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Abstract

Among the Cyanoprokaryota, the genera Synechocystis and Synechococcus have rarely been studied with
respect to potential toxicity. This is particularly true with marine environments where studies about the
toxicity of cyanobacteria are restricted to filamentous forms at the warmer temperate and tropical regions
and also to filamentous forms at cold seas such as the Baltic Sea. In this study, we describe the effects of
cyanobacterial strains of the Synechocystis and Synechococcus genera isolated from the marine coast of
Portugal, on marine invertebrates. Crude and partially purified extracts at a concentration of 100 mg/ml of
freeze-dried material of the marine strains were tested for acute toxicity in nauplii of the brine shrimp
Artemia salina, in the rotifer Brachionus plicatillis and in embryos of the sea urchin Paracentrotus lividus
and the mussel Mytilus galloprovincialis. The cyanobacterial extracts, especially the crude extract, had an
impact on A. salina nauplii. No significant toxic effects were registered against the rotifer. A negative
impact of all strains was recorded on the embryonic development of the sea urchin, with toxic effects
resulting in an inhibition of embryogenesis or development of smaller larvae. To the mussel embryos, the
effects of cyanobacterial extracts resulted in a complete inhibition of embryogenesis. The results of all
assays indicate that Synechocystis and Synechococcus marine strains contained toxic compounds to marine

invertebrates.
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1. Introduction

Cyanobacteria have long been recognized as harmful to a wide range of organisms due to the potential
production of toxic compounds. Hepatotoxins, neurotoxins, cytotoxins, dermatotoxins and irritant toxins

were characterized from several cyanobacterial genera and species (Wiegand and Pflugmacher, 2005).

Worldwide intoxication of aquatic organisms involving cyanobacterial toxins are well documented in
freshwater ecosystems (Codd et al., 2005). In contrast, cases of intoxications caused by marine
cyanobacteria are rarer and more localized. Toxic episodes are mainly reported from cold water seas such
as the Baltic Sea and from coastal tropical and subtropical regions, where the occurrence of cyanobacteria
in large densities is frequent. Reports concerning cyanobacterial toxicity at marine environments are also
restricted to some filamentous forms. In the Baltic Sea, blooms of Nodularia spumigena are a common
issue during the summer months, as the production of the hepatotoxin nodularin is common ( Sivonen et
al., 1989; Rantajarvi, 1998; Repka et al., 2004). In tropical and subtropical regions, cyanobacteria of the
genera Trichodesmium ( Carpenter et al., 2004; Hawser et al., 1992; Negri et al., 2004) and Lyngbya ( Albert
et al., 2005; Watkinson et al., 2005) are the most common ones. A high variety of toxic chemicals were
extracted from the species Lyngbya majuscula ( Osborne et al., 2001) and several animal deaths related to
marine cyanobacterial blooms have also been reported ( Pittman and Pittman, 2005). Toxic effects caused
by marine cyanobacteria have been described for different organisms such as rotifers ( Pushparaj et al.,
1999), brine shrimp and prawns ( Hawser et al., 1992; Gerwick et al., 1994; Smith, 1996), molluscs ( Orjala
and Gerwick, 1996; Negri et al., 2004) and fish ( Graber and Gerwick, 1998).

In the present study, marine Synechocystis and Synechococcus strains isolated from the Portuguese coast
and maintained under laboratory conditions were investigated for the potential toxicity to marine
invertebrates. The brine shrimp Artemia salina, the rotifer Brachionus plicatillis, the sea urchin
Paracentrotus lividus and the mussel Mytilus galloprovincialis were the chosen species for the toxicity
assays. These target species were chosen according to their ecological relevance and occurrence at the
Portuguese coast. Brine shrimps and rotifers represent two of the main groups of pelagic invertebrates of
marine coastal communities. These are major components of the zooplankton of coastal marine habitats,
functioning as grazers on phytoplankton and as food for many invertebrates and fish larvae. The brine
shrimp lethality assay is a standardized bioassay routinely used in marine research and aquatic toxicology
for preliminary assessment of toxicity ( Solis et al, 1993). Regarding cyanobacteria, A. salina has been used
to detect the toxicity of several species. Although the assay is rather inadequate regarding the elucidation
of the mechanisms of action, it is very useful to assess the potential toxicity of strains. It was found that
artemia nauplii mortality correlated well with concentrations of cyanobacterial toxins namely hepatotoxins
( Campbell et al., 1994) and neurotoxins ( Kiviranta et al., 1991). Regarding rotifers, the genus Brachionus
has a cosmopolitan distribution and the species B. plicatillis is particularly common in brackish and marine
environments. Toxicity tests using these organisms have been also used for the assessment of

