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ABSTRACT: Spatial and temporal variation in Microcystis species composition and microcystin concen-
tration, quantified by enzyme-linked immunosorbent assay and high-performance liquid chromatography,
were investigated during a 3-year period (1998–2000) in the Northern Basin of Lake Biwa. The Northern
Basin generally had a concentration of 5 �g L�1 or less, except at station 1 (Nagahama Bay) from July to
October during the study period. The maximum concentration at station 1 was 22.7, 35.9, and 22.0 �g
L�1 in October of 1998, 1999, and 2000, respectively. Eleven species of cyanobacteria were observed:
Microcystis aeruginosa, M. ichthyoblabe, M. novacekii, M. wesenbergii, Oscillatoria raciborskii, Anabaena
oumiana, A. affinis, A. flos-aquae, A. ucrainica, A. smithii, and A. crassa. Of these, M. aeruginosa and M.
wesenbergii were the main components observed. A high concentration of microcystin in the lake water
was mostly a result of variation in the relative amount of toxic M. aeruginosa rather than of the total Micro-
cystis cell number. This was supported by the analytical results for isolated strains. Microcystis spp. cell
density in the Northern Basin appeared to increase gradually over the course of the study. This is the first
study to have surveyed the Northern Basin of Lake Biwa, which supplies drinking water to 14 million peo-
ple and is the largest lake in Japan. # 2005 Wiley Periodicals, Inc. Environ Toxicol 20: 270–276, 2005.

Keywords: horizontal distribution of microcystin; Lake Biwa; microcystin concentration; Microcystis
strain; seasonal variation of microcystin

INTRODUCTION

Cyanobacterial blooms in lakes, rivers, and artificial water

bodies, including drinking water reservoirs, have been

reported in different regions of the world and have sometimes

caused severe problems for wildlife, livestock, and humans

(Carmichael, 1994; Christoffersen, 1996). Cyanobacteria are

known to produce a variety of metabolites including toxins,

among which microcystins (MCs) are globally the most fre-

quent. MCs have caused many animal deaths and have been

implicated in cases of human illness (Ueno et al., 1996; Joc-

himsen et al., 1998). Because MCs have been found in drink-

ing water (Ueno et al., 1996), the World Health Organization
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(WHO, 1998) proposed as a guideline that the MC-LR

concentration in drinking water no greater than 1.0 �g L�1.

The chemical structure of MC is composed of seven

amino acids including a unique amino acid called Adda [3-

amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic

acid; Botes et al., 1984], and 62 variants of MCs have been

reported to date (Rinehart et al., 1994; Park et al., 2001). MCs

are produced by Microcystis, Anabaena, Oscillatoria, and
Nostoc, and Microcystis spp., commonly M. aeruginosa, has
been linked to toxic blooms worldwide (Sivonen, 1996). In

aquatic environments MCs usually remain within cyanobac-

terial cells but are released naturally by the biological process

of lysis and artificially by inducing cell destruction with cop-

per sulfate or other treatments. In view of the high chemical

stability (Harada and Tsuji, 1998) and water solubility of

MCs, contamination by toxic blooms has important implica-

tions for their environmental persistence and for exposure to

humans in surface water bodies (Chorus and Bartram, 1999).

Lake Biwa, in central Honshu Island, is the largest lake in

Japan (Fig. 1). It is characterized by two morphologically

distinct basins: the deep Northern Basin (616 km2; average

depth ¼ 43 m) and the shallow Southern Basin (58 km2;

average depth ¼ 4 m). Lake Biwa supplies drinking water to

14 million people living around the lake. In addition, the lake

is a tourist attraction and is used for various recreational pur-

poses. Since 1950 the lake has been subject to eutrophica-

tion, and blooms of Anabaena andMicrocystis have occurred

since 1983, especially in the Southern Basin (Kumagai and

Roberts, 1996). Since 1993 blooms caused by Microcystis
also have occurred in inshore areas of the Northern Basin

with poor water circulation, such as Nagahama Harbor (sta-

tion 1 in Fig. 1). More recently, cyanobacterial blooms have

been observed from late summer to autumn, even in the mes-

otrophic Northern Basin (Watanabe et al., 2000).

