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Abstract

Cyanobacteria, also known as blue-green algae, are prokaryotic, phototrophic microorganisms
that may form massive blooms in eutrophic water reservoirs. Some cyanobacterial strains are able to
produce secondary metabolites — cyanotoxins that may be hazardous to aquatic and terrestial
animals. These compunds can be grouped into: hepatotoxins, neurotoxins, cytotoxins dermatotoxins
and irritant toxins. Microcystins are well-known cyclic heptapeptides acting as inhibitors of protein
phosphatases type 1 and 2A. These cyanotoxins induce various adverse effects in freshwater
invertebrates including biochemical, physiological and behavioral changes. Moreover, accumulation
of microcystins in different tissues occurs, therefore transfer of these cyanotoxins through the food
chain to animals being at higher trophic levels may be possible. The purpose of this paper is to review
the knowledge on the effects of microcystins on three main groups of freshwater invertebrates:
zooplankton, higher crustaceans, mollusks and to indicate possible ecotoxicological consequences
of this impact on aquatic environment and invertebrate aquacultures.

DZIALANIE TOKSYN SINICOWYCH, MIKROCYSTYN
NA SLODKOWODNE BEZKREGOWCE

Adam Bownik

Katedra Fizjologii i Ekotoksykologii
Katolicki Uniwersytet Lubelski Jana Pawla II w Lublinie

Stowa kluczowe: sinice, mikrocystyny, malze, §limaki, widtonogi, wioslarki.

Address: Adam Bownik, The John Paul II Catholic University, ul. Konstantynéw 1 “I”, 20-550
Lublin, Poland, phone: +48 (12) 454 54 59, e-mail: adambownik@wp.pl



186 Adam Bownik

Abstrakt

Cyjanobakterie (sinice) sg prokariotycznymi, fototroficznymi mikroorganizmami, ktére w eu-
troficznych zbiornikach wodnych moga masowo proliferowaé, tworzac zakwity. Niektore szczepy
sinic zdolne sg do produkgji cyjanotoksyn, wtornych metabolitow, ktore moga stanowié zagrozenie dla
zwierzat wodnych oraz ladowych. Zwigzki te mozna podzieli¢ na: hepatotoksyny, neurotoksyny,
cytotoksyny, dermatotoksyny oraz toksyny draznigce. Mikrocystyny sg dobrze opisanymi cykli-
cznymi heptapeptydami bedgcymi inhibitorami biatkowych fosfataz typu 1 oraz 2A. Wywotuja
rozmaite szkodliwe efekty u stodkowodnych bezkregowedw, np. zmiany biochemiczne, fizjologiczne
oraz behawioralne. Mikrocystyny dzieki zdolnoSci do akumulacji w réznych tkankach moga ponadto
ulega¢ transferowi do zwierzat bedacych na wyzszych poziomach lancucha troficznego. Celem
artykulu jest przeglad stanu wiedzy na temat oddzialywania mikrocystyn na trzy gléwne grupy
bezkregowceoéw stodkowodnych: zooplanktonu, wyzszych skorupiakéw i mieczakéw oraz wskazanie
jego mozliwych konsekwencji ekotoksykologicznych na §rodowisko wodne i akwakultury
bezkregowcow.

Introduction

Cyanobacteria, (Cyanophyta, Cyanoprocaryota) also known as blue-green
algae are phototrophic, prokaryotic microorganisms frequently found in many
environments, from tropical regions to arctic ice. They play important ecologi-
cal role as oxygen producers, they also have adaptation to fix atmospheric
nitrogen and to tolerate a wide range of temperature (GELOWACKA et al. 2007,
BERMAN-FRANK 2003, WHITTON and PoTTs 2000). Some species of cyanobac-
teria may produce secondary metabolites known as cyanotoxins, which are
very harmful to aquatic and terrestial animals (BLASZCZYK et al. 2010, VALERIO
et al. 2010). Some cyanotoxins (such as cylindrospermopsin) may be constantly
released during cyanobacterial growth, however most of these compounds pass
directly from cyanobacterial cells to surrounding water during the bloom
collapse posing a risk of intoxication to various organisms. Toxic effects of
various cyanotoxins are well documented in mammals: humans, cattle, dogs
and in aquatic organisms such as bacteria, algae, higher plants, invertebrates
and vertebrates such as fish. (CARMICHAEL 1997, GRIFFITHS and SAKER 2003,
BOwWNIK et al. 2012).