cyanobacterial toxicity ( Pushparaj et al., 1999; Marsalek and Blaha, 2004). Sea urchins and mussels are
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important benthic habitants of the littoral shores of coastal marine environments and the species P. lividus
and M. galloprovincialis are especially common in the Portuguese coast. In the present study, we tested the
effects of marine cyanobacterial extracts on the embryogenesis of these invertebrate species. Sea urchin
and bivalve embryos have been recognized as valuable tools for toxicity assessment ( His et al., 1999;
Beiras et al., 2003) and, as embryos and larvae are more sensitive to toxicants in general than adults of the

same species, they represent critical life stages useful for toxicity assays ( Martin et al., 1981).

The potential negative effects of cyanobacteria on marine organisms can be particularly relevant in cases
of bloom formation. In spite of the absence of records of marine cyanobacterial blooms in the Portuguese
coast, the increase in nutrient enrichment due to human activities and consequently the increase on
eutrophication and the rises in temperature due to the global warming, could enhance the possibility of
harmful cyanobacterial bloom formation, as it has been registered in other parts of the world (Watkinson et
al., 2005). Extensive spread of cyanobacteria may introduce important amounts of toxic bioactive secondary
metabolites into the sea environments and therefore its toxicological risk for marine organisms should be

assessed.

2. Materials and methods

2.1. Cyanobacterial strains and cultivation

Cyanobacterial strains were isolated from water samples collected near shore and from solid material such
as rocks, shells and sand. Strains isolation and culture were performed in Z8 medium (Kotai, 1972)
supplemented with NaCl at a concentration of 20 g/l. Strains were grown for 4 weeks in 4 | medium, at
25 °C, light intensity of 10 umol photons/m s provided by cool white fluorescent tubes and with a light/dark
cycle of 14 h/10 h. After the cultivation period, cells were harvested by centrifugation. Samples were frozen
at —20 °C, freeze-dried and then stored at —20 °C. Twelve strains belonging to the genera Synechocystis
and Synechococcus were tested for toxicity. Table 1 summarizes all the cyanobacterial strains used in the
present work. All these strains were tested against the brine shrimp and the rotifer. Among these, ten strains
were tested against the sea urchin embryogenesis ( Table 3) and two strains (LEANCYA 16 and 21) were

tested against the mussel embryogenesis.



Table 1

Marine cyanobacterial strains tested for toxicological properties

Sirain designation Speciesigenus

LEAMCYA1 Symechocysis sp.
: i r
LEANCYASL Symechocysiis sp.
LEANCYAT Symechococns sp.
LEANCYA 1D Symechococons sp.
. p
LEAMCYA 11 Symechococous sp.
LEANCYA 13 Symechocysiiz sp.
- e r
LEANCYA1E6 Symechococons sp.
. p
LEANCYAAT Symechocysiis sp.
LEANCYA 18 Symechococrns sp.
LEANCYA19 Smechococrns sp.
LEANCYAZ0D Symechocysii= sp.
LEANCYA 21 Symechocysiis sp.

2.2. Preparation of cyanobacterial extracts

Extracts of each cyanobacterial strain were prepared by dissolving freeze-dried material in natural filtered
(0.2 um pore) seawater, at a concentration of 100 mg/ml. The solutions were homogenized by sonication
with an ultra-sound probe (Vibra Cell 50—sonics & Materials Inc. Danbury, CT, USA) for 3x2 min on ice,
and centrifuged at 10,000 rpm for 10 min. The supernatant was collected and separated into two fractions.
One fraction was filtrated with a 0.2 um pore filter and used directly for toxicity assessment. This fraction
constituted the crude extract. The other fraction was fractionated by solid-phase extraction with Bond Elute
C18 cartridges. Three fractions were prepared for each sample: one pigment fraction resulted from washing
the cartridges with natural seawater (this fraction contains hydrophilic compounds such as pigments, salts
and carbohydrates), a methanolic extract resulted from the passage of 50% methanol (Methanolic | extract)
and another methanolic extract resulted from washing the cartridges with 100% methanol (Methanolic 11
extract). The methanolic fractions were evaporated to dryness so that all methanol was removed. Samples
were resuspended in filtrated natural seawater. Extracts were stored at —20 °C prior to the toxicity

experiments.

