .ing PSP in Taiwan. It is distributed in the coastal waters of southern Taiwan and often

Ž .occurs in fish ponds of Pingtung county Su et al., 1996; Hwang and Lu, 2000 . Blooms
of A. minutum have occurred in many aquaculture ponds and caused PSP toxin

Ž .accumulation in purple clam Hiatula rostrata resulting in two food poisoning incidents
Ž .in 1986 and 1991 Chou and Su, 1989; Hwang et al., 1992 . Moreover, toxic A.

minutum blooms have caused mass mortalities of cultured organisms, such as grass
Ž . Ž . Ž .prawn Penaeus monodon in 1989 Su et al., 1993 and milkfish Chanos chanos in

Ž .1992, 1995–1998 Chen, 1998 .
PSP toxins are among the most common and deadly phycotoxins in the marine

environment. They are mainly produced by the dinoflagellates Alexandrium, Pyro-
Ž .dinium, and Gymnodinium Hallegraeff, 1995 , and some species of blue-green algae

Ž .Negri and Jones, 1995; Carmichael et al., 1997 . The toxins are known to affect
Žshellfish, crustaceans and finfish Ives, 1987; Shumway and Cucci, 1987; Haya et al.,

.1990 . Blooms of the PSP toxin-containing dinoflagellates have been implicated in some
Ž .finfish kills in nature White et al., 1989; Koizumi et al., 1996 . Laboratory experiments

have shown that PSP toxins are lethal to various marine fishes, including larval
Ž . ŽGosselin et al., 1989; Robineau et al., 1991a,b and adult fish White, 1981; Saito et al.,

.1985; Gubbins et al., 2000 . As for milkfish, when a bloom occurred, fishes appeared to
stay on the surface, often with their heads out of the water. The symptoms of dying
milkfish appeared to be due to environmental hypoxia, however, the action mode of PSP
toxin is not yet clear.

The main purpose of this study was to explore the action mode of PSP toxins on
milkfish. We report on the response in the laboratory of milkfish fingerlings to exposure
to toxic or nontoxic A. minutum Halim, water-soluble cell extract and pure saxitoxin
Ž .STX . Furthermore, we have investigated how toxic algae, algal extract and STX affect
the gill histology, oxygen consumption rate and critical oxygen pressure.

2. Materials and methods

2.1. Experimental organisms

To discriminate the effect of the PSP toxins from other experimental causes, milkfish
fingerlings were exposed to either a toxic or nontoxic strain of the species A. minutum.
Toxic strain of A. minutum Amtk-1 was isolated in 1986 from Tungkang area where
PSP occurred due to the ingestion of purple clams. Nontoxic strain Amtk-6 was isolated
in 1994 from a Tungkang milkfish culture pond. Unialgal cultures were kept in

ŽK-medium, illuminated with continuous light of 3000 lx at 20–22 8C. Milkfish C.
.chanos , total size range 12–15 cm, wet weight range 10–25 g, were collected from

aquaculture pond at Tungkang, Pingtung Prefecture. The fish were transferred into tanks
with continuous seawater supply, and allowed to acclimate for 1 week before use.
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2.2. Toxicological symptom and LC50

The 24-h ichthyotoxicity tests on milkfish were conducted in 30-l fish tank, without
aeration; the temperature, salinity and pH value were kept at 23 8C, 10 ppt and 7.7–7.9,
respectively. All experiments were carried out in duplicate with 10 fingerlings used in
each replicate. Ten fingerlings were kept in tanks with aeration and without aeration as
control groups. Algal cells of both toxic and nontoxic species were harvested in

Ž .exponential growth phase. To evaluate the effects of toxic algae Amtk-1 , nontoxic
Ž .algae Amtk-6 and toxic algal extract on milkfish, the cell concentrations were 0,

1.5=104, 2.0=104, 2.5=104 and 3.0=104 cellsrml. Because Amtk-1 could pro-
duce PSP toxins, the water-soluble algal extract was prepared by crude PSP toxin

Ž .extraction method Chen, 1998 . The toxicity of PSP toxin was determined by HPLC
Ž .from our previous studies Chen and Chou, 2001 . Algae samples were counted and then

trapped in fiberglass; the retained algal cells were extracted with 95% acetic alcohol
Ž .pHs2 . The extracts were concentrated and transferred to vials by means of 0.03N
acetic acid, defatted with chloroform; the supernatant toxic algal extract was subjected to
HPLC analysis and divided into 5.13=103, 1.03=104, 1.54=104 and 2.05=104

w 4 Ž .xcellsrml 0.195 MUr10 cells toxin concentration . The dose response of test
organisms obtained from the replicates of each treatment were analyzed using by the

Ž .method of probit analysis Finney, 1971 . The LC values and 95% confidence limits50
Ž .were calculated using a microcomputer program Trevors and Lusty, 1985 .

2.3. Gill histopathology

All treated fish were dissected for histological examination of the gills. Gills were
Ž .fixed in Davidson’s fixative Humason, 1979 , dehydrated in a series of alcohol

concentrations, cleared in xylene, embedded in paraffin, sectioned at 5 mm thickness,
Ž .and stained with Harris’ hematoxylin Luna, 1977 .

