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ABSTRACT

Microcystins (MCs), the main group of cyanotoxins, can induce oxidative stress in the cells of aquatic animals. This study evaluated

the sensitivity of daphniids – from two ecosystems characterised by different trophic states and habitat levels of cyanobacteria abundance

– to microcystin toxicity by analysing oxidative stress parameters and MC detoxification ability. As a study site, we chose the eutrophic

Sulejow reservoir, which has regular annual toxic cyanobacterial blooms, and the mesotrophic lake Białe, where low abundances of

cyanobacteria have only recently appeared. We found much higher accumulations of MCs in tissues of Daphnia spp. in lake Białe,

despite low toxin concentrations in this ecosystem compared with the Sulejow reservoir. Simultaneously, high levels of lipid peroxidation

(LPO) and a significant decrease in glutathione (GSH) were observed in daphniid cells in lake Białe, while LPO levels were generally

lower and GSH concentration more stable in the Sulejow reservoir. Catalase activity, which reflects more efficient oxidative protection,

was always significantly higher in the reservoir than in lake Białe. These results demonstrate that generations of daphniids from the

Sulejow reservoir had more effective antioxidant systems protecting them against the accumulation of cyanobacterial toxins; thereby,

they are less susceptible to toxic effects than the daphniids from lake Białe. However, the presence of conjugate forms of microcystins

(MC-GSH and MC-Cys) in tissues of the studied animals indicated the ability for MC detoxification by daphniids from the Sulejow

reservoir and lake Białe. Nevertheless, the high effectiveness of antioxidant systems in daphniids coexisting with cyanobacteria for a

long time in the Sulejow reservoir indicates the importance of a selective pressure exerted by toxic cyanobacterial strains that favours

the most resistant daphniid genotypes.
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INTRODUCTION

Many aquatic ecosystems in Europe, particularly shal-
low lakes, are characterised by high levels of nutrients due
to anthropogenic influences, resulting in intense
cyanobacterial blooms. Many cyanobacterial species/
strains are able to produce a wide range of secondary
metabolites that are toxic to both animals and plants (Wie-
gand and Pflugmacher, 2005). One of the most well-
known groups of cyanobacterial toxins are microcystins
(MCs) – a group of over 60 variants of cyclic heptapeptide
hepatotoxins produced by genera such as Microcystis,
Nostoc, Planktothrix (Oscillatoria), Anabaena and An-

abaenopsis (Martins and Vasconcelos 2009). The toxic
mechanism of MCs is via the specific inhibition of protein
phosphatases (PP), types 1 and 2A, and the generation of
oxidative stress, which manifests an increase of lipid per-
oxidation in animal cells (Goldberg et al., 1995; Bouaïcha
and Maatouk, 2004; Wiegand and Pflugmacher, 2005;
Amado and Monserrat, 2010). Consequently, cyanobac-
teria can decrease the population growth, fecundity and

survival of aquatic organisms (Smith et al., 2008; Gérard
et al., 2009; Martins and Vasconcelos, 2009). Many stud-
ies have shown that herbivorous zooplankton species,
such as Daphnia, which cannot select and reject inedible
algal cells during filtration, are particularly subject to the
negative impacts of toxic cyanobacterial strains (e.g. Stan-
genberg, 1968; Lampert, 1981; Nizan et al., 1986; Fulton
and Paerl, 1987; DeMott, 1999; Lürling, 2003). Indeed,
the non-selective grazing of Daphnia contributes to the
accumulation of cyanobacterial toxins in their tissues. For
example, Thorstrup and Christoffersen (1999) showed ex-
perimentally that Daphnia magna was able to accumulate
up to 24.5 μg MC g–1 dry mass, and Oberhaus et al. (2007)
observed even up to 1090 μg MC g–1 dry mass in D. puli-

