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Microcystins are produced by cyanobacteria carrying
microcystin synthetase (mcy) genes in blooms. The present
study investigated seasonal variations in concentrations of mcy
A and 16S rRNA genes, encoded in the genus Microcystis
using real-time PCR, and measured the water quality variables
and microcystin concentrations in a hypereutrophic fish

pond between June and November 2007. Prior to field survey,
the relationship between axenic Microcystis aeruginosa
NIES 102 cell abundance and concentrations of mcy A and
16S rRNA genes was determined by real-time PCRin the laboratory.
Based on the quantitative relationship, microcystin-producing
and total Microcystis cell numbers in the study site were
estimated. The average dominance ratio of microcystin-producing
strains in the total Microcystis population was approximately
80% and microcystin concentration was highly associated
with toxic Microcystis cell numbers equivalent of mcy A gene.
It was also observed that total nitrogen concentration was
associated with development of Microcystis blooms, and high
concentrations of NO, and NH, increased microcystin
production by promoting growth of microcystin-producing
Microcystis strains.

Introduction

Microcystins, mainly produced by the genus Microcystis, are
potentially lethal toxins reported to cause disruption of the
liver cytoskeleton by inhibiting protein phosphatases 1 and
2A and have been linked to liver cancer (1, 2). Many studies
have analyzed the relationships between microcystin pro-
duction and environmental factors, including temperature
(3, 9, nutrients (5—9), pH (10), and light intensity (3, 11—14).
The findings, however, were not conclusive because the
effects of external conditions on presence or growth of toxic
and nontoxic strains were not elucidated in these studies (9).

Microcystins are synthesized by peptide synthetases
through nonribosomal pathways (15). It has been reported
that microcystin-producing Microcystis strains have different
gene sequences involved in the formation of the enzymes
(16). Dittmann et al. (1997) (17) verified that a nonidentical
gene encodes the multifunctional peptide synthetase neces-
sary for microcystin biosynthesis, and named it microcystin
synthetase (mcy) gene (17). Recently, real-time PCR has been
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applied to measure mcy gene concentrations to monitor
microcystin-producing cyanobacteria in bloom (18, 19). Real-
time PCR has been used to quantify microcystin-producing
Microcystis cells in natural samples using standard curves
for predetermined cell numbers and threshold cycles (Ct) of
mcy B (18) and A genes (19). Cell numbers of microcystin-
producing and total Microcystis in Lake Erie using the
quantitative relation between the counted cell number and
concentration of mcyD gene have been estimated in a similar
way (20). These studies presented a new approach to
approximating microcystin-producing cells in cyanobacterial
blooms; however, to date, there has been little discussion on
the effects of environmental conditions on microcystin
concentrations and microcystin-producing Microcystisbehavior.

The present study analyzed the cell numbers of axenic
Microcystis aeruginosa NIES 102 cultivated under various
laboratory culture conditions. Also, copy numbers of the mcy
A and 16S rRNA genes in those cells were assessed with real-
time PCR before investigation in natural water. During field
survey at the Hirosawa-no-ike fish pond, Kyoto, Japan, the
water quality, microcystin levels, and concentrations of the
two genes were determined.

Using ratios to determine the copy numbers of the two
genes in one Microcystis cell, the quantity of microcystin-
producing and total Microcystis cells, and the dominance of
microcystin-producing Microcystis strains in the total Mi-
crocystispopulation were estimated. The correlation between
the microcystin-producing Microcystis cell number equivalent
of mcy A gene and microcystin concentration was examined.
Finally, the environmental factors associated with the growth
of toxic Microcystis and with the microcystin production were
investigated.

Materials and Methods

Axenic culture of Microcystis aeruginosa NIES 102. The
axenic toxic strain Microcystis aeruginosa NIES-102 (Microbial
Culture Collection, National Institute for Environmental
Studies, Tsukuba, Japan) was cultured for 28 days to establish
standard curves between cell numbers and concentrations
of mcy A and 16S rRNA genes determined by real-time PCR.