2.4. Oxygen consumption rate and critical oxygen pressure

The procedures of measurements in oxygen consumption rate were simplified from
Ž .Schreck and Moyle 1990 . Measurements were made using a dissolved oxygen probe

Ž .WTW, OX196 . One specimen of milkfish was in a 2-l sealed oxygen saturated flask
Ž .there were four replicates used for each treatment . The temperature, salinity and pH
value were kept at 25 8C, 10 ppt and 6.8, respectively. The rate of oxygen consumption

Ž .was calculated from the difference between the two dissolved oxygen D.O. values
Ž .initial to fish death , and expressed as milligram oxygen per gram body weight per hour
Ž . Ž .mgrgrh . The concentration of algal extract used were equivalent to 0 control ,
5.13=103, 1.03=104, 1.54=104 and 2.05=104 cellsrml. We also tested how

Ž . Ž y2 .nontoxic algal extract and pure saxitoxin STX 6.475=10 mgrml affected the rate
of oxygen consumption in milkfish. Furthermore, we recorded the critical oxygen
pressure, or the lowest dissolved oxygen value necessary for the aquatic organism to
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Table 1
Ž .The 24-h LC values and their 95% confidence limits of milkfish fingerlings ns1050

The toxicity tests on milkfish were conducted with toxic, nontoxic strain and toxic strain extract of A.
minutum.

Ž .LC cellsrml50

Ž .Toxic strain 19,819 17,388, 22,590
Ž .Nontoxic strain 21,060 18,774, 23,625
Ž .Toxic strain extract 10,256 8205, 13,300

survive. We compared the oxygen consumption rate and critical oxygen pressure
Ž .between control and experimental groups with each test ANOVA and t-test .

3. Results

The 24-h LC values and their 95% confidence limits are shown in Table 1. The50

LC value of toxic A. munutum treatment was lower than that of the nontoxic A.50

Ž .Fig. 1. The rate of oxygen consumption of milkfish finglings exposed to different concentrations of A toxic
Ž . Ž . Ž .A. minutum algal extract P-0.05 ; B nontoxic A. minutum algal extract P)0.05 . Values are

mean"SE.
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munutum treatment. Mortality significantly increased with increased cell densities, and
Ž 2 .concentrations of toxic algal extract r s0.87, P-0.05 . In control tanks without

aeration, there were no mortalities during the 24-h experiment. As for the toxicological
symptom, milkfish in each treatment presented symptoms of hypoxia. The fish swam
erratically, remained close to the water surface, and finally died with an open mouth.
These symptoms were similar to those recorded in field observations of bloomed culture
pond. When fish were provided continuous aeration, there were no mortalities in either
control or experiment groups within 24 h.

Light microscope examination revealed histopathological changes in the gills of
milkfish after exposure to toxic A. minutum and toxic algal extract. Milkfish fingerlings,
which were exposed to toxic algae or their extract, exhibited a noticeable edema,
hyperplasia and necrosis of secondary lamellae of the gills. The same toxicological

Ž y2 .symptom was also observed in fish treated with pure STX 6.475=10 mgrml , while
the gills of fish exposed to nontoxic A. minutum were similar to those of the control. In
this experiment, we found that the degree of gill damage was not proportional to the
concentration of toxic algae or their extract. We also measured the pH value and D.O.
value of control and experiment groups, and found the values were similar between
control group and every treatment group.

Fig. 1A shows the rate of oxygen consumption of milkfish fingerlings exposed to
Ž .different concentrations of toxic A. minutum algal extract. In the early stage 0–0.5 h ,

the rate of oxygen consumption of algal extract treatment groups were higher than the
control group. Furthermore, the higher the concentrations of algal extract, the higher the

Ž . Ž .rate of oxygen consumption ANOVA, P-0.05 . In the late stage 2.0–2.5 h , the rate
of oxygen consumption of algal extract treatment groups were lower than the control

Fig. 2. The rate of oxygen consumption of milkfish finglings exposed to pure STX toxin. Values are
Ž .mean"SE. P-0.05 .
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Table 2
The critical oxygen pressure of milkfish fingerlings
The treatment was conducted with toxic, nontoxic strain extract of A. minutum, and pure STX toxins. Values
are mean"SE.
Toxicity: 0.195 MUr104cells; 1 MUs0.259 mg STX.

Ž .Body weight g Critical oxygen pressure
Ž . Ž .ns4 mgrl

Toxic algae extract
Control 18.2"1.09 0.10"0.00

35.13=10 cellsrml 17.2"0.93 0.35"0.06
41.03=10 cellsrml 17.3"1.00 0.35"0.06
41.54=10 cellsrml 17.6"0.74 0.38"0.05
42.05=10 cellsrml 16.1 "0.62 0.48"0.05

Nontoxic algae extract
Control 17.4"0.86 0.10"0.00

49.57=10 cellsrml 17.7"1.20 0.10"0.00

STX
Control 17.8"0.55 0.10"0.00

y26.475=10 mgrml 16.4"0.52 0.50"0.00

Ž y2 .group. In the pure STX 6.475=10 mgrml treatment, the rate of oxygen consump-
Ž .tion was significantly higher than the control group at 0–1.0 h t-test, P-0.05 , and