caria individuals consuming small filaments of Plank-

tothrix. In addition to their toxicity, cyanobacterial
filaments and colonies are difficult for grazers to ingest
due to their large size (e.g. De Bernardi and Giussani,
1990). Furthermore, the absence of sterols and polyunsat-
urated fatty acids (Martin-Creuzburg et al., 2008) and the
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production of protease inhibitors (Schwarzenberger et al.,
2010) render cyanobacteria a poor-quality food for zoo-
plankton. However, although the relative importance of
these factors remains poorly recognised, the meta-analysis
of laboratory growth experiments has indicated large vari-
ations in species-specific responses of zooplankton to the
toxicity, morphological properties and nutritional defi-
ciencies of cyanobacteria (Wilson et al., 2006; Tillmanns
et al., 2008). In ecological studies, the body length of the
zooplankton species is one of the most widespread criteria
explaining the differences in the species responses to
cyanobacteria. Small-sized cladocerans (Ceriodaphnia

spp. or small species of Daphnia) appear to be less af-
fected by a diet of cyanobacteria than large-sized species,
so that they are stronger competitors than large species
when both groups are exposed to cyanobacterial colonies
or filaments (Lampert, 1982; Gliwicz and Lampert, 1990;
Guo and Xie, 2006). Nonetheless, various adaptations of
herbivore cladocerans to cyanobacteria defences, irrespec-
tive of their body length, species or even among different
clones of the same species, have been documented in the
literature (e.g. DeMott et al., 1991; Repka, 1998). As
daphniids regularly coexist with cyanobacteria, they have
evolved some behavioural and physiological mechanisms
to reduce their exposure to the toxins. For example, daph-
niids actively avoid cyanobacterial species by migrating
(Burns et al., 1989), by reducing the size of the feeding
gap in the carapax shell or their filtration rate during algal
blooms (Gliwicz and Siedlar, 1980). Nevertheless, the
evolution of the phenotypic plasticity of daphniids, which
may increase their resistance to toxic cyanobacteria in nat-
ural habitats, has only been documented a few times
(Hairston et al., 1999, 2001; Sarnelle and Wilson, 2005).
Less is also known about the ability of microcystin assim-
ilation or detoxification by the conjugation to glutathione
in the tissues of Daphnia spp. Moreover, such studies are
mainly performed under laboratory conditions using un-
naturally high concentrations of purified microcystins or
cultured cyanobacteria. Consequently, the results gener-
ally do not reflect the antioxidant defences or toxicity re-
sponses of daphniids coexisting with cyanobacteria in the
natural environment. 

In our study, we chose two ecosystems characterised
by different trophic states and different habitat levels of
cyanobacterial abundance: the eutrophic Sulejow reser-
voir, which experiences annual toxic cyanobacterial
blooms, and the mesotrophic lake Białe in which low con-
centrations of cyanobacteria have appeared only recently.
We hypothesised that the daphniids from the reservoir,
which have coexisted with toxic cyanobacteria for over
30 years, could have developed specific adaptations pro-
tecting them against the cyanobacterial toxins during
blooms. In contrast, we assumed that the daphniids from
lake Białe would be more sensitive to microcystins due

to a lack of previous selective pressures for developing
resistance to cyanobacterial toxicity. Thus, the aim of this
study was to evaluate the sensitivity of the daphniids from
these two ecosystems to microcystin toxicity under natu-
ral conditions by analysing oxidative stress parameters
and the ability of MCs detoxification.

METHODS

Sulejow reservoir is a 38-year-old, lowland dam reser-
voir situated on km 138.9 of the Pilica river (the Vistula
river catchment) in Central Poland (51°22’-51°28’ N and
19°51’-20°01’ E) (Fig. 1). Its maximum length is 15.5 km,
and its maximum width is 2.1 km. At its maximum capac-
ity (75×106 m3), the reservoir covers 1980 ha, with a mean
depth of 3.3 m and a maximum depth of 11 m. The mean
water retention time in the reservoir is 30 days (Wagner
et al., 2009). The reservoir subcatchment is mainly cov-
ered by agricultural land (50% arable land, 13% meadows
and pastures, 1% orchards) and forests (31%). The length
of the shoreline is approximately 54 km. The Sulejow
reservoir is a eutrophic ecosystem: the mean total phos-
phorus concentration during the years 1997-2006 was ap-
proximately 0.137 mg dm–3, ranging from 0.013 to 1.053
mg dm–3 (Wagner et al., 2009). The dominant species of
bloom-forming cyanobacteria is Microcystis aeruginosa