The cells were cultivated in 50 mL of MA media (Ca
(NOs),+4H,0, 5 mg; KNOs, 10 mg; NaNOs, 5 mg; Na,SOy, 4
mg; MgCl,-6H,0, 5 mg; f-Na, glycerophosphate-5H,0, 10
mg; Na,-EDTA, 0.5 mg; FeCl;-6H,0, 0.05 mg; MnCl,-4H,0,
0.5mg; ZnCly, 0.05 mg; CoCl,+6H,0, 0.5 mg; Na, MoO,+2H,0,
0.08 mg; H3BOs, 2 mg; and Bicine, 50 mg, in distilled water
of 100 mL, pH 8.6 as described at http://mcc.nies.go.jp/),
and half-diluted MA media. Incubation temperatures were
25 and 30 °C and irradiance was 1000 Ix (light:dark, 12:12 h).
Cell numbers were counted three times a week with a
compound microscope and the samples on days 7, 14, 21,
and 28 were stored at —80 °C for DNA extraction.

Field Survey. From June to November 2007, water samples
were collected once a week or twice amonth (inlate autumn)
from the Hirosawa-no-ike fish pond to monitor the develop-
ment of microcystin-producing Microcystis blooms and
microcystin production. The Hirosawa-no-ike pond is gen-
erally used for carp fishery, and has a circumference of 1.3
km, surface area of 1.4 x 10°> m?, maximum depth of 1.8 m,
and a water volume of about 10° m®. Water temperature,
dissolved oxygen (DO), turbidity, conductivity, pH, and
irradiance were measured in situ.

Water quality variables were determined as follows:
suspended solids and PO, according to the standard methods
(21), chlorophyll-a by SCOR/UNESCO equation (22), total
nitrogen (TN) and total phosphorus (TP) by a two-channel
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continuous flow system AACS II (BRAN+LUEBBE, Norder-
stedt, Germany), NH, and NO, by a AA II (BRAN+LUEBBE).
Phytoplankton samples were immediately preserved in
Lugol’s solution, and species composition was identified
using a compound microscope. Water quality samples were
stored at —20 °C and microcystin measurement and DNA
extraction samples were stored at —80 °C.

Microcystin Measurement. Total microcystin (both cell-
bound and extracellular microcystin) was measured in
triplicate using a commercial ELISA kit (manufactured by
Tokiwa, Japan, and supplied by Mitsubuishi, Japan).

Intracellular microcystin extraction was required because
microcystins are usually found within the cells and extra-
cellular concentrations are often very low in open water (23).
Torelease microcystins from the frozen samples, three cycles
of freezing, thawing, and sonication for 5 min, followed by
shaking for 30 min were carried out. The ELISA kit used a
microcystin-monoclonal antibody that reacts with most
microcystin variants as well as with microcystin-LR (24), and
its detection limit is 0.05 ug/L.

DNA Extraction and Real-Time PCR. DNA template was
extracted from the frozen samples in triplicate with the
DNeasy Tissue Reagents (Qiagen, Valencia, CA) according to
the manufacturer’s instructions. In real-time PCR, a Light
Cycler and a Light Cycler FastStart DNA Master SYBR Green
I (Hot-Start reaction mixture for PCR containing FastStart
Taq DNA polymerase) (Roche, Mannheim, Germany) were
used. Extracted DNA templates were amplified using two
primer sets: MSF (5"-ATCCAGCAGTTGAGCAAGC-3")/MSR
(5-TGCAGATAACTCCGCAGTTG-3) for mcyA gene detection
in a microcystin-producing Microcystis strain (19, 25), and
209F (5’- ATGTGCCGCGAGGTGAAACCTAAT-3")/409R (5'-
TTACAATCCAAAGACCTTCCTCCC-3) for 16S rRNA gene
selective detection in the genus Microcystis (26). The MSF/
MSR primer set was verified to effectively distinguish the
Microcystis strains containing the mcy A gene from the
nontoxic Microcystis strains (25). Among 37 Microcystis
strains, positive results were obtained for all 18 toxic strains
and negative results for 17 out of 19 nontoxic strains. The
209F/409R primer set was reported to amplify the 16S rRNA
gene in 12 Microcystis strains, including both toxic and
nontoxic strains, and showed negative results in a PCR
screening test of other cyanobacteria (26).