Cyanobacterial toxins can be divided on the basis of its toxic action into:
hepatotoxins, neurotoxins, cytotoxins, dermatotoxins and irritant toxins
(lipopolysaccharides) (WIEGAND and PFLUGMACHER 2005). Hepatotoxins pro-
duced by cyanobacteria include heptapeptide microcystins and pentapeptide
nodularin, neurotoxins: anatoxin-a, anatoxin-a(s), homoanatoxin-a,
saxitoxins- also known as paralytic shellfish poisons (PSPs). A variety of
cytotoxic effects in many organs are induced by cyanobacterial alkaloid
cytotoxin — cylindrospermopsin. Irritant cyanotoxins are lipopolysaccharides
which are constituents of cyanobaterial cell wall (SIVONEN 2009).
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Microcystins are produced by cyanobacterial genera such as Microcystis,
Anabaena, Planktothrix (Oscillatoria), Anabaenopsis, Nostoc, Hapalosiphon,
Aphanizomenon (CARMICHAEL 1992, KAEBERNICK and NEILAN 2001, WIEGAND
and PFLUGMACHER 2005) common in many types of freshwater environments
such as dam reservoirs, lakes and ponds. These well-known cyanotoxins are
cyclic heptapeptides consisting of seven amino acids including two characteris-
tic amino acids: methyldehydroalanine (Mdha) and 3-amino-9methoxy-2,6,8-
-trimethyl-10-phenyldeca-4,6-dienoic acid (Adda). Currently, more than 85 of
their structural variants have been described and microcystin-LR (MC-LR) is
one of the most frequently detected in freshwater reservoirs (SIVONEN 2009)
(Figure 1). Results from the studies performed on vertebrates indicate that
MC-LR targets the liver causing fatal cytoskeletal disruption of hepatocytes
induced by specific inhibition of protein phosphatases type 1 (PP1) and 2A
(PP2A) (TorvoLA et al. 1994).
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Fig. 1. Structure of microcystin-LR

Effects of microcystins on zooplankton

Zooplanktonic organisms feed on microorganisms such as phytoplankton
and bacteria, on the other hand, they are a food source for other predatory
species, particularly for fish fry. Scientific data indicate that some cyanobac-
terial species producing microcystins interact with some zooplanktonic species
but the responses are different among closely related species and even individ-
uals (BLANCHTTE and HANEY 2002). Toxic strains of Microcystis aeruginosa
may increase the production of cyclic heptapeptides in the presence of certain
zooplanktonic organisms or their infochemicals (JANG et al. 2008). This type of
defensive reaction of phytoplankton usually leads to reduction of grazing
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activity of zooplankton. However, there are reports indicating no inhibitory
influence on grazing particularly in wild mesoplankton consuming toxic and
non-toxic strains of Microcystis aeruginosa at similar rates (DAVIS and GOBLER
2011). Consumption of toxic cyanobacterial cells or direct absorbtion of
cyanotoxins dissolved in water may induce a variety of toxic changes in
susceptible zooplanktonic invertebrates. ROHRLACK et al. (2001, 2005) demon-
strated lethal effects in Daphnia galeata exposed to cell-bound microcystins.
On the other hand, there are reports indicating low impact of microcystins on
survival of zooplanktonic species, but showing physiological changes such as
disturbances in the heartbeat and the movements of the thoracic limbs,
mandibles, second antennae, decreased activity of the foregut, histopathologi-
cal changes in the midgut and stimulation of its muscles (CHEN et al. 2005).

Microcystin-producing strains of cyanobacteria may induce changes in
growth and development of some zooplanktonic species. The growth rate of
Daphnia magna is reduced after comsumption of Microcystis aeruginosa
producing microcystins (LURLING 2003). Survival of the offsprings is lower
when their parents are previously intoxicated with MC-LR. Deformations of
the neonates such as incomplete development of the antennae and unrejected
tail spin also occur (DAO et al. 2010).