In this article we describe the horizontal distribution and

seasonal variation of Microcystis cell density and MC con-

centration in the Northern Basin of Lake Biwa, quantified by

enzyme-linked immunosorbent assay (ELISA) and high-per-

formance liquid chromatography (HPLC). We also report

the characteristics of MC production by a strain ofMicrocys-
tis isolated from this lake. The overall objective of the

present study therefore was to determine the quantity of the

MCs in the lake and to elucidate the relationship between the

dominant cyanobacterial species and MC concentration.

MATERIALS AND METHODS

Chlorophyll-a Concentration
and Cyanobacteria Count

Eight sampling stations were set up along an east–west

transect starting at Nagahama Harbor (station 1 in Fig. 1).

An investigation was carried out from April to October in

1998 and from July to October in 1999 and 2000.

At each station a 10-L sample of surface water was col-

lected with a sampling bucket (Fig. 1). Phytoplankton bio-

mass was estimated as chlorophyll, which was determined

with a water sample filtered through a glass-fiber filter (GF/

C, Whatman, UK). The filter was frozen and extracted in

methanol overnight in a dark freezer. After centrifugation

of the extract, the concentration of chlorophyll-a was deter-

mined spectrophotometrically according to Marker et al.

(1980). Samples for enumerating the Microcystis cells were
fixed with Lugol’s iodine solution and estimated by using a

Sedgwick–Rafter counting chamber under an epifluores-

cence microscope.

Microcystin Analysis

To estimate MC concentration in cyanobacterial cells, a

plankton sample was collected in 1998 with a 40-�m-mesh

plankton net from surface water. The net was hauled hori-

zontally through the surface water. The phytoplankton sam-

ple was then transported to the laboratory and stood to per-

mit separation of cyanobacteria from other phytoplankton.

Floating cyanobacterial cells were concentrated on a GF/C

filter, and the filter was immediately frozen at �408C.
MC was analyzed quantitatively according to Park et al.

(1998). Briefly, frozen cyanobacterial cells on GF/C were

lyophilized and extracted 3 times with 10 mL of 5%

aqueous acetic acid for 30 min while being stirred. The

Fig. 1. Map of Lake Biwa with sampling stations.
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extract was centrifuged at approximately 6000 � g for

30 min, and the supernatant was applied directly to an ODS

(octadecylsilane) cartridge (0.5 g) preconditioned with

methanol and water. The cartridge was rinsed with distilled

water, followed by 20% methanol, and the toxin was finally

eluted from the cartridge with a trifluoroacetic acid (TFA)–

methanol solution. The eluate was completely evaporated

to dryness, and the residue was suspended in methanol. The

methanol solution was subjected to reversed-phase HPLC

using a Cosmosil (Nakarai, Japan) 5C18-AR 4.6 � 150 mm

ODS column;. The HPLC system consisted of a Shimadzu

(Kyoto, Japan) LC-9A pump coupled to an SPD-10A set at

238 nm, an SPD-M10A photodiode array detector, and a C-

R6A integrator. The sample was separated with a mobile

phase consisting of methanol:0.05 M phosphate buffer (pH

3.0, 58:42) at a flow rate of 1 mL min�1.

Indirect Competitive ELISA for
Detection of Microcystin

The preparation of bloom and tap water samples and their

analysis by ELISA were performed using the method of

Nagata et al. (1995). About 20 mL of sample was collected

directly into a double-capped plastic bottle, then 0.2 mL of

10% sodium azide was added and maintained at �208C.
The samples were freeze-thawed twice, then filtered

through Whatman GF/C glass-fiber filters (25 mm in dia-

meter) and used for the ELISA. The water samples and

MC-LR standard were mixed with the appropriate dilution

of anti-MC-LR MAb M8H5 and added to a 96-well micro-

titer previously coated with MC-LR-bovine serum albumin

conjugate. After washing, the bound MAb was detected

with horseradish peroxidase–labeled goat antimouse IgG

(TAGO 4550) plus substrate (0.1 mg mL�1 of 30,30,-5,50-
tetramethyl benzidine, 0.05% H2O2 in 0.1 M acetate buffer,

pH 5), and absorbance was measured at 450 nm. The mean

of two triplicate estimates of the ELISA data was calcu-

lated, expressed as picograms per milliliter of MC-LR, with

a detection limit of 50 pg mL�1.

