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Abstract—Data on the hepato- and neurotoxigenic cyanobacteria in phytoplankton of the Rybinsk Reservoir
have been obtained for the first time. Different methods for revealing toxigenic cyanobacteria (light micros-
copy, PCR analysis, and enzyme-linked immunosorbent assay) demonstrate the same results. Hepatotoxins
microcystins and for the first time neurotoxins saxitoxins were detected in the reservoir, whereas cylindros-
permopsin and anatoxin-a were not revealed. The presence of mcyE and stxA genes responsible for microcys-
tin and saxitoxin biosynthesis in total phytoplanktonic DNA is demonstrated. The following three genera of
cyanobacteria containing mcyE gene are identified: Microcystis (M. aeruginosa, M. viridis), Planktothrix
(P. agardhii), and Dolichospermum (Anabaena). It is hypothesized that saxitoxin-producing cyanobacteria
Dolichospermum (Anabaena) inhabit the Rybinsk Reservoir.
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INTRODUCTION

The massive development of cyanobacteria (an
obsolete term for blue-green algae) in reservoirs causes
a broad range of negative effects, the most dangerous
of which is the poisoning of animals and humans with
cyanotoxins. This group includes secondary metabo-
lites differing in chemical structure (peptides and
alkaloids) and mechanisms of toxic action (inhibitors
of phosphatases and biosynthesis of proteins, acetyl-
cholinesterase, and sodium channel blockers).

Hepatotoxins (microcystins and cylindrospermop-
sin) and neurotoxins (anatoxin-a and saxitoxins) have
been found in reservoirs around the world [13]. Hepa-
totoxins cause mostly necrotic liver injury, whereas
neurotoxins cause neurologic effects such as seizures,
convulsions, and paralysis of the respiratory muscles
[8]. Many cyanobacterial toxins possess carcinogenic
and mutagenic effects. The main representatives of
toxigenic cyanobacteria in the waterbodies of tepid lat-
itudes are the species of the genera Microcystis, Plank-
tothrix, Dolichospermum (Anabaena), and Aphanizom-
enon [8, 13].

Studies of cyanobacterial toxins are focused on
microcystin-producing cyanobacteria widespread in
various waterbodies [18, 21]. Studies on the detection
of hepato- and neurotoxin-producing cyanobacteria
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during the seasonal succession of phytoplankton are
performed comparatively rarely [15]. Several struc-
tural variants of microcystins have been detected in the
Rybinsk Reservoir [4].

The goals of the present work were the molecular
genetic identification of hepato- and neurotoxin-pro-
ducing cyanobacteria, the immunochemical detection
of hepato- and neurotoxins, an analysis of the
dynamic of cyanotoxins content, and the presence of
toxins biosynthesis genes in cyanobacterial popula-
tions during the seasonal succession of phytoplankton
in the Rybinsk Reservoir.

MATERIALS AND METHODS

The samples were collected in the Volzhsky stream
pool of the Rybinsk reservoir at the station situated
above the former town of Mologa (standard station
Mologa, 58°13" N, 38°27" E) from May to October
2013. In total, ten samples were studied to determine
composition, algal cell number, and biomass of phyto-
plankton, and seven of them were analyzed using
molecular biological methods. The samples were col-
lected from the surface 2-m water layer (the euphotic
zone of the reservoir). Phytoplankton was concen-
trated by sequential filtration through 5 and 1.2 pm
membrane filters and fixed with a Lugol solution sup-
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plemented with formaldehyde and glacial acetic acid.
Phytoplankton cell number was determined using
0.02 mL Uchinskaya-2 counting chamber; biomass
was measured using the volumetric counting method
[1, 5].