Microcystins induce biochemical changes in zooplanktonic organisms and
their mechanism of toxic action seems to be similar to those in mammals. The
activity of protein phosphatases P1 and P2A from the extracts of invertebrates
Daphnia pulex, Daphnia pulicaria and Diaptomus birgei are inhibited by
MC-LR (DEMOTT and DHAWALLE 1995). The cyanotoxins are metabolized by
zooplanktonic enzymes which is manifested by stimulation of lactate dehyd-
rogenase and alterations in the levels of glutahione and glutathione-S-transfer-
ases in Daphnia magna. The changes of acetylcholinesterase activity in
Daphnia pulicaria may suggest disturbances in neuronal stimulation in
daphnids. Microcystins also inhibit the activity of gut proteases, trypsin and
chymotrypsin in Moina macrocopa and Daphnia magna and this may explain
their lower feeding activity during cyanobacterial blooms (AGRAWAL et al. 2001,
2005, CHEN et al. 2005).

Although cyanobacteria producing microcystins turned out to be harmful
to certain zooplanktonic species, cladocerans developed some mechanims to
reduce their toxicity (GUo and XIE 2006, BEDNARSKA 2006). Zooplanktonic
organims that are frequently exposed to microcystins seem to be less sensitive
in comparison to those crustaceans which had not earlier contact with the
cyanotoxins. It was shown that Daphnia magna previously exposed to toxic
strain of Microcystis sp. are more resistant to microcystins than the individuals
without prior treatment, which is manifested by their increased survial and
larger size (GUSTAFSSON and HANSON 2004).
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There are some species-dependent differences in tolerance of zooplankton
to microcystins. Toxicological comparative studies indicated that Daphnia
galeata is more sensitive to MC-LR than Daphnia magna. Moreover, pretreat-
ment of these daphnids with purified cyanobacterial lipopolysaccharide (LPS)
from Microcystis CYA 43 increased their resistance to MC-LR (LINDSAY et al.
2006). It was also shown that smaller cladocerans are usually more tolerant
than large-sized Daphnia in a simultaneous exposure to microcystin-positive
strains of Microcystis aeruginosa and this could explain the replacement of
dominant Daphnia by smaller species during summer cyanobacterial blooms
(Guo and XIE 2006). Morover, laboratory experiments have shown that blooms
of toxic Microcystis aeruginosa reduce the numer of large-bodied daphnid
cladocerans, such as Daphnia ambigua and increase the quantity of smaller
copepods such as Diaptomus reighardi (FULTON and PAERL 1988). Susceptibility
of zooplanktonic organisms to microcystins may also depend on the structural
variant and activity of other toxic substances such as microviridins
or cyanopeptolins (JUNGMAN and BENNDORF 1994).

Zooplanktonic species possess some adaptations and mechanisms enabling
them to reduce the toxic effects of cyanotoxins, however the ability to tolerate
toxic cyanobacteria is varied between species. Zooplankton sensitivity to
microcystins is different even in closely related species of Daphnia that reside
in water reservoirs of various trophic profile. The individuals from eutrophic
lakes where frequent blooms of toxic strains of cyanobacteria occur may
develop mechanisms of resistance which are not present in those organisms
from oligotrophic reservoirs (BLANCHETTE and HANEY 2002). Some daphnids
are able to select their food and may avoid toxic cyanobacteria. The non-toxic
strains were observed to be faster consumed by Daphnia magna than the
microcystin-positive species (DEGANS and DE MEESTER 2002). On the other
hand, Daphnia pulicaria was shown to feed unselectively on toxic strains of
Microcsytis aeruginosa. Physiological sensitivity in addition to a lack of food
selectivity make these crustaceans very sensitive to microcystin-producing
cyanobacteria (DEMOTT et al. 1991).

Grazing activity and food selectivity of those animals may affect the
amount of the ingested cell-bound microcystins and, in a consequence, their
toxic impact. For example, it was noted that a crustacean, Diaptomus birgeri
which is physiologically sensitive to microcystins, inhibits feeding in the
presence of toxic Microcystis aeruginosa. Reduced grazing activity observed
in Daphnia magna during the exposure to Microcystis aeruginosa may be
a type of defensive reaction leading to inhibition of ingestion of cyanobac-
terial cells containing microcystin (LOTOCKA 2001) This effect is possibly
induced by reduction of trypsin and chymotrypsin in the gut (AGRAWAL et al.
2005). On the other hand, in some zooplanktonic species such as Daphnia
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pulicaria, the ingestion rate was not diminished during the exposure
to microcystin. As a consequence, these crustaceans may absorb high
concentrations of microcystins in addition to their physiological sensitivity
(DEMOTT et al. 1991).