Isolation and Incubation ofMicrocystis

Colonies of Microcystis from the Northern Basin were col-

lected with a needle, and single cells were picked up using

a capillary pipette under an inverted microscope and inocu-

lated to a test tube with 10 mL of CT medium (Watanabe

and Ichimura, 1977). All together 22 Microcystis strains

were isolated from the colonies. The isolated cells were

incubated at 288C under a 14:10 LD cycle with a light

intensity of approximately 100 �mol photon m�2 s�1. After

incubation the cells were collected by centrifugation and

lyophilized for MC analysis as described above.

RESULTS

Horizontal Distribution and Seasonal
Variation ofMicrocystis

Figure 2 shows the horizontal distribution and seasonal var-

iation of chlorophyll-a concentration during the 3-year

investigation. The Northern Basin generally had a concen-

tration of about 5 �g L�1 or less, except for station 1 from

July to October. The maximum concentration at station 1

Fig. 2. Horizontal distribution and seasonal variation of
chlorophyll a concentration (open circles), microcystin con-
centration quantified by ELISA (solid bars), and Microcystis
cell density (solid circles) from 1998 to 2000 [*microcystin
not detected; T, traces (less than quantitative limit)].
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was 22.7, 35.9 and 22.0 �g L�1 in October 1998, 1999, and

2000, respectively (Fig. 2).

Eleven species of cyanobacteria were observed: Micro-
cystis aeruginosa, M. ichthyoblabe, M. novacekii, M.
wesenbergii, Oscillatoria raciborskii, Anabaena oumiana,
A. affinis, A. flos-aquae, A. ucrainica, A. smithii, and A.
crassa. The main components of the cyanobacteria were M.
aeruginosa and M. wesenbergii. M. viridis was not found in

this investigation, although it was seen in a previous study

(Watanabe et al., 2000), but only at station 1 in 1995, as this

was found to be a rare species.

Microcystis cell density differed markedly in the pat-

terns of horizontal distribution and seasonal variation dur-

ing the study period (Fig. 2). The lowest density was

observed in 1998 (data not shown). In that year Microcystis
was not observed at any station from April to June, appear-

ing for the first time in July, but at low density (less than

100 cells mL�1). The density at station 1 increased on Sep-

tember 7, with a maximum density of 960 cells mL�1, and

remained relatively high until October. However, the den-

sity at stations 2–8 was relatively constant, ranging from 75

to 160 cells mL�1 from September to October, and tended

to be much lower than density at inshore station 1. In 1999

Microcystis was distributed widely throughout the lake

from the end of summer to autumn but was hardly observed

at any sites in July. Density increased between July and

August, with the highest value recorded at station 1 in Sep-

tember (3900 cells mL�1), which subsequently had

decreased to 220 cells mL�1 in October. The highest and

second highest density values were observed at the offshore

stations, stations 4 and 7, respectively. In 2000 Microcystis
had the widest and earliest distribution throughout the

Northern Basin during the study period. Density varied

markedly, with some peaks at the offshore stations. Micro-
cystis was observed from July on except at stations 4 and 7.

The highest density was recorded in October, not at the

inshore station, station 1, but instead at station 8 (1.4 � 103

cells mL�1).

The relative abundance of cyanobacteria during this

study is shown in Figure 3. The relative abundance of the

various species of Microcystis dominant at each station

changed markedly during the study. In 1998 the dominant

cyanobacteria were M. aeruginosa and M. wesenbergii. The
relative abundance of M. aeruginosa and M. wesenbergii
ranged from 0% to 92.8% (average ¼ 48.9%) and from

5.1% to 100% (average ¼ 45.5%), respectively (Fig. 3).