2.3. Toxicity assessment

2.3.1. Acute toxicity assay using nauplii of the crustacean Artemia salina

Toxicity was screened using 24 h A. salina nauplii freshly hatched from dried cysts (JBL Novotemia,

Germany). Cysts were hatched in 35 g/l natural seawater previously filtered through a 0.2 um pore filter



and maintained at 25 °C under conditions of continuous illumination and aeration. After 24 h, A. salina
nauplii were separated from egg shells and remaining cysts separated using a Pasteur pipette. Toxicity
assays were performed in 96 micro-well polystyrene plates. Aliquots of nauplii solution containing 10-15
organisms were pipetted into each well containing 200 pul of each cyanobacterial extract and, in the case of
control trials, natural filtered seawater. The plates were covered with parafilm to prevent water loss and
then incubated at 25 °C, for 24 h in darkness. Plates were maintained in constant agitation, once if the
solution is in permanent motion it is easier for the larvae to remain close to the surface, where the oxygen
level is higher. After 24 and 48 h, the number of dead larvae in each well was counted. Larvae were
considered dead if they did not exhibit any internal or external movement over 30 s of observation. The
total number of shrimps per well was determined after fixation with a lugol solution. Results were calculated
as percentage mortality. All experiments were carried out in triplicate.

2.3.2. Acute toxicity assay using the rotifer Brachionus plicatillis

A commercially available toxicity assay was performed (ROTOXKIT M, Strategic Diagnostics Inc., USA).
Briefly, rotifer cyst hatching was initiated 28 h prior to the start of the test in hatching medium provided by
the kit. Cysts were maintained at 25 °C under continuous illumination. The bioassay was conducted in
disposable PVC multiwell plates with a volume of 300 ul per well. Six wells with five rotifers each were
tested per extract. Incubation was done for 24 h, at 25 °C and in darkness. After the incubation time, the

number of dead rotifers per extract was registered and the percentage of mortality calculated.

2.3.3. Embryo-larval acute toxicity assay using the sea urchin Paracentrotus lividus

Sea urchins were collected from rocky shores at S. Bartolomeu (Esposende, North Portugal) considered as
a reference site for water quality, due to the low influence of significant sources of pollution (Cairrdo et al.,
2004). Bioassays were performed according to the methods described by Fernandez and Beiras (2001).
Briefly, individuals were dissected and sperm and eggs directly pipetted from the gonads. Eggs from an
optimal condition female were collected in a 100 ml measuring cylinder containing natural seawater filtered
through a 0.2 um pore filter. A few microliters of undiluted sperm from one male were added to the egg
suspension and carefully stirred to allow fertilization. Fertilization success and egg density were determined

by counting the fertilized eggs in four 10 pl aliquots.

Fertilized eggs were exposed to the crude extracts and the partially purified extracts in 24-well plates, for
a 48-h period and at 20 °C. Test solutions consisted of 3 ml of each cyanobacterial extract and 3 ml of
natural seawater filtered through a 0.2 um pore filter as control. To each well fertilized eggs were added to
a concentration of 20 eggs/ml of solution. After incubation, the solutions were fixed with 40% formalin.
Three replicates of each experimental treatment were done. Embryogenesis success was evaluated by
measuring the percentage of pluteus larvae and the larval length. Differences in larval length in
cyanobacterial extracts were compared to the control using the non-parametric Kolmogorov—Smirnov test
for two independent samples, since data did not exhibit normality and homoscedasticity. Statistical

treatments were performed by using the SPSS 11.5 statistical package.



2.3.4. Embryo—larval acute toxicity assay using the mussel Mytilus galloprovincialis

The embryo—larval acute toxicity assay using M. galloprovincialis was performed with extracts of the
Synechococcus sp. strain LEANCYA 16 and the Synechocystis sp. strain LEANCYA 21.