To extract DNA and perform polymerase chain
reaction (PCR), phytoplankton was concentrated
using MFAS-M-3 membrane filters (Vladipor, Rus-
sia). DNA was extracted using Diatom DNA Prep 200
reagents kit (Isogen Laboratory, Russia) according to
the manufacturer’s recommendation. To detect one
of cyanobacterial genes mcyFE responsible for micro-
cystins biosynthesis, PCRs were performed using
genus-specific  primers mcyE-F2/MicmcyE-RS8
(Microcystis), mcyE-F2/AnamcyE-12R (Dolichos-
permum (Anabaena)), and mcyE-F2/mcyE-plaR3
(Planktothrix), which allow one to identify microcys-
tin producers in mixed cyanobacterial populations at
the genera level [18, 21]. To detect aoaA, anaC, and
stxA genes responsible for the synthesis of cylindros-
permopsin, anatoxin-a, and saxitoxins, respectively,
specific primers CatF1/CatR1, anaCgenF/anaC-
genR, and sxtaf/sxtar were used [10, 11, 19]. Specific
fragments of the genes responsible for cyanotoxin bio-
synthesis were amplified using a GenPak PCR Core
reagents kit (Isogen Laboratory, Russia) as described
previously [10, 11, 18, 19, 21].

DNA isolated from axenic cultures of Microcystis
aeruginosa (strain PCC 7806) and Planktothrix agard-
hii (strain NIVA-CYA 126) producing microcystins
(provided by Elke Dittmann, University of Potsdam,
Germany), as well as from cylindrospermopsin-pro-
ducing strain Aphanizomenon sp. 10E9 and saxitoxin-
producing strain Aphanizomenon sp. AB59 (provided
by Jutta Fastner, Federal Environmental Agency, Ber-
lin, Germany), were used as a positive control. Con-
trol microcystins-producing stains of the genus Doli-
chospermum (Anabaena) and anatoxin-a-producing
cyanobacteria were not used in the study. In these
cases, we used data on the size of specific PCR prod-
ucts. DNA from non-axenic culture of Gloeocapsa
decorticans (A. Braun) Richter in Wille unable to pro-
duce the studied cyanotoxins (provided by the Depart-
ment of Botany and Microbiology of Yaroslav State
University, Yaroslavl, Russia) was used as a negative
control. PCR products were separated in 1.5% aga-
rose, stained with ethidium bromide, and analyzed
under UV light.

To detect toxigenic species of cyanobacteria, DNA
was isolated from single cyanobacterial colonies
[7,22]. To exclude false-positive and false-negative
results, a modified method proposed in our previous
work was used [7]. Colonies of Microcystis and Apha-
nizomenon flos-aquae (L.) Ralfs were collected from
concentrated planktonic samples using a sterile dis-
secting needle. Each colony was studied using a light
microscope to exclude the presence of other poten-
tially toxigenic cyanobacteria, then washed with sterile
2016
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water three times and placed in Eppendorftubes. Then
DNA was extracted and PCR was performed. To
detect mcyE gene responsible for microcystin synthe-
sis, genus-specific primers mcyE-F2/MicmcyE-R8
were used. This allowed us to exclude false-positive
results caused by the presence of extraneous microcys-
tin-producing cyanobacteria. The same DNAs were
examined for the presence of representatives of the
genus Microcystis using 209F/409R primers designed
for the amplification of Microcystis-specific fragments
of cyanobacterial 16S rRNA genes [16]. When ampli-
cons were not obtained using both primer systems
(mcyE-F2/MicmcyE-R8 and 209F/409R), results of
PCR-analysis were considered false-negative (for
example, due to PCR inhibition and the absence or
low concentration of DNA) and excluded from subse-
quent processing. Colonies of Aphanizomenon flos-
aquae were studied using the same methods, but in
this case primers sxtaf/sxtar specific for stx4 gene
responsible for saxitoxin production were used for the
analysis. To control the presence of Aphanizomenon
flos-aquae colonies in Eppendorf tube, PCBF/PCaR
primers specific to intergenic spacer of cyanobacterial
cpcA and cpeB genes (cpcBA-1GS) involved in phyco-
cyanin biosynthesis were used [17].

Concentrations of cyanotoxins (microcystins,
cylindrospermopsin, saxitoxins, and anatoxin-a) were
measured using enzyme-linked immunosorbent assay
(ELISA) using appropriate reagents kits (Abraxis LLS,
United States) according to the manufacturer’s recom-
mendation. To determine the content of dissolved cya-
notoxins in water, it was measured in filtered natural
water. To reveal intracellular microcystins, the toxins
were extracted from the collected phytoplankton bio-
mass with distilled water using ultrasonic treatment.

The results were statistically processed. To estimate
the correlation between the parameters, Spearman’s
rank correlation coefficient (rg) was calculated.