To obtain 1300 bp of PCR product from mcy A gene,
preheating at 95 °C for 10 min, and 25 cycles comprising 95
°C for 10's, 62 °C for 10s, and 72 °C for 30s were performed.
With 209F/409R primer, 200 bp of 16S rRNA gene products
were obtained by the process of preheating at 95 °C for 10
min, and 25 cycles of 95 °C for 10 s, 50 °C for 30 s, and 70
°C for 60 s. Real-time PCR products amplified by the
procedures described above were added to 2% agarose gel
electrophoresis to make internal standard solutions of mcy
A and 16S rRNA genes. The obtained bands were extracted
and purified by QIAquick Gel Extraction and QIAquick PCR
Purification kits (Quiagen). Weights of DNA fragments in
each of the extracted solution were measured by ND 1000
spectrophotometer (Nanodrop, Wilmington, DE). To deter-
mine the DNA concentrations in the field samples, a series
of 10-fold diluted plasmid standard solutions were used to
develop internal standard curves. Sample gene concentra-
tions were automatically calculated during real-time PCR by
comparing their Ct at a set level of fluorescence intensity
with the plasmid standard Cts. Comparisons were abandoned
when the regression coefficient of internal standard curve
was less than 0.99. Triplicate data were determined by real-
time PCR, and the gene concentrations within the median
+0.5 cycle number were accepted and averaged. DNA copy
number was determined by
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FIGURE 1. Comparison between the counted cell number by
microscope and the estimated Microcystis cell number
equivalent of mcy A gene (empty circle) (y = x, B2 = 0.97) and
16S rRNA gene (solid circle) (y = x, B2 = 0.95) by quantitative
relations.

where A is the Avogadro number (6.02 x 10%), B is DNA
concentration (ng/L), Cis base pair (bp) length of amplified
DNA, and MW is bp DNA molecular weight (331 g/mol).

Results

Standard Cell Number and Gene Concentration Curves
Using Real-Time PCR. The concentrations of mcy A and
16S rRNA genes in an axenic microcystin-producing
Microcystis aeruginosa NIES 102 cell were determined by
real-time PCR. The relationship between the counted cell
number (cell concentrations between 4 x 10* to 3 x 107/
mL) by microscope and the copy numbers of the two DNA
fragments are shown as follows: The relationship in the
microcystin-producing Microcystis cells was cells x L1 =
0.07 x mcy A gene [copies x L™1] (R? = 0.98, real-time PCR
efficiency 52%, slope = —5.46), while among the total
Microcystis cells the relationship was cells x L™t = 0.004
x 16S rRNA gene [copies x L™1] (R? = 0.97, real-time PCR
efficiency 103%, slope = —3.25)

Though Figure 1 indicates some overestimation at low
cell concentrations, which were harvested in the initial or
the early exponential growth phase, strong relationships were
observed at high cell concentrations, both in the exponential
and stationary growth phases.

Study Site. The monthly averages for the various water
quality variables are presented in Table 1. The pond was
determined to be in an extremely hypereutrophic state by
calculation of its trophic state index (TSI) (27).

TSI(chlorophyll-a) =
10[6-12.04-In(chlorophyll-alug/L)}/In2] (2)

The chlorophyll-a TSI remained > 70 for more than six
months. The seasonal variation in blooms show three
chlorophyll-a peaks of over 3 mg/L, in June, August, and
November with extremely high TN:TP ratios of 78, 40, and
92, respectively (Figure 2). Among these observations, the
highest chlorophyll-alevel of 14 mg/L appeared in November
(microcystin:chlorophyll-a ratio of 0.4:1.0 ug), while the
maximum microcystin concentration was 6.4 mg/Lin August
(microcystin:chlorophyll-a ratio of 1.4:1.0 ug).

The samples were predominantly Microcystis sp. and the
relative dominance of Microcystis sp. and Anabaena sp.
increased as the bloom became massive (Table 1). Colony
numbers of Anabaenasp. and Oscillatoriasp. were relatively
small and the periods of their occurrence were relatively
short compared to those of Microcystis sp.

VOL. 43, NO. 3, 2009 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 813



TABLE 1. Seasonal Variations in Water Quality of Hirosawa-no-ike Pond (7) % of Colony Numher of Microcystis sp. among Total
Microcystin-Producing Cyanobacteria, Anabaena sp. Oscillatoria sp., and Microcystis sp.)