(Kutzing), which produces microcystin-LR, -YR and -RR
(Tarczyńska et al., 2001; Jurczak et al., 2005). During the
period 1996-2006, the average annual cyanobacterial bio-
mass varied between 1.8 mg dm–3 and 13.4 mg dm–3, with
a maximum value of 180 mg dm–3 in 1999 in the pelagic
zone of the reservoir (Wagner et al., 2009). The adult fish
stock was mostly composed of roach (Rutilus rutilus L.),
common bream (Abramis brama L.), white bream (Blicca

bjoerkna L.), pikeperch (Stizostedion lucioperca L.),
perch (Perca fluviatilis L.), bleak (Alburnus alburnus L.)
and asp (Aspius aspius L.), while perch and roach domi-
nate the juvenile fish community.

Lake Białe is situated in Płock basin on Gostynin lake-
land (52°29’32’’ N and 19°30’49’’ E) (Fig. 1). It is a post-
glacial ribbon lake that covers 150 ha with a capacity of
14,885 m3. The length of lake Białe is 3 km, and its width
is 0.8 km. The mean depth of this lake is 9.9 m, and the
maximum depth is 31 m (Choiński, 2006). During sum-
mer, thermal and aerobic stratification is observed. The
lake’s subcatchment is mainly covered by meadows, and
there are virtually no forests. Lake Białe is characterised
by good water quality (mesotrophic): the total phosphorus
concentration during the years 2007-2009 ranged from
0.012 to 0.330 mg dm–3 (Provincial Inspectorate for En-
vironmental Protection, 2010). The presence of cyanobac-
teria in lake Białe was not detected until 2010 (Provincial
Inspectorate for Environmental Protection, 2010). The
fish stock was mostly composed of common bream
(Abramis brama L.), roach (Rutilus rutilus L.), perch
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(Perca fluviatilis L.), pike (Esox lucius L.) and eel (An-

quila anquila L.). 
In 2010, the fieldwork was conducted three times: be-

fore, during, and after cyanobacterial (beginning of June,
August and October, respectively). The terms were estab-
lished according to the results of the scientific monitoring
of Sulejow reservoir, which was performed weekly from
April to October by the Department of Applied Ecology
University of Lodz, and that of lake Biale, which was per-
formed eight times per year through the National Moni-
toring of the Environment by the Provincial Inspectorate
for Environmental Protection in Warsaw (Provincial In-
spectorate for Environmental Protection, 2010). However,
in 2011, we increased the frequency of the sampling to
four times due to high intensity of cyanobacterial blooms
in Sulejow reservoir. Thus, in 2010, the sampling was
conducted on 1st June, 17th August and 6th October in Sule-
jow reservoir and on 2nd June, 19th August and 13th Octo-
ber in lake Białe. In 2011, the sampling was performed
on 3rd June, 12th July, 26th August and 16th September in
Sulejow reservoir and on June 7th, July 13th, August 24th

and September 14th in lake Białe.

Physical and chemical water analyses

Water temperature (°C), total dissolved oxygen (TDO,
mg L–1), pH and conductivity (mS cm–1) were measured be-
tween 10:00 and 11:30 am in both study sites using YSI
Professional Plus multisensors (YSI Inc., Yellow Springs,
OH, USA). These parameters were measured along the es-
tablished transects in the off-shore part of Sulejow reservoir
and lake Białe (Fig. 1) at 0.5-1.0 m depth. Water for the
chemical analyses (1 L of non-filtered water) was collected
from the same transect locations and depths in both ecosys-
tems. In a laboratory, the ions of phosphate, nitrate and am-
monium were analysed on a Dionex-1000, which consists
of two ion chromatography (ICs), separated for anions and
cations. Each IC (ICS-1000; Dionex Corporation, Waltham,
MA, USA) consists of a pump, eluent, guard columns
(CG18 for cations and AG18 for anions), analytical
columns (IonPac CS18 for cations, IonPac AS18 for an-
ions) and an electrolytic suppressor (CSRS-ULTRA II
cation electrolytic suppressor and ASRS-ULTRA II anion
electrolytic suppressor) to stabilise the baseline. The ions
were analysed by using 16-mM methanesulphonic acid
(Fluka, St. Gallen, Switzerland) for the cation analysis and

Fig. 1. Study areas: lake Białe and the Sulejow reservoir, with the sites of all parameters sampling. 
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a mixture of 4.5-mM sodium carbonate and 1.4-mM
sodium bicarbonate for the anion system prepared from the
AS22 Eluent Concentrate (Dionex Corporation). Both ICs
were operated under isocratic elution conditions at 30ºC
and a flow rate of 1 mL/min. The cation measurements
were performed using a 25 µL injection loop, while the
anion ones were performed using a 450 µL injection loop.
Combined standards were used for ion identification
(Seven Anion Standard II, Six Cation Standard; Dionex
Corporation). 