RESULTS AND DISCUSSION

During the study, the seasonal dynamic of the bio-
mass was determined mainly by the development of
diatoms and cyanobacteria (Fig. 1). Average biomass
of phytoplankton and cyanobacteria for the vegetation
season were 6.1 = 0.7 and 2.5 £ 0.6 mg/L (or 41% of
the total biomass), respectively. Diatom (Stephanodis-
cus hantzschii Grun., Aulacoseira subarctica (O. Miill.)
Haworth, Cyclotella meneghiniana Kiitz.) spring peak
and long summer maximum with two peaks caused by
the growth of cyanobacteria in early July (Aphanizom-
enon flos-aquae, Dolichospermum planctonicum
(Brunnth.) Wacklin et al. (=Syn.: Anabaena schereme-
tievi Elenk.), Dolichospermum (Anabaena) sp., and
Microcystis aeruginosa) and diatoms with cyanobacte-
ria in early August (Actinocyclus normanii (Greg.)
Hust., Aulacoseira granulata (Ehr.) Sim., and Aphani-
zomenon flos-aquae) were observed in the seasonal
dynamic. After the diatom spring peak, the develop-
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Fig. 1. Seasonal dynamic (mg/L) of different groups of the phytoplankton in 2-m water layer at Mologa station in 2013: (/) diatoms,
(2) cyanobacteria, (3) green algae, (4) cryptomonads, and (5) dinoflagellates.

ment of cryptomonads and dinoflagellates was
observed (Fig. 1). The dynamic of the phytoplank-
tonic cell number was determined by the growth of
cyanobacteria. A long maximum caused mainly by the
development of Aphanizomenon flos-aquae was
observed from the beginning of July to the beginning
of September. The number of Aphanizomenon flos-
aquae was 47 to 76% of the total phytoplankton cell
number. Average number of cyanobacteria was 3.86 X
107 cells/L (75%). Cyanobacterial vegetation started in
late May to early June due to the development of

Planktothrix agardhii (Table 1). In June, cyanobacteria
were represented by the species of the genera Micro-
cystis (M. wesenbergii (Kom.) Kom., M. aeruginosa,
M. flos-aquae (Wittr.) Kirch.), Aphanocapsa (A. hol-
satica (Lemm.) Cronb. et Kom., A. incerta (Lemm.)
Cronb. et Kom.), Dolichospermum lemmermannii
(Richter) Wacklin et al. (=Syn.: Anabaena lemmer-
mannii P. Richter), Pseudanabaena mucicola (Nau-
mann et Hub.-Pest.) Schwabe, and Snowella. In early
July, the species diversity of cyanobacteria was maxi-
mal (18 taxa) due to the development of Microcystis

Table 1. Biomass of potentially toxigenic species, concentration of cyanobacterial toxins, and presence of the genes
involved in cyanotoxins biosynthesis in the Rybinsk Reservoir in 2013

Date
Parameter
May 21 June 4 June 24 July 9 August 5 | August 20 [September 17
Biomass, mg/L
Microcystis spp. — 0.005 0.40 1.20 0.70 1.90 1.00
Planktothrix agardhii 0.004 0.007 — — — — —
Dolichospermum (Anabaena) spp. — 0.10 2.60 2.10 0.10 0.05 0.02
Aphanizomenon flos-aquae — 0.02 0.50 2.60 2.10 0.45 1.00
Toxins concentration, ug/L
Dissolved microcystins 0.05 0.14 0.36 0.62 0.38 1.99 0.63
Intracellular microcystins 0.04 0.01 1.34 3.00 3.00 2.77 5.20
Saxitoxins * * 0.05 0.02 * * *
Cylindrospermopsin * * — — — — —
Anatoxin-a * * - — — — *
Presence of the genes of cyanotoxins
mcyE (Microcystis) + + + + + + +
mcyE (Anabaena) — — + + — — —
mcyE (Planktothrix) + + — — — — —
StxA — — + + - — —
aoaA — — — — — — —
anaC - — — — - — -
“—” Parameter was not detected, “+”gene was amplified, and “*” no data.
INLAND WATER BIOLOGY  Vol. 9 No. 4 2016
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Fig. 2. Seasonal variations of cell number (106 cells/L) of Microcystis (1) and Dolichospermum (Anabaena) (2), as well as concen-

tration of dissolved microcystins (3).