June July August September October November

frequency of sampling 3 4 4 4 3 2
water temperature (°C) 26.0 26.4 29.7 27.5 214 14.5
DO (mg/L) 12.8 10.0 10.6 10.0 8.8 9.0

H 8.4 8.2 9.0 9.0 8.0 7.7
irradiance (lux) 6.5 x 103 5.2 x 104 6.4 x 104 45 x 10* 5.0 x 10* 4.2 x 10*
SS (g/L) 0.57 0.049 0.19 0.10 0.62 1.5
chlorophyll-a (mg/L) 2.8 0.2 1.5 0.3 0.2 6.8
TSI (Chl-a) 87 79 96 86 82 102
T-N (mg/L) 1.7 5.0 10.1 4.1 2.8 23.8
T-P (mg/L) 0.4 1.3 0.7 0.5 0.6 2.0
TN:TP (mass) 28 6 15 8 5 48
NH;—N (ug/L) 22.7 17.9 30.0 18.4 24.2 62.5
NO,-N (mg/L) 0.1 0.16 0.12 0.11 0.14 0.25
PO,—P (ug/L) 39.7 17.8 65.0 78.0 35.3 26.5
TOC (mg/L) 198 16.1 81.8 54.0 17.4 475
DOC (mg/L) 8.1 45 12.7 6.9 6.0 7.1
microcystin (ug/L) 412 473 2040 378 30 2480
microcystis sp. (colony/ml) 8.5 x 10* 6.9 x 10° 1.3 x 10* 7.8 x 103 5.4 x 10° 6.6 x 10*
Anabaena sp. (colony/mL) 5.4 x 10* 2.8 x 10° 1.7 x 10* 4.2 x 108 2.5 x 10° 3.9 x 10°
Oscillatoria sp. (colony/mL) 4.0 x 102 0 2.0 x 10? 7.5 x 102 6.8 x 10? 2.6 x 10°
% of microcystis sp. in

Microcystin-producing 77 74 52 63 61 83

cyanobacteria (colony/colony)(7))
total phytoplankton (colony/ml) 1.4 x 10° 2.7 x 10* 5.7 x 10* 4.5 x 10* 4.1 x 10* 9.9 x 10*
number of species identified 13 19 14 14 17 17

by microscope

Quantification of Microcystin-Producing Microcystis
Strains and Their Dominance in Blooms. The cell concen-
trations of microcystin-producing Microcystis as well as total
Microcystis in the Hirosawa-no-ike pond were estimated by
two quantitative relations between cell number and con-
centrations of mcy A and 16S rRNA genes.

The cell concentrations of toxic Microcystis equivalent of
mcy A gene were 3.12 x 10*/mL to 5.72 x 10%/mL over the
six month study period.

The dominance of microcystin-producing Microcystis to
total Microcystis was determined by dividing the estimated
cell concentrations equivalent of mcy A gene by the cell
concentrations equivalent of 165 rRNA gene. However, before
applying this method to determine the toxicity of the blooms
at the study site, we confirmed that the estimated cell
numbers by two gene concentrations were consistent with
each other, in amplifying axenic culture samples with
identical cell concentrations (cell concentrations from 4 x

100000
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10*/mL to 3 x 107/mL; n = 10). The calculated ratios varied,
and showed alog-normal distribution (confirmed by Shapiro-
Wilk W test (28)) with an average of 0.075 (10%9 = 120%)
and standard deviation of 0.38 at log scale. One estimate
showed the cell number equivalent of mcy A gene to be 8
times more than that of the 16S rRNA gene. Figures 2 and
3 show the variations in the estimated microcystins-produc-
ing Microcystis cell number equivalent of mcy A gene and
total Microcystis cell number equivalent of 16S rRNA gene at
Hirosawa-no-ike pond.

The field data also showed log-normality and the average
was —0.022 (107%%22 = 95%). Considering that the average
dominance ratio from culture data was 0.075 (10%°™ = 120%),
this method was inclined to overestimate the proportion of
microcystin-producing cells, and there is a possibility that
the actual dominance of microcystin-producing Microcystis
cells to total Microcystis cells at the study site was less than
95%. Based on the assumption that the calculated dominance
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FIGURE 2. Seasonal variation in TN:TP ratio (mass), chlorophyll-a (zg/L) and microcystin (uzg/L) at the study site.
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FIGURE 4. Correlation between microcystin concentration (uzg/
L) and chlorophyll-a concentration (ug/L) (y = 0.36 x, R* = 0.54,
the equation, and R? were obtained by regression analysis).

ratio of 120% in the culture samples actually reflects 100%,
the average dominance ratio in the Hirosawa-no-ike pond
would be ~80% (95:120% = field dominance ratio:laboratory
dominance ratio). The standard deviation in the field data
was 0.60 at log-scale, and the variance was statistically the
same as that in the laboratory experiment (F-test; o = 0.01).
Consequently, the variations of toxicity within each bloom
might have resulted from the methodology’s internal error.
It was concluded that the differences in the ratios of
microcystin-producing Microcystis cells to total Microcystis
cell numbers were not large enough to indicate seasonal
variability of toxicity during the six month survey.