The relative abundance of M. aeruginosa tended to

decrease gradually from station 1 to station 8. In 1999 the

relative abundance of M. aeruginosa and M. wesenbergii
ranged from 0% to 88.6% (average ¼ 28.2%) and from

11.4% to 100% (average ¼ 57.5%), respectively. M. aeru-
ginosa and M. wesenbergii were dominant in August and

September, but only the latter in October. In 2000 the rela-

tive abundance of M. aeruginosa and M. wesenbergii
ranged from 0% to 90.9% (average ¼ 22.1%) and 9.1% to

100% (average ¼ 77.7%), respectively. M. wesenbergii
showed a marked dominance at all stations in October.

Horizontal Distribution and Seasonal
Variation of Microcystin

The concentration of MC differed substantially between

years. It was most pronounced in 1998, although Microcys-
tis cell density was the least among the three years. A small

quantity of MC was detected at stations 1–3 and 7 in July.

The MC concentration in surface water increased corre-

sponding to when Microcystis cell density was increasing.

The maximum MC concentration in the surface water was

recorded on September 7 (3622 pg mL�1), when that in the

GF/C filtrate fraction (extracellular MC) was 68 pg mL�1.

This indicates that approximately 2% of MC was dissolved

in the lake water. The MC concentration in the surface

water then decreased at station 1. In 1999 the MC concen-

tration in the surface water increased gradually from July to

September in accord with the increase in the number of

Microcystis cells. The maximum concentration was

recorded at station 1 on September 9 (401 pg mL�1). In

Fig. 3. Seasonal changes and relative abundance of cya-
nobacteria in an east–west transect of Lake Biwa during
1998–2000 (*no cyanobacteria).
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2000 MC concentrations were lower overall (maximum

was 56.5 pg mL�1 at station 1 on August 18), whereas

Microcystis cell density was the highest. The changes in

MC concentration were not always consistent with those in

Microcystis cell density.

Toxicity of Cyanobacterial Cells

In 1998, the only year for which samples of cyanobacterial

cells were collected for MC analysis, MC-RR, -LR, and -YR

were detected by HPLC analysis in cyanobacterial cells col-

lected with a 40-�m plankton net (Fig. 4). MC-RR and -LR

were the main toxins but MC-YR was also detected in almost

all samples. Total MC concentration in cyanobacteria ranged

from 39.0 to 3284 �g g�1 dry weight. The average values for

MC-RR, -LR, and -YR were 53.0%, 32.0%, and 15.0% of

total microcystin content, respectively. There was a seasonal

change in the peak concentration of MC in cyanobacterial

cells at each station. At station 1 the concentration increased

on September 7 and decreased thereafter. In contrast, the

concentration generally increased on September 29 and

remained constant until October at stations 2–8. There was a

tendency for values to decrease from station 1 to station 8.

Toxicity of Isolated Strains

The toxicity of 22 strains isolated from Lake Biwa was ana-

lyzed by reversed-phase HPLC (Table I). The characteris-

tics of MC production by the various strains differed mark-

edly. MC content of strains of M. aeruginosa showed wide

variation. Eight of the 10 M. aeruginosa strains contained a

large amount of MCs, ranging from 1078 to 3715 �g g�1

dry weight, whereas the other two had small amounts (153

and 78 �g g�1 dry weight, respectively). The main compo-

nents of the MCs produced by M. aeruginosa were MC-RR

and -LR. Three strains (M12, M21, and M23) had high pro-

duction of MC-YR but not of MC-RR. Two of the three

Fig. 4. Horizontal distribution and seasonal variation of
microcystin concentrations in cyanobacterial cells in 1998
(*not detected).

TABLE I. Characteristics of microcystin production by Microcystis strains isolated from Lake Biwa

Strain Number Species

Microcystin Concentration (�g g�1 dw)