viridis, Aphanothece clathrata W. et G.S. West f. brevis
(Bachm.) Elenk., Aphanocapsa  planctonica
(G.M. Smith) Kom. et Anagn., Planktolyngbya lim-
netica (Lemm.) Kom.-Leg. et Cronb., and Merismo-
pedia minima G. Beck. Later, to October cyanobacte-
rial diversity was enriched by the representatives of the
genera Chroococcus, Aphanocapsa, Pseudanabaena
acicularis (Nyg.) Anag. et Kom., Limnothrix plancton-
ica (Wotos.) Meffert, and L. redekei (Van Goor) Mef-
fert and included 12 to 14 taxa.

In the water of the Rybinsk Reservoir, microcystins
and saxitoxins were detected, whereas the presence of
cylindrospermopsin and anatoxin-a was not observed
(Table 1). Dissolved and intracellular microcystins
were detected during the whole period of observation
and their total concentration fluctuated between 0.09
and 5.8 ug/L. Traces of saxitoxins were detected in the
middle of summer (June 24 and July 9) (Table 1). The
concentration of microcystins was minimal in spring
and in early summer and dramatically increased in the
summer—autumn period (Table 1). The presence of
cyanobacteria of the genera Microsystis and Dolichos-
permum (Anabaena), potential microcystins produc-
ers, were constantly observed in summer and autumn.
The seasonal dynamic of dissolved microcystins cor-
responded to fluctuations of Microcystis cell number.
A close and significant correlation between these
parameters was revealed (g = 0.96, p < 0.05, n = 6).
This correlation was not revealed for the genus Doli-
chospermum (Anabaena) (Fig. 2).

In addition to the representatives of the genera
Microcystis and Dolichospermum (Anabaena), poten-
tially toxigenic species Planktothrix agardhii and Aph-
anizomenon flos-aquae were detected in the phyto-
plankton of the Rybinsk Reservoir (Table 1). Genes
mcyE and sxtA were detected in total phytoplankton
DNA by PCR amplification. This indicated the ability
of cyanobacteria of the Reservoir to synthesize micro-
2016
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cystins and saxitoxins, respectively (Figs. 3a—3d).
Genes involved in anatoxin-a and cylindrospermopsin
synthesis were not detected (Table 1).

In late May to early June, a small number of poten-
tially toxigenic cyanobacterium Planktothrix agardhii
was detected in phytoplankton. A PCR analysis of
phytoplanktonic DNA detected the presence of the
mcyE gene in the cells of this species (Fig. 3c). From
the middle of summer, the species was not detected in
the samples under light microscope and according to
molecular biological analysis, fragment of mcyE gene
specific to the genus Planktothrix was not recognized
in the total phytoplanktonic DNA until the end of veg-
etation period (Fig. 3c, Table 1).

From May to September, mcyE gene-containing
populations of Microcystis was observed (Fig. 3a).
Microscopy did not reveal the presence of representa-
tives of the genus in May, but they were constantly
detected in the phytoplankton from June to September
(Table 1). A PCR analysis of the DNA isolated from
single colonies of Microcystis revealed a high share of
M. aeruginosa and M. viridis containing mcy E gene cod-
ing for microcystin synthetase (Table 2). This gene was
absent in M. flos-aquae and M. wesenbergii (Table 2).

In addition to toxigenic species of the genus Micro-
cystis, a short peak of the growth of Dolichospermum
(Anabaena) containing microcystin synthetase gene
mcyE was observed at the beginning of summer
(June 24 to July 9) (Fig. 3b, Table 1). Microscopy
demonstrated the appearance of Dolichospermum lem-
mermannii and D. planktonicum, as well as several
unidentified species of the genus Dolichospermum
(Anabaena) during this period. During the same
period, the appearance of saxitoxin-producing cyano-
bacteria was revealed by detection of the sxt4 gene
involved in saxitoxin biosynthesis in total phytoplank-
tonic DNA (Fig. 3d). It coincided with development
of the species of the genus Dolichospermum
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Fig. 3. Electrophoregram of amplified fragments of phytoplanktonic DNA from the Rybinsk Reservoir samples collected on dif-
ferent dates (May to September): (a) products obtained with mcyE-F2/MicmcyE-R8 primers for the detection of mcyE gene in
Microcystis (250 bp), (b) products obtained with mcyE-F2/AnamcyE-12R primers for the detection of mcyE gene in Dolichosper-
mum (Anabaena) (250 bp), (c) products obtained with mcyE-F2/mcyE-plaR3 primers for the detection of mcyE gene in Plank-
tothrix (250 bp), and (d) products obtained with sxtaf/sxtar primers for the detection of stx4 gene (600 bp); (M) molecular weight
marker (bp), (K—) negative control (DNA of cyanobacteria without target genes), and (K+) positive control (DNA of cyanobac-