Is Toxic Strain Amount Deterministic for Microcystin
Production? In the Microcystis-dominant study site, micro-
cystin concentration was correlated with chlorophyll-a
concentrations (p < 107°, R?=0.5) (Figure 4). In a comparison
of coefficients of determination (R?), the estimated toxic
Microcystis cell concentrations were found to be more highly
correlated with microcystin (p < 1077, R? = 0.66) (Figure 5)
than with chlorophyll-a. The ratio of microcystin-producing
Microcystis cell number equivalent of mcy A gene, to
chlorophyll-a was correlated with microcystin concentration
(p < 0.05, R* = 0.25).

Environment, Microcystin-Producing Microcystis, and
Microcystin. The effects of environmental conditions on
the growth of microcystin-producing Microcystis and on
microcystin production were examined by regression
analysis (Table 2). The results show that an increase in
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FIGURE 5. Correlation between microcystin concentration (ug/
L) and microcystin-producing Microcystis cells equivalent of
mcy A gene/L (y = (1.05 x 107%) x, B2 = 0.66, the equation, and
R? were obtained by regression analysis).

nitrogen (N) increased microcystin levels, whereas a change
in phosphorus (P) was irrelevant. TN enhanced the growth
of both microcystin-producing and total Microcystis, which
might be related to the absence of N, fixing function in
Microcystis (29). NH, and NO, promoted microcystin-
producing Microcystis, whereas total Microcystis was not
influenced by them. Our results indicate that a dissolved
inorganic N (DIN) source promoted growth of microcystin-
producing Microcystis strains and lead to higher micro-
cystin concentrations in the hypereutrophic water body.

Quantifying toxic cells in blooms using DNA concentrations
determined by real-time PCR includes the possibilities that
intrinsic error rates might affect the results. Such errors
might be derived from a loss of yield through DNA
extraction, inefficient amplification during real-time PCR,
increased DNA amounts in cells during some growth
phases, and DNA being released from dead cells. In this
study, higher ratios of the mcy A and 16S rRNA genes in
an existing cell number were observed during the early
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TABLE 2. Coefficient of Determination (R?) between Parameters Associated with Growth of Microcystin-Producing Cyanobacterial

Blooms and Environmental Conditions?

chlorophyll-a (zg/L) TMCY') (cells/L) MCY?) (cells/L) TMCY/Chl-a microcystin (ug/L)
water temperature (°C) 0.012 0.036 0.058 0.019 0.033
irradiance (lux) 0.012 0.050 0.011 0.023 0.19%*
pH 0.027 0.010 0.01 0.0020 0.093
T-N (mg/L) 0.87* 0.62* 0.78* 0.091 0.55*
NH;—N (mg/L) 0.43* 0.55* 0.12 0.30* 0.28*
NO,-N (mg/L) 0.62* 0.61* 0.12 0.037 0.21*
T-P (mg/L) 0.035 0.024 0.030 0.041 0.037
PO4—P (mg/L) 0.025 0.032 0.015 0.081 0.0058

2TMCY', microcystin-producing microcystis cell numbers equivalent of mcy A gene/L; MCY?, microcystis cell numbers

equivalent of 16S rRNA gene/lL) (*p < 0.05, **p < 0.1).

growth phase. This observation agrees with a report
indicating that genomic copy numbers per Synechococcus
sp. cell were higher in a 1-week-old culture than in an
8-week-old culture (30).

This study assumed that one Microcystis aeruginosa
NIES 102 cell has a constant copy number of 250 16S rRNA
gene and 14 mcy A gene. This assumption was based on
the linear regression equations obtained from the quanti-
fied relationships between cell number and DNA con-
centration determined by real-time PCR. It has been
reported that Microcystis strains have one mcy gene cluster
(31), whereas genome sequencing analysis has revealed
that a single Microcystis aeruginosacell contains two copies
of the rRNA gene cluster (32). Ideally, copy numbers per
cell measured by real-time PCR should be the same as the
actual copy numbers per cell, or the relative ratio of the
mcy A gene to the 16S rRNA gene in one cell should be 1:2.
DNA copy numbers have been shown by others to be about
two-orders of magnitude higher than estimated cell
numbers (20); thus, copy number per cell determined by
real-time PCR does not exactly reflect the results through
sequencing. However, high R? values for estimated cell
numbers and microscopically counted cell numbers imply
that an approximation of cell number with the ratios of
250 16S rRNA gene copies and 14 mcy A gene copies per
Microcystic cell can represent the cell concentrations
satisfactorily.