Mussels were obtained from a commercial hatchery in Vigo (Spain). The bioassay was based on the
methods described by His et al. (1997). Briefly, animals were cleaned and scrubbed in natural filtered
seawater. Spawning was induced by raising the temperature until 22 °C. Freshly collected oocytes and
sperm were suspended in a 100 ml measuring cylinder containing natural seawater filtered through a 0.2 um
pore filter to achieve fertilization, facilitated by gentle stirring. The density of fertilized eggs was assessed
by counting the fertilized eggs in four 10 pl aliquots. 30 min-old fertilized eggs were incubated in the test
solutions at a concentration of 20 eggs/ml. Incubation was conducted for 48 h at 20 °C as described for the

sea urchin test. Results were recorded as percentage of embryos that reached the D-larvae stage.

3. Results

3.1. Acute toxicity assay using nauplii of the crustacean Artemia salina

The results of the toxicity assessment of the four extracts of 12 cyanobacterial strains to the brine shrimp
A. salina are summarized in Table 2. From this assay, the control trials registered a survival of 100%. The
same result was obtained for both incubation times and for all extracts of the Synechococcus strains
LEANCYA 10 and 11 and the Synechocystis strain LEANCYA 13. For the strain LEANCYA 20, only a
mortality of 19.5£2.8% was found for the crude extract and during an exposure period of 48 h. In the
experiment with the Synechococcus strain LEANCYA 7 and the Synechocystis LEANCYA 21, 100%
mortality was registered in the crude extract after 24 h exposure and no mortality was observed for the
pigment and methanolic extracts after both 24 and 48 h exposure. The Synechococcus strains LEANCYA
16 and 19 displayed the most relevant toxic effects, with 100% mortality for the crude and the pigment
extracts. In the methanolic fractions toxicity was found after 48 h of exposure, although in a much lower
range. Following these strains, the strains LEANCYA 17 and 18 caused also 100% mortality at the crude

extract after 24 h exposure and also caused mortality at the methanolic extracts after 48 h incubation.



Table 2
Taxicity of the crude exiract, pigment exiract, methanclic | and methanclic || extracts of the marine cyancbactenal strains to the

brine shrimp Adfemis saling

Cyancbacteria Extract
Crude Pigment Methanaolic | Methanolic 11
24h 4Bh 24h 48h 24h 48h 24h 48h
CONTROL 0 ]

LEANCYA 0 183225 0 0 ] 0 0 122453
LEANCYAS O 133260 0 0 ] 86812 0 0
LEANCYAT 100 - 0 0 ] 0 0 0
LEANCYA1D O 0 0 0 ] 0 0 0
LEANCYA11 O 0 0 0 ] 0 0 0
LEANCYA13 O 0 0 0 ] 0 0 0
LEANCYA1G 100 - 100 - ] 161452 0 G420
LEANCYATT 100 - 0 0 ] 1054818 0 0
LEANCYA1E 100 - 0 0 ] 62408 0 44449
LEANCYA1S 100 - 100 - ] 124442 0 0
LEANCYAZ20 O 1956228 0 0 ] 0 0 0
LEANCYAZ21 100 - 0 0 ] 0 0 0

Data are expressed in percentage mortality+standard deviation.

3.2. Acute toxicity assay using the rotifer Brachionus plicatillis

For the rotifer assay, 100% survival was recorded for all strains and extracts except for Synechococcus sp.
strain LEANCYA 19. In this case, 20.9+5.5% of mortality was registered for the crude extract. Control
registered 100% survival after the 24 h incubation time.

3.3. Embryo-larval acute toxicity assay using the sea urchin Paracentrotus lividus

Table 3 summarizes the results of the embryogenesis development of fertilized eggs for the control and the
groups exposed to the four cyanobacterial extracts. After 48 h of incubation, 96.7+1.5% of P. lividus
fertilized eggs from the control developed into normal pluteus larvae ( Fig. 2a) with an average length of
503.00+29.20 um. When P. lividus fertilized eggs were exposed to the cyanobacterial extracts, negative
effects were detected with inhibition of embryonic development ( Fig. 2b and c), and development of

smaller pluteus larvae ( Fig. 1).