Effects of microcystins on decapods and mollusks

Most of freshwater decapods (Decapoda) are scavengers and they are vital
organisms in maintaining the recycle of organic matter. These animals are
senstitive to microcystin-producing strains of cyanobacteria and they may be
exposed to microcystins dissolved in water, when grazing on cyanobacterial
cells suspended in water or when consuming the detritus containing the
decaying material from the bloom with absorbed cyanotoxins. However, they
may exhibit symptoms of oxidative stress after the exposure to cyanobacterial
cyclic heptapeptides. Production of oxidative stress enzymes was noted in the
internal organs such as hepatopancreas and gills of the estuarine crab Chas-
magnathus granulatus (Decapoda Brachyura). Cyanobacterial extracts con-
taining microcystins increased consumption of oxygen, catalase activity,
glutathione S transferase and lipid peroxides Microcystins may also induce
other toxic effects such as disturbance of the sodium pomp functioning by the
reduction of Na* and K* ATP-ase activity leading to disorders in the metab-
olism of various cells. (MONTAGNOLLI et al. 2004, PINHO et al. 2005a, 2005b).
Decapods are able to metabolize microcystins. The elevated glutathione
S-transferase level found in crabs indicated the biotransformation of these
heptapeptides (VINAGRE et al. 2002).

Bivalves and gastropods are mollusks including a huge number of species
abundant in freshwater environments. Bivalves play important ecological role
as filter feeders consuming small organisms and organic particles suspended in
water. These organisms may absorb cyanotoxins both in a dissolved form and
from ingested cyanobacterial cells. The ability to expell living toxic cyanobac-
teria into pseudofeces and very efficient depuration of tissues from microcys-
tins are distinct physiological processes enabling these mollusks to tolerate
cyanobacterial blooms harmful to other organisms. However, these adapta-
tions are varied among the species.

Although bivalves are resistant to microcystins and do not develop symp-
toms of acute toxicity, they may show some biochemical changes after a pro-
longed time of exposure to low concentrations of the heptapeptides. Similarly
to decapods, bivalves exposed subchronically to toxic Microcystis aeruginosa
are prone to oxidative stress by the incereased activity of superoxide dismutase
by 50%, catalase by 66% and glutathione-S-transferase by 60% (SABATINI et al.
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2011). A zebra mussel, Dreissena polymorpha exposed to MC-LR (10 pg/L) for
24 hours exhibited elevated level of glutathione S-transferase in the whole
tissue, digestive gland and gills. The activity of antioxidant enzymes, catalase
and superoxide dismutase was also increased. However, oxidative stress
induced by microcystins is not observed in all bivalves. A mussel, Unio tumidus
exposed to MC-LR at a concentration of 10 pug/L showed unchanged activity of
superoxide dismutase and glutathione S-transferase in the digestive gland and
gills (BURMESTER et al. 2012).

Toxic strains of Microcystis aeruginosa were noted to induce cytotoxic
effects in a freshwater clam, Corbicula fluminea. Changes in the expression
of proteins involved in the cytoskeleton assembly of cytosolic fraction of gills
and digestive tract were noted. (MARTINS et al. 2009). The disruptive effects
of microcystins on the cytoskeleton is associated with the inhibitory action
of microcystins on protein phosphatases PP1 and P2A

Freshwater gastropods are scavengers and detritus feeders that can assimi-
late cyanotoxins dissolved in water or they may be intoxicated by consumption
of organic matter from the sediments containing these compounds. Another
route of intoxication could be grazing on benthic cyanobacteria producing
cyanotoxins. The scientific data on the effects of microcystins on gastropods is
very scarce. Some results are associated with the accumulation of cyanotoxins
other than microcystins in various freshwater snail species. Cyanobacteria
producing microcystins induce toxic changes in gastropods found in the
pulmonate Lymnea stagnalis exposed to the purified MC-LR. The animals
exibited reduced egg production and impaired locomotion (GERARD et al.
2005).

Accumulation of microcystins in the invertebrates

The results of field and experimental studies suggest that various aquatic
animal species tend to accumulate cyanotoxins in the target organs. The
increasing concentrations of microcystins observed in the foodchain may be
hazardous to predatory species absorbing the heptapeptides with the con-
sumed food.