In determining the toxicity in cyanobacterial blooms
with the method presented in this study, portions higher
than 100% of microcystin-producing cell number, equiva-
lent to the concentration of the mcy A gene, to the total
Microcystis cell number, equivalent to the concentration
of the 16S rRNA gene, were observed. While the ratios of
copy numbers of the mcy A gene to those of the 16S rRNA
gene ranged from 0.7 to 41% (average 12%), estimation of
cell number with the standard curves developed in the
laboratory sometimes leads to a toxic cell number higher
than the total Microcystis cell number. Overestimation of
toxic cell numbers in the total cell number was also shown
in Rinta-Kanto et al. (20). Because Microcystis sp. has an
average of 1000 cells per colony (33) and is both temporally
and spatially variable, with differences of up to 3 orders
of magnitude (34), the observed degree of overestimation,
i.e.,less than 1.0 atlog-scale, is acceptably small. However,
overestimation should be reduced in order to discriminate
subtle seasonal variations of toxicity, thereby resulting in
more accurate monitoring of toxic blooms.

In previous studies, more than 80% of Microcystis
blooms were toxic (35), and the ratios of toxic to nontoxic
Microcystis strains were reported to be 15% (36), 16% (37),
and in the range of 6—68% (38) by isolating different strains
from blooms. In other studies, which determined toxicity
of bloom in a manner similar to that in our study, the
results were 0—11% in the Great Lakes (39) and 0—37% at
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Oneida Lake (40). Because toxic strains have been reported
to utilize higher nutrient levels and grow better in eutrophic
states than nontoxic strains (7), the higher proportion of
toxic strains in our study might have resulted from the
hypereutrophic characteristics of the study site.

Past studies have recommended chlorophyll-a con-
centration as a predictor of microcystin despite arguments
that large blooms result in high microcystin levels (7, 8).
Rogalus and Watzin (2008) (41) suggested a chlorophyll-a
concentration of about 5 ug/L as a threshold value for a
toxin screening test. The microcystin to chlorophyll-aratio
0f 0.4:1.0 ug in our study agrees with a previous study, in
which microcystin in Microcystis culture was about half
the chlorophyll-a concentration (7). In another study, 94%
of 295 samples showed a ratio lower than 0.5:1.0 ug (23).
The high correlation (R? = 0.66) between the estimated
toxic Microcystis cell concentration, as an equivalent of
the mcy A gene, and microcystin concentration observed
in our study was in accord with the result (R? = 0.65) of
another study that employed the mcy D gene (40). This
suggests that the measurement of the mcy gene with real-
time PCR is effective in predicting microcystin concentra-
tions, and might be applicable regardless of the type of
target gene within the mcy gene cluster.

Finally, we analyzed the relationships between the
growth of microcystin-producing Microcystis equivalent
of mcy A gene quantified by real-time PCR and environ-
mental conditions. While many previous studies suggested
thata P source, such as TP (42), total dissolved phosphorus
(43), and PO, (8), was the main factor in increasing
microcystin levels, the P source in the present study was
irrelevant. On the other hand, TN showed significant
positive correlations with concentrations of chlorophyll-
a, microcystin-producing and total Microcystis cell num-
bers as equivalent of mcy A and 16S rRNA genes,
respectively, and microcystin. These results agreed with
those of Vézie et al. (9). In particular, NH,, and NO, were
found to enhance toxic Microcystis growth and microcystin
production. This agrees with a laboratory experiment and
statistical analysis report that NO;~ increases growth of
toxic Microcystis aeruginosa cells and microcystin produc-
tion (44), and supports Gobler et al. (2007) that suggested
high levels of DIN and TN were promoters of lake toxicity
(45).

Our study demonstrated that quantifying microcystin-
producing Microcystis strains with real-time PCR can be
utilized as an efficient method for monitoring microcystin
outbreaks and can contribute to a more comprehensive
understanding of the development of toxic strains in cy-
anobacterial blooms than the currently used measurement
systems.
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