RR YR LR Total

M1 Microcystis aeruginosa 153 ND ND 153

M12 Microcystis aeruginosa 7 1959 1214 3180

M15 Microcystis aeruginosa 1199 29 265 1493

M17 Microcystis aeruginosa 495 ND 962 1457

M18 Microcystis aeruginosa 1361 ND 374 1735

M20 Microcystis aeruginosa 78 ND ND 78

M21 Microcystis aeruginosa ND 2001 1714 3715

M23 Microcystis aeruginosa ND 1306 1746 3053

M27 Microcystis aeruginosa ND ND 3647 3647

M35 Microcystis aeruginosa 604 ND 474 1078

M13 Microcystis ichthyoblabe 94 ND 25 119

M26 Microcystis ichthyoblabe T ND T T

M29 Microcystis ichthyoblabe T ND T T

M5 Microcystis novacekii 5120 ND 2030 7150

M10 Microcystis novacekii 3137 ND 320 3457

M22 Microcystis novacekii 251 39 237 528

M4 Microcystis wesenbergii T ND T T

M8 Microcystis wesenbergii T ND ND T

M24 Microcystis wesenbergii T ND T T

M36 Microcystis wesenbergii T ND T T

M37 Microcystis wesenbergii T ND ND T

KOY3 Microcystis wesenbergii T ND ND T

T: traces (less than quantitative limit); ND: not detected.
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M. novacekii strains contained a large amount of MCs, with

strain M5 having the greatest ability to produce MC (7150

�g g�1 dry weight) of the 22 strains isolated. The three

strains of M. ichthyoblabe were almost nontoxic, with only

strain M13 containing a small amount of MCs. Very small

quantities of MC-RR and/or -LR were detected by ELISA

from HPLC fractions from six strains ofM. wesenbergii, but
the concentrations were below the detection limit for HPLC.

DISCUSSION

Although toxic cyanobacteria occur in a large number of

lakes, reservoirs, and rivers, quantitative reports on horizon-

tal distribution of cyanobacterial species composition and

toxin concentration are very few. Our study showed consid-

erable differences in Microcystis cell density within and

between years. Typically, although there were exceptions

(Fig. 2),Microcystis cell density at inshore stations (stations
1–3) was higher than that at offshore stations (stations 4–8).

This is because levels of nutrients such as ammonium

(NH4��N) and nitrate (NO3��N) are higher at inshore than

at offshore stations (Ishikawa et al., 2002). Dilution associ-

ated with greater lake depth and counterclockwise circula-

tion during thermal stratification may contribute to low

Microcystis density. Tsujimura et al. (2000) found that

Microcystis colonies do not return to the water column from

the lake sediment, because no seasonal changes in Micro-
cystis colony density were observed in the deep Northern

Basin of Lake Biwa. Furthermore, Ishikawa et al. (2002)

addressed the hypothesis that buoyant, nutrient-replete col-

onies of cyanobacteria generated inshore are advected to

offshore by large-scale horizontal transport processes. It

can be concluded that Microcystis was widely distributed

throughout the inshore parts of the Northern Basin.

Our study showed that peaks of Microcystis cell density

did not necessarily coincide with those of MC concentration.

There are at least two possible reasons for this. First, high

concentrations of MC occurred concurrently with the expo-

nential growth phase of the bloom (Park et al., 1998), and

large amounts of MC were detected when Microcystis cell

density increased exponentially (station 1 on September 7,

1998, and September 9, 1999). Sampling on the equivalent

day in the previous month recorded a high concentration of

MC, but a much lower cell density. Second, temporal varia-

tion of the toxin may be related toMicrocystis species compo-

sition (Park et al., 1993, 1998). Moreover, Carmichael and

Gorham (1977, 1981) suggested that variation in the toxicity

of blooms may be partly a result of changes in the relative

proportion of toxic and nontoxic strains of the toxin-produc-

ing species. The MC concentration in 1998, when M. aerugi-
nosa was dominant, was the highest during the 3 years,

whereas that in 2000, when M. wesenbergii was dominant,

was the lowest. This suggests that changes in MC concentra-

tion are related to changes in dominant Microcystis spp. The

properties of MC production by isolates from Lake Biwa also

support this hypothesis. Almost all the strains identified asM.
aeruginosa andM. novacekii had large quantities of MCs, but