It is suggested that some invertebrate species may deposit microcystins in
their bodies. Microcystins may be accumulated in zooplanktonic organisms
that do not feed selectively and may ingest high amounts of toxic cyanobac-
terial cells. It is estimated that among invertebrates, zooplanktonic crusta-
ceans possess the highest ability to accumulate microcystins reaching the
highest values over 1000 ug g ! of DW (Dry Weight) and the avarage values of
about 383 ug g! of DW (FERRAO-FILHO and KOZLOWSKY-SUZUKI 2011). It was
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shown by ELISA (Enzyme Linked Immunosrobent Assay) assay that Daphnia
magna accumulated microcystins up to 24.5 pg g! after the exposure
to the toxic cells of Microcystis aeruginosa CYA228/1 (THORSTRUP and CHRIS-
TOFFERSEN 1999). Microcystins assimilated in zooplankton may be then trans-
ferred to predators being at the higher trophic levels such as fish.

Higher crustaceans such as crayfish and freshwater shrimps accumulate
microcystins in various organs, mostly in the hepatopancreas and gonads.
Mortalities of white shrimps noted in Texas aquaulture ponds with blooms
dominated by Microcystis aeruginosa and Anabaena sp. were associated with
assimilation of MC-LR in their tissues. The cyanotoxin was detected in the
hepatopancreas at 55 ug g}, however the toxin concentration in muscles was
estimated to be below 0,1 pug g!. Other crustacean species seem to have
a different profile of microcystin distribution. An edible red swamp shrimp
(Procambarus clarkii) turned out to assimilate the cyanotoxins in the intestine
and abdominal muscle (TRICARICO et al. 2008, LIRAS et al. 1998) and crabs from
Brasilian Sepetiba Bay in the muscle tissue (MAGALHAES et al. 2003).

Bivalves ingest microcystins by filtering the water abundant in toxin-
positive cyanobacteria. Results obtained by BAKER et al. (1998) suggested that
Microcystis cells are selectively consumed by the zebra mussel and filtered out
of the water. However, other authors showed that bivalves can reject living
toxic Microcystis cells with unsuitable food by transporting them to pseudeofe-
ces, a characteristic fluid consisting of mucus and the expelled particles (PIRES
et al. 2004, JUHEL et al. 2006). Interestingly, a zebra mussel, Dreissena
polymorpha is even suspected to be responsible for toxic blooms of Microcystis
aeruginosa in Lake Erie by expeling pseudofeces containing living cyanobac-
terial cells (VANDREPLOEG et al. 2001).

Microcystins may be also a hazard to humans in case of their accumulation
the edible invertebrates and further comsumption of the contaminated ani-
mals. High concentrations of microcystins was noted in an estuarine blue crab
(Callinectes sapidus) living in a hyper-eutrophic freshwater lake, Lac des
Allemands, located in the Barataria estuary system of southeastern Louisiana.
The highest tissue concentrations of the cyanotoxins were detected in the
hepatopancreas (820 ug kg™?), viscera (65 ug kg™), muscle (105 pg kg™*) (GARCIA
et al. 2010). The amount of the assimilated cyanotoxins during counsumption
of these animals would be more than the TDI guideline value 0.04 ug kg-'/day
for MC-LR proposed by World Health Organization (WHO) assumed for
human body weight (WHO 1999). The most prone organs to microcystins
accumulation in invertebrates are hepatopancreas and gonads. If the edible
invertebrates are caught for culinary use and are suspected to have previous
contact with cyanobacterial blooms, the internal organs should be removed
before cooking for health safety.



Effects of Cyanobacterial Toxins... 193

In summary, freshwater invertebrates should be considered as organisms
sensitive to microcystins. Cyanotoxins released during and after cyanobac-
terial blooms to the aquatic environment may reduce population of invert-
ebrates not only by acute intoxication but also by chronic exposure leading to
physiological, biochemical and behavioral changes inducing disturbances in
grazing and reproduction. Moreover, the accumulated microcystins observed
in invertebrates may be transferred to higher throphic levels in the food web of
the aquatic ecosystem (SMITH and HANEY 2006). Higher crustaceans, bivalves
and gastropods are also essential for human consumption in some countries.
The knowledge on toxic effects and accumulation of microcystins in different
organs of invertebrate organisms is very important for human health. Proper
periods of animal depuration from microcystins established prior to their
culinary use would reduce the risk of microcystin retention in the edible
invertebrates (CHEN and XIE 2007). Therefore, constant monitoring of cy-
anobacteria such as Microcystis aeruginosa in ponds and aquacultures where
these animals are kept for consumption should be maintained.
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