teria containing target genes).

(Anabaena) and Aphanizomenon flos-aquae, potential
producers of the saxitoxins (Table 1). However, DNA
extracted from 11 colonies of Aphanizomenon flos-
aquae collected in July did not contain sxt4A gene
involved in saxitoxins synthesis (Table 2).

Thus, the seasonal periodicity of phytoplankton in
the Rybinsk Reservoir was characterized by three
peaks (spring, summer, and autumn) [2, 3]. Prior to

1981, spring peak was higher than summer, which was
caused by the development of diatoms and cyanobac-
teria. In recent years, summer biomass has exceeded
spring biomass. The data that was obtained also indi-
cated that the duration of the summer peak of cyano-
bacteria increased.

Cryptomonads began to develop in May and June
and comprised a significant share of the phytoplank-

Table 2. PCR analysis of single colonies of Microcystis and Aphanizomenon flos-aquae for detecting the genes involved in

the synthesis of microcystins (mcyE) and saxitoxins (stxA)

Genes mcyE
Species Colonies number gene-containing
meyE stxA colonies, %
Microcystis aeruginosa 6 + * 100
Microcystis viridis 11 + * 91
Microcystis flos-aquae 2 — * 0
Microcystis wesenbergii 8 — * 0
Aphanizomenon flos-aquae 11 * — *
“—” Gene was not detected, “+” gene was detected, and “*” no data.
INLAND WATER BIOLOGY Vol.9 No.4 2016
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ton until October. An increase in the share of cyano-
bacteria and mixotrophic phytoflagellates is typical for
highly productive reservoirs [2].

Molecular genetic identification of toxigenic cyano-
bacteria during the seasonal succession of phytoplankton
in the Rybinsk Reservoir was performed for the first time.
Representatives of three cyanobacterial genera contain-
ing mcyE-genes as well as neurotoxigenic species able to
synthesize saxitoxins, were detected. The results of
enzyme-linked immunosorbent assay confirmed the
results obtained using molecular biological methods,
which demonstrated the presence of microcystins and
saxitoxins in the same samples.

Results of the present study corresponded to the
data on the composition of cyanobacterial toxins in
the Rybinsk Reservoir previously obtained using high-
performance liquid chromatography—mass spectrom-
etry (HPLC/MC) [4]. In July 2010, three variants of
microcystins were detected in the water, whereas ana-
toxin-a was absent. Concentrations of dissolved
microcystins at the Volzhsky stream pool station in
2013 were sufficiently higher (0.05—1.99 ug/L) than
those measured in Glavny and Sheksninsky stream
pools in 2010 (0.015—0.079 ug/L) [4]. These differ-
ences could be caused both by the application of dif-
fering methods (ELISA and HPLC/MC) and by the
fact that cyanobacterial biomass in July 2013 was
higher than in July 2010 (4.1-6.0 and 0.4—1.3 mg/L).
The total content of microcystins in summer and
autumn 2013 reached of 1.7 to 5.8 ug/L, which
exceeded the threshold limit values for these com-
pounds accepted in many countries (of 1 to 1.5 ug/L
for drinking water and of 4 to 25 ug/L for recreational
zones of reservoirs) [12].