Table 3.
Taxicity of the crude exiract, pigment extract, methanolic | and methanolic || extract of ten cyanobacterial strains to the embryos of
the sea-urchin Parscentrofus vidus

Cyanobacterial strain - Exiract

Crude Pigment Methanolic |  Methanolic Il

% Stage % Stage % Stage % Stage
Caontrol 96.7+15 H
LEAMCYAA o M o MG 0 MG o Pr
LEANCYAS 0 M 91715 Al o M 90020 Pl
LEANCYAT 0 M ar Al o M ] Pr
LEANCYA 11 o M o Pr o M 7rix2z1 A
LEANCYA 16 o M o G Pr 0 BG o F
LEANCYAAT 0 M 93.7:29 Al o M ] Pr
LEANCYA 18 0 E 0 E o MG ] Pr
LEAMCYA 19 ] M ] M o M 0 M
LEANCYA 20 o B o G o Pr 2026 H
LEANCYA21 0 - 0 Pr o Pr ] Pr

Results are expressed in percentage of embryological success*standard deviation and reached stage (F - ferfilized eggs; E -
disintegrated embryos; M — morula; B - blastula; G - gastrula; Pr- prisma or prepluteus larva; Pl - pluteus larva).

600

S00

400 -

Pluteus larva lenght (um}

200 T T

100

0 T T T T T T T
Control Leancya 3 Leancya3 Leancya7 Leancyva ll Leancya |17 Leancya 20
Pigment  Metholic I Pigment  Methanolic 1T Pigment  Methanolic 11

Cyanobacterial strains fexiracts

Fig. 1.

Pluteus larvae length of sea urchin larvae that developed from embryos incubated in natural fitered seawater (control) and marine
cyanobacterial exiracis (strains LEANCYA 5, 7, 11, 17 and 20). Values represent the meantstandard deviation from three
replicates. Significant difference on larval length respective to the control {p<0.058) were observed for all larvae exposed to the
cyanobacterial extracts.



Fig. 2.
Effects of marine cyanobacterial exiracts on embryogenesis of the sea urchin Parscentrofus fividus. (a) Normal pluteus larvae

resulting from control treatment; (b and c) abnormaily developed embryos resulting from treatments with cyanobacterial extracts.

Toxicity assays with crude and methanolic | extracts displayed an evident toxic effect by completely
inhibiting embryogenesis, with most of the embryos reaching only the morula stage (Table 3). The pigment
and methanolic Il extracts showed inhibition of embryogenesis by almost all cyanobacterial strains,
although the inhibition occurred at higher stages, such as the gastrula stage and the prepluteus larvae stages.
However, for some of the strains, no apparent embryotoxicity was caused by the pigment extract (strains
LEANCYA 5, 7, 17) and methanolic Il extract (strains LEANCYA 5, 11, 20), with embryos developing
into normal pluteus larvae. Nevertheless, statistically significant differences were found in larvae length
when compared to the control (Fig. 1). Differences in length ranged from 33% (LEANCY A 20 methanolic
Il extract) to 85% (LEANCYA 5 pigment extract).

3.4. Embryo-larval acute toxicity assay using the mussel Mytilus galloprovincialis

Normal D-larvae were obtained in the control assay with natural filtrated seawater (Fig. 3a). Nevertheless,
inhibition of the embryonic development was observed (Fig. 3b and c) when fertilized eggs were exposed
to the cyanobacterial extracts, with no obvious toxicity pattern between the Synechocystis and

Synechococcus cyanobacterial strains tested.
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Fig. 3

Effects of marine cyanobacterial extracts on embryogenesis of the mussel Mytilus galloprovincialis. (a) Normal D-larvae resulting

from the control treatment; (b and c) abnomally developed embryos resulting from treatments with cyanobacternial extracts

4. Discussion



The results of the present study revealed the ability of marine Synechocystis and Synechococcus crude and
partially purified extracts to be toxigenic to early life stages of marine invertebrates. To our knowledge,
this is the first study on the toxicity of Synechocystis and Synechococcus strains from marine environments

to marine invertebrates.