Total phosphorus (TP) was measured using the ascor-
bic acid method according to Golterman et al. (1978).
Total nitrogen (TN) was analysed using the persulphate
digestion method (method no. 10071; Hach, 1997). 

Plankton collection, preparation and identification

Zooplankton samples were collected from a 0.5-m
depth using a 64-mm mesh on the same transects where
physical and chemical parameters were measured, both in
Sulejow reservoir and in lake Białe (Fig. 1). A net with a
0.25 m diameter was dragged by a boat for 10 min with a
speed of 0.5 m s–1

, which resulted in sieving approxi-
mately 15,000 L of water. During the most intensive
cyanobacterial blooms in Sulejow reservoir (on August
17th 2010 and July 12th 2011), zooplankton was collected
using a 5-L sampler (with many repetitions) at a 4-m
depth due to the high concentration of Microcystis aerug-

inosa in the surface water layer. In the laboratory, samples
were put into the 2-L glass separator and washed by water
many times to separate zooplankton from phytoplankton.
Individuals of Daphnia spp. were then selected under a
Nikon 102 microscope (magnification of 40-60×) with a
pipette and placed into a vessel with distilled water. Sub-
sequently, Daphnia spp. individuals were gravitationally
filtrated (without using a pump) on Whatman GF/C filter
paper (Whatman, Maidstone, UK). The animals were gen-
tly removed from the filters with a needle and separated
into nine Eppendorf test tubes (approximately 500-600
daphniids per each tube) (Eppendorf AG, Hamburg, Ger-
many). The test tubes were frozen at -70°C before the
chemical analyses.

To identify the zooplankton species (qualitative analy-
ses), 35 L–1 of water was filtered using a 64-µm mesh net,
and the samples were concentrated to 10 mL and pre-
served in a 4% Lugol’s solution. Zooplankton taxa were
distinguished under a Nikon 115 microscope (magnifica-
tion of 100-200×) (Nikon Corp. Shinjuku, Japan). The
Daphnia species collected were morphologically identi-
fied following Benzie (2005).

Phytoplankton species composition (qualitative analy-
ses) was examined in 10 L–1 water samples taken on each
sampling occasion. The water samples for phytoplankton
estimation were preserved in a Lugol’s solution and sed-
imented in the laboratory. Algae were counted using a

Fusch-Rosenthal counting cell. At least 400 cells or fila-
ments were counted to reduce the error to less than 10%
(P=0.05). The collected material was morphologically
analysed according to Starmach (1966), Komarek (1991),
Komarek and Anagnostidis (1999) and Krammer and
Lange-Bertalot (1986, 1988, 1991a, 1991b).

Chlorophyll a concentration 

The concentration of chlorophyll a (mg L–1) was meas-
ured immediately after sampling in a 1-L integrated water
sample using a bbe Algae Online Analyser (AOA) (Version
1.5 E1, AOA, bbe-Moldaenke, Kiel, Germany), and the
chlorophyll a was then classified into the four main groups
of algae (green algae, cyanobacteria, diatoms and crypto-
phytes). The measurement principle of the bbe AOA is
based on the determination of the fluorescence spectrum
and the fluorescence kinetics of the algae. Each type of alga
has a characteristic fluorescence that is reflected by the
colour and brightness of the excitation light. To differentiate
between the different classes of algae, a spectrum of the
mixture was recorded, and a statistical arithmetic procedure
was used to determine the different algae classes within the
sample. This method is recognised as a reliable on-line
analysis for chlorophyll a measurements (Cagnard et al.,
2006) and a useful tool for monitoring the phytoplankton
community composition, especially as an early warning
system for the detection of harmful algal blooms (Richard-
son et al., 2010). The AOA fluorometer was tested as an
early warning method for cyanobacterial blooms in Sule-
jow reservoir. The results of these studies demonstrated a
significant positive correlation (r=0.68, n=46, P<0.05) be-
tween cyanobacterial biovolume, as determined by cell
counts, and cyanobacterial chlorophyll a, as measured by
the AOA (Izydorczyk et al., 2009).