Ž .lower than the control group at 2.0–2.5 h Fig. 2 . In the nontoxic A. minutum algal
extract treatment, there was no significant difference between the control and treatment

Ž .group t-test, P)0.05; Fig. 1B . Because toxic cell extract and STX caused gill
Ž .damage, we suggested that in the early stage 0–1.0 h , milkfish fingerlings were

hyperventilating so that oxygen consumption rates of experiment groups were higher
than control group; in the late stage, lower oxygen consumption rates of treated fish
might be due to the gills response to the toxin, resulting in reduced oxygen uptake. As
for the demand of critical oxygen pressure, the values of both toxic algal extract and

Ž .STX treatment were significant higher than that of the control group t-test, P-0.05 .
The critical oxygen pressure value of nontoxic algal extract treatment was the same as

Ž .that of the control group Table 2 , which means that nontoxic algal extract would not
affect the critical oxygen pressure value.

4. Discussion

From the results shown, it was suggested the critical lethal factors for milkfish in the
Ž .blooming environment were as follows: 1 physical factor—the toxic or nontoxic algae

Ž .block the gill, and asphyxiation is the cause of death; 2 physiological factor—the
increase of oxygen consumption rate and critical oxygen pressure. However, the higher
critical oxygen pressure caused by toxic cell extract makes milkfish raise their oxygen
demand and the fish cannot tolerate oxygen-deficient environment.
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Concerning the published reports dealing with the toxic effects on finfish of the genus
Ž .Alexandrium, White 1984 mentioned finfish were sensitive to PSP toxins; Mortensen

Ž . Ž .1985 reported Gonyaulax sAlexandrium excaÕata caused acute histopathological
Ž . Ž .damage to the gills. White et al. 1989 and Gosselin et al. 1989 described the

mortality of fish larva was correlated with A. tamarensis concentrations. Our results
also have the similar toxicological and histopathological symptoms as that of the above

Ž .studies. Koizumi et al. 1996 suggested that mass mortalities of marine organisms were
due to bloom-related anoxia and hypoxia of G. polygramma. These results of our study
are the first evidence of how the cell extract from A. minutum affect the oxygen
consumption rate and critical oxygen pressure of fish.

In Taiwan, massive mortality of milkfish and other fish species occurred recently in
the area of Kaohsiung and Pingtung when A. minutum bloomed in the culture ponds
Ž . 4Chen, 1998 . Cell concentrations of A. minutum reached a level of 2.42=10
cellsrml, the same cell concentration of a well-established laboratory culture. It was
found that toxin concentrations of the blooming species was within the range of
2.43=10y4 –3.88=10y5 MUrcell, similar to those of cultured strains. These results

Ž 4 .suggest that the LC value approximately 2.00=10 cellsrml of that we reported for50

milkfish fingerling in the laboratory is also relevant in the field.
ŽMany studies have found gill structural changes are induced by toxicants Scott and

Rogers, 1980; Solangi and Overstreet, 1982; Nowak and Barbara, 1992; Tamse et al.,
.1995 . From our results, the damage to the gills strongly suggest this is a common mode

of action by which hyperventilation is induced because most of these histological
changes increase the diffusion distance for oxygen from the water to the blood, which
again could explain the separation of the respiratory epithelium. Our results uphold the

Ž .concept Mallatt, 1985 that toxicant-induced alteration in gill histology are largely
nonspecific, because similar types of lesions occur under a wide range of toxicant-ex-
posure conditions.

Acute exposure to some chemicals can cause rapid destruction of the gill lamellae
Ž .within a few hours, and further affect the rate of oxygen consumption Heath, 1995 .

The hypoxia is undoubtedly a major contributing factor to mortality from acute exposure
to toxic algae and algal extract. Asian catfish Clarias macrocephalus will increase

Žair-breathing frequency in the presence of waterborne toxins Kulakkattolickal and
.Kramer, 1988 . Several previous studies have demonstrated increased oxygen demand in

Žthe presence of organic toxicants Davis, 1973; Dalela et al., 1980; Bakthavathsalam and
.Reddy, 1983 . This may be a consequence of the increased activity associated with

attempted avoidance of toxicants by the fish. Both organic toxicants and PSP toxins
affect the oxygen consumption rate of fish. That is, the impact of PSP toxins on milkfish
is a nonspecific response. Nevertheless, our finding of a positive correlation between
oxygen and toxicity in milkfish suggests, that hypoxia increases toxicity by increasing
exposure of the gill epithelium to PSP toxins, in fish capable only of aquatic respiration.

STX and PSP toxin-containing toxic algal cell extracts cause similar effect on
milkfish, including the change of oxygen consumption rate and critical oxygen pressure.
Such results indicate that PSP toxins seem to be involved in decrease of gas exchange in
the gills. In mammals, PSP toxins will block nerve cells, thus preventing conductance of

Ž .signals along the neuron Baden and Trainer, 1993 . We suggest that PSP toxins might
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be functioning on the gill epithelium, induce gill damage, and then impact oxygen
uptake.
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