In 2013, microcystins were detected in the water
not only in the summer period during the massive
development of cyanobacteria, but also throughout
the ice-free period, including spring. McyFE gene-con-
taining populations of Planktothrix agardhii, which
could be one of the sources of microcystins, were
detected in phytoplankton in May. Other species of
cyanobacteria were not detected in the sample col-
lected in May using light microscopy. However, frag-
ments of 16S rRNA (data not shown) and mcyE genes
specific to the genus Microcystis were identified in
total phytoplanktonic DNA (Fig. 3a). This indicated
that not only Planktothrix agardhii, but also popula-
tions of Microcystis potentially able to produce micro-
cystins were present in the samples collected in May.
The application of highly sensitive PCR-based meth-
ods allowed us to identify Microcystis populations.

Positive correlation between the concentration of
microcystins and Microcystis cell number suggested
that they were the main microcystins producers at the
station in the Rybinsk Reservoir. This was confirmed
using molecular biological analysis, which revealed
the permanent presence of mcyE gene-containing
Microcystis from May to September. At least M. aeru-
ginosa and M. viridis were potentially able to produce
microcystins. M. aeruginosa is microcystins producer
2016

INLAND WATER BIOLOGY Vol.9 No.4

373

and widespread in reservoirs around the world [8, 13].
Microcystin-producing populations of M. viridis were
observed in European lakes [22] as well as in the
Uglich and the Gorky reservoirs (Russia) [6]. In the
cells of M. flos-aquae and M. wesenbergii from the
Rybinsk Reservoir, mcyE gene was not detected. This
suggested either the absence or insignificant share of
the microcystin-producing genotypes in the popula-
tions of these species.

The seasonal succession of microcystin-producing
cyanobacteria in phytoplankton was clearly defined.
Whereas populations of Microcystis able to produce
microcystins were permanently detected from May to
September, the succession of other mcyE gene-con-
taining species occurred: a small number of Plankto-
thrix agardhii was detected in the spring and early sum-
mer and a short peak of toxigenic species of the genus
Dolichospermum (Anabaena) was observed in the mid-
dle of summer.

Alongside hepatotoxin-producing species, saxitox-
ins and neurotoxin-producing cyanobacteria were also
found at the scientific station in the Rybinsk Reser-
voir. To our knowledge, this is the first report about
detection of saxitoxin-producing cyanobacteria in the
freshwaters of the European part of Russia. The con-
tent of saxitoxins measured using ELISA was not high
and was similar to the values recently revealed in the
freshwater reservoirs, which did not exceed of 0.005 to
0.3 ug/L [14, 23].

Several species producing saxitoxins Aphanizome-
non flos-aquae, A. gracile (Lemm.) Lemm., Cuspido-
thrix issatschenkoi (Usacev) Rajaniemi et al. (=Apha-
nizomenon issatschenkoi (Ussaczev) Pr.-Lavr.), and
Dolichospermum lemmermannii were reliably detected
in European reservoirs [9, 10, 20, 23]. Aphanizomenon
flos-aquae and species of the genus Dolichospermum
(Anabaena) including D. lemmermannii were detected
simultaneously with the detection of saxitoxins in
water and sxt4-containing cyanobacteria in the phyto-
plankton. Nevertheless, a PCR-analysis of the DNA
isolated from single colonies of Aphanizomenon flos-
aquae did not identify sxt4 genes. The peak of Dolichos-
permum biomass (June 24 to July 9) coincided with the
detection of saxitoxins and sxt4 gene (Table 1). This
confirmed the hypothesis about the revelation of saxi-
toxin-producing populations of Dolichospermum
(Anabaena).

CONCLUSIONS

Cyanobacteria able to produce hepato- and neuro-
toxins were identified in phytoplankton of the Rybinsk
Reservoir using genetic markers for the first time. The
presence of hepatotoxins microcystins was detected
from May to September with peak of concentrations in
the summer-autumn period. PCR analysis revealed
the presence of the mcy E gene involved in microcystin
biosynthesis in cells of Microcystis aeruginosa,
M. viridis, and Planktothrix agardhii, as well as in rep-
resentatives of the genus Dolichospermum (Anabaena).
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Neurotoxins saxitoxins and sxt4 gene-containing cya-
nobacteria were also detected in water and in phyto-
plankton of the reservoir, respectively. It was proposed
that the saxitoxin-producing population of Dolichos-
permum (Anabaena) were detected. The genes respon-
sible for cylindrospermopsin and anatoxin-a biosyn-
thesis were not identified in the total phytoplanktonic
DNA, and these toxins were not detected in water.
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