M. ichthyoblabe and M. wesenbergii were nontoxic. These

results coincide with the reports by Watanabe et al. (1988,

1991). However, there were reports of MCs being detected

from M. wesenbergii (Yasuno et al., 1998). The cyanobacte-

rial cell fraction collected in 1998 showed that the amounts of

MC-YR contained in this fraction were high compared to

those from other Japanese lakes. The main components of

cyanobacterial toxins are known to be MC-RR and MC-LR,

and MC-YR has been reported in small quantities or as unde-

tectable in Japanese lakes (Park et al., 1993, 1998). In natural

water bodies with toxic cyanobacteria, a number of MCs may

be present. For example, in a Microcystis bloom from Homer

Lake, in the United States, 12 MCs were characterized

(Namikoshi et al., 1992), and in a M. ichthyoblabe bloom

from Lake Oued Mellah, 11 microcystin variants were

detected by HPLC (Sabour et al., 2002). It has been reported

that almost all toxic strains of Microcystis produce several

MCs, but generally one or two are dominant (Watanabe et al.,

1988, 1991). The results reported from these studies coincide

with our results for isolated strains, including that three strains

of M. aeruginosa could produce high amounts of MC-YR

(Table I). The characteristic MC composition and production

by a cyanobacterial bloom may be attributed to the domi-

nance of a particular species or strain.

In conclusion, the results obtained from our 3-year inves-

tigation indicate that the high concentration of MC in Lake

Biwa was mostly a result of the relative amount of toxic M.
aeruginosa rather than of total Microcystis cell density. This
is supported by the analytical results for isolated strains

(Table I). It seems that the cell density of Microcystis spp. is
gradually increasing in the Northern Basin. This is the first

study to survey the Northern Basin of Lake Biwa. Given that

buoyant cyanobacterial species are accumulated by physical

processes and sometimes have high amounts of toxin, it is

necessary to monitor the dynamics of Microcystis spp.

blooms continuously in the interest of public health.

We dedicate this article to the late Professor Mariyo F. Wata-

nabe, who initiated cyanotoxin studies in Japan. We express our

gratitude to the captain, engineer, and crew of the R/V Hakken for

their help in the field investigation. We also thank many col-

leagues at Shinshu University for supporting our investigation and

analyses.

REFERENCES

Botes DP, Tinman AA, Wessels PL, Vijoen CC, Kruger H, Wil-

liams DH, Santikarn S, Smoth RJ, Hammond SJ. 1984. The

structure of cyanoginosin-LA, a cyclic heptapeptide toxin from

Microcystis aeruginosa. J Chem Soc Perkin Trans 1 1:2311–

2318.

275MICROCYSTIN CONCENTRATION IN LAKE BIWA



Carmichael WW. 1994. The toxin of cyanobacteria. Sci Am

270:78–86.

Carmichael WW, Gorham PR. 1977. Factors influencing the toxic-

ity and animal susceptibility of Anabaena flos-aquae (cya-

nophta) blooms. J Phycol 13:97–101.

Carmichael WW, Gorham PR. 1981. The mosaic nature of toxic

blooms of cyanobacteria. In: Carmichael WW, editor. The

water environment. New York: Plenum Press. p 161–171.

Christoffersen K. 1996. Ecological implications of cyanobacterial

toxins in aquatic food webs. Phycologia Suppl 35:42–50.

Chorus I, Bartram J. 1999 Toxic cyanobacteria in water—a guide

to their public health consequences, monitoring and manage-

ment. London: E & FN Spon. 416 p.

Harada K-I, Tsuji K. 1998. Persistence and decomposition of hep-

atotoxic microcystins produced by cyanobacteria in natural

environment. J Toxicol Toxin Rev 61:385–403.

Ishikawa K, Kumagai M, Vincent WF, Tsujimura S, Nakahara H.

2002. Transport and accumulation of bloom-forming cyanobac-

teria in a large, mid-latitude lake: the gyre-Microcystis hypothe-
sis. Limnol 3:87–96.

Jochimsen EM, Carmichael WW, An J, Cardo DM, Cookson ST,

Holmes CEM, Antunes BC, Filho DAM, Lyra TM, Barreto

VST, Azevedo SMFO, Jarvis WR. 1998. Liver failure and death

following exposure to microcystin toxins at a dialysis center in

Brazil. N Engl J Med 338:873–878.

Kumagai M, Robarts R. 1996. Biwako transport experiment ’93.

Jpn J Limnol 57:367–558.

Marker AFH, Crowther CA, Gunn RJM. 1980. Methanol and ace-

tone as solvents for estimating chlorophyll a and phaeopigments

by spectrophotometry. Arch Hydrobiol Beih Ergebn Limnol

14:52–69.