According to the results obtained in the assay using A. salina, both Synechocystis and Synechococcus strains
displayed a negative effect on the survival of the nauplii. Crude extracts of half of the tested strains revealed
an evident toxic effect by causing 100% mortality after 24 h of exposure. The strains that caused mortality
at the crude extract caused also mortality at the pigment fraction (Synechocystis sp. strain LEANCYA 21),
at the methanolic fractions (strains LEANCYA 1, 5, 17, 18, 19) or in all fractions (Synechococcus sp. strain
LEANCYA 16). We may therefore infer that chemically different toxic compounds are produced and these
are both of hydrophilic and hydrophobic nature. The highest toxic effects registered for the crude extracts
could be the result of a mixture of different compounds that together may exercise a synergistic toxic effect.
Maximum sensitivity to methanolic extracts was reached after 48 h exposure. This is in accordance with
several studies that found that artemia greatest sensitivity to test compounds is reached at or after 48 h
incubation ( Sdnches-Fortun et al., 1996; Caldwell et al., 2003).

According to the assay using the rotifer B. plicatillis, our results showed that the tested cyanobacterial stains
did not display acute toxicity to this rotifer species. Several authors reported a lower sensitivity of rotifers
to cyanobacterial toxins when compared to other organisms ( Marsalek and Blaha, 2004). Gilbert (1990)
interpreted the low sensitivity of the rotifer to cyanobacterial compounds as a general property of this
taxonomic group since it is also considered a resistant group to toxicants other than cyanobacterial toxins (
Snell and Janssen, 1995). Despite the non-toxic effects or the slight toxic effects registered (LEANCYA
19, crude extract), there is the possibility of these organisms to accumulate toxins and transfer it through
the food web since it is reported that aquatic organisms, namely zooplankton, can accumulate cyanotoxins

and transfer it to higher food chain levels ( Engstrom-Ost et al., 2002; Ferrdo-Filho et al., 2002).

The toxic effect of the different extracts of the cyanobacterial strains was evident for the embryos of the
sea urchin P. lividus and the mussel M. galloprovincialis. In most of the cases, embryogenesis cessed at the
first stages of development which provide a strong evidence for the presence of compounds which interfere
with growth factors on cells. Compounds interfering with growth factors have been previously found in
cyanobacteria ( Poncet, 1999; Da Rocha et al, 2001) and marine algae ( Pesando et al., 1996). Compounds
isolated from marine algae and dinoflagellates were also found to cause toxic effects on cleavage and
embryonic development at the first steps of embryogenesis in sea urchin embryos ( Pesando et al., 1996;
Sellem et al., 2000).

For some strains and extracts, embryogenesis of the sea urchin embryos was not inhibited but the resulting
larvae were significantly smaller than larvae from the control treatment (Fig. 1). In these cases, the

developmental defects were provoked without affecting the embryos development. These effects could be



a result of compounds that are present in low concentrations as it was reported by Sellem et al. (2000),
when they tested the effects of different concentrations of unsaturated fatty acids of a dinoflagellate species
to embryos of the sea urchin P. lividus. There is also the possibly of occurrence of cytogenetic damages, as
it was demonstrated by Hagger et al. (2005) to the mussel Mytilus edulis exposed to tritiated water. These
authors considered that induced damages at lower levels of biological organization could manifest later

during the developmental process.

In spite of the low number of cyanobacterial strains tested for toxicity to M. galloprovincialis embryos,
toxic effects were evident. All cyanobacterial extracts inhibited embryogenesis at the early development
stages of the mussel embryos with no toxicity pattern between strains. From the results, no difference in
sensitivity can be drawn between embryos of the sea urchin and the mussels. This is in accordance with
reports comparing the toxicity of chemicals such as heavy metals and pesticides to the embryogenesis
success of mussels and sea urchins, where no specific toxicity pattern between the two organisms is given
(Hisetal., 1999).

It was an overall finding that cyanobacterial crude extracts caused stronger effects than partially purified
extracts. These results support the production of different toxic compounds with different chemical natures
and with a possible synergistic effect. Several compounds of the crude extract, along with compounds of
the pigment extract, are soluble in water. This hydrophilic nature highlights its potential toxic action by the

fact that they are immediately available in water after cell lyses.

Although the results of the present study are only based in acute toxicity assays, the effects of the
cyanobacteria in marine invertebrates confirm the potential threat that these organisms can pose to the
ecosystems. The production of toxic metabolites could represent an ecological risk for embryos and larvae
of marine organisms that are in contact with cyanobacteria and therefore constitute a threat to the ecosystem
health. The impact of these cyanobacterial strains on marine invertebrates needs however further

investigations to elucidate the potential long-term damage induced by persistent contact with cyanobacteria.
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