Nagata Y, Soutome H, Tsutsumi T, Hasegawa A, Sekijima M,

Sugamata M, Harada KI, Suganuma M, Ueno Y. 1995. Novel

monoclonal antibodies against microcystins and their protective

activity for hepatotoxicity. Nat Toxins 3:78–86.

Namikoshi M, Reinhart KL, Sakai R, Stotts RR, Dahlem AM,

Beasley VR, Carmihael WW, Evans WR. 1992. Identification

of 12 hepatotoxins from a Homer Lake bloom of cyanobacteria

Microcystis aeruginosa, Microcystis viridis, and Microcystis
wesenbergii: nine new microcystins, J Org Chem 57:866–872.

Park H-D, Iwami C, Watanabe MF, Harada K-I, Okino T, Hayashi

H. 1998. Temporal variabilities of the concentrations of intra-

and extracellular MC and toxic Microcystis species in a hyper-

trophic lake, Lake Suwa, Japan (1991–1994). Environ Toxicol

Water Qual 13:61–72.

Park H-D, Namikoshi M, Brittain SM, Carmichael WW, Murphy T.

2001. [D-Leu1] microcystin-LR, a new microcystin isolated from

waterbloom in a Canadian prairie lake. Toxicon 39:855–862.

Park H-D, Watanabe MF, Harada K-I, Suzuki M, Hayashi H,

Okino T. 1993. Seasonal variations of Microcystis species and
toxic heptapeptide microcystins in Lake Suwa. Environ Toxicol

Water Qual 8:425–435.

Rinehart KL, Namikoshi M, Choi BW. 1994. Structure and bio-

synthesis of toxins from blue-green algae (cyanobacteria).

J Appl Phycol 6:159–176.

Sabour B, Loudiki M, Oudra B, Vasconcelos V, Martins R,

Oubraim S, Fawzi B. 2002. Toxicology of a Microcystis ich-
thyoblabe waterbloom from Lake Oued Mellah (Morocco).

Environ Toxicol 17:24–31.

Sivonen K. 1996. Cyanobacterial toxins and toxin production.

Phycologia Suppl 35:12–24.

Tsujimura S, Tsukada H, Nakahara H, Nakajima T, Nishino M.

2000. Seasonal variations of Microcystis populations in sedi-

ments of Lake Biwa, Japan. Hydrobiologia 434:183–192.

Ueno Y, Nagata S, Tsutsumi T, Hasegawa A, Watanabe MF, Park

HD, Chen GC, Chen G, Yu S-Z. 1996. Detection of microcys-

tins, a blue-green algal hepatotoxin, in drinking water sampled

in Haimen and Fusui, endemic areas of primary liver cancer in

China, by highly sensitive immunoassay. Carcinogenesis 17:

1317–1321.

Watanabe MM, Ichimura T. 1977. Fresh- and salt-water forms of

Spirulina platensis in axenic cultures. Bull Jpn Soc Phycol 25:

371–377.

Watanabe MF, Oishi S, Harada K-I, Matsuura K, Kawai H, Suzuki

M. 1988. Toxins contained in Microcystis species of cyanobac-
teria (blue-green algae). Toxicon 26:1017–1025.

Watanabe MF, Park H-D, Nakajima T. 2000. Composition of

Microcystis and microcystins in Lake Biwa. Verh Internet Ver-

ein Limnol 27:2899–2903.

Watanabe MF, Watanabe M, Kato T, Harada K-I, Suzuki M.

1991. Composition of cyclic peptide toxins among strains of

Microcystis aeruginosa (blue-green algae, cyanobacteria). Bot

Mag Tokyo 104:49–57.

[WHO] World Health Organization. 1998. Guidelines for drinking

water quality, 2nd ed. Addendum to Volume 2, Health criteria

and other supporting information. Geneva, Switzerland: World

Health Organization.

Yasuno M, Sugaya Y, Kaya K, Watanabe MM. 1998. Variations

in the toxicity of Microcystis species toMoina macrocopa. Phy-
col Res 46:31–36.

276 OZAWA ET AL.