Microcystin concentrations – sample preparation and

analyses

Samples of water containing cyanobacteria were
stored in dark glass bottles and transported to the labora-
tory for analyses immediately after sampling. We used 1-
L samples of water from both ecosystems and an
additional 1-L integrated samples from 15,000 L of water
from lake Białe due to extremely low concentrations of
cyanobacteria in this lake.

The microcystins were analysed in two fractions: dis-
solved in water (extracellular) and a cell-bound form in
suspended matter (intracellular). For the analysis of mi-
crocystins in suspended matter, the water samples were
filtered on Whatman GF/C filter paper (Whatman) and
dried to estimate the dry biomass of cyanobacteria. The
filters were then stored at -20ºC until required. Micro-
cystins in the suspended material were extracted in 75%
aqueous methanol. The samples were sonicated for 30 s
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in a Misonix ultrasonicator (Misonix Inc., Farmingdale,
NY, USA) equipped with an ultrasonic probe (100 W, 19
mm diameter with spike) and a liquid processor XL. The
extracts were then centrifuged twice at 11,000¥g for 10
min at 4°C in an Eppendorf 5804 centrifuge (Eppendorf
AG). The supernatants were collected and evaporated in
a SC110A Speedvac® Plus (ThermoSavant, Holbrook,
NY, USA). Before the high performance liquid chro-
matography (HPLC) analysis, the samples were redis-
solved in 1 mL of 75% aqueous methanol and filtered
through a Gelman GHP Acrodisc 13-mm syringe filter
with a 0.45-mm GHP membrane and a minispike outlet
(Pall-Gelman Corp., East Hills, NY, USA).

For dissolved microcystins, 1-L samples of filtered
water were concentrated in Baker C18 solid phase extrac-
tion (SPE) cartridges (sorbent mass: 500 mg) (J.T. Baker,
Deventer, The Netherlands). The microcystins were eluted
from the C18 cartridges with 3 mL of 90% aqueous
methanol containing 0.1% trifluoroacetic acid (TFA). The
eluates were then evaporated to dryness, and the samples
were redissolved in 1 mL of 75% aqueous methanol be-
fore HPLC analysis. 

The samples were analysed using an Agilent 1100 series
(Agilent Technologies, Waldbronn, Germany) HPLC com-
prising a quaternary pump, an autosampler, a thermostated
column compartment and a diode-array detector. Chro-
matographic separation was achieved on a Merck
Purospher Star RP-18e column (55¥4 mm; 3 mm) with a
C18 guard column (4¥4 mm). A determination of micro-
cystins by HPLC-diode-array detection (HPLC-DAD) was
performed using a gradient mobile phase of H2O+0.05%
TFA (eluent A) and acetonitrile (ACN)+0.05% TFA (eluent
B) and diode-array detection at 200-300 nm. The linear gra-
dient conditions were as follows: 25% B at 0.0 min, 70%
B at 5.0 min, 70% B at 6.0 min and 25% B at 6.1 min. The
sample volume was 20 mL, the flow rate was 1 mL min–1

and the column temperature 40°C. The microcystins in the
cyanobacterial extracts were identified using the micro-
cystin standards MC-LR, MC-RR and MC-YR with their
characteristic absorption spectra and retention times. Mi-
crocystins MC-LR, MC-RR and MC-YR are the main mi-
crocystins detected in Polish freshwaters (Jurczak et al.,
2004). Three microcystin standards from seven commer-
cially available products from Calbiochem (Calbiochem,
La Jolla, CA, USA) were used.

Determination of microcystin concentrations in tissues

of daphniids

Daphnia spp. soft tissues were placed at 20% w/v in
75% aqueous methanol and homogenised on an ice bath
at 2000 rpm for 2 min. The suspension was centrifuged at
13,000×g for 10 min (4°C). The precipitates were washed
with 75% aqueous methanol, sonicated for 15 s and cen-
trifuged again at 13,000×g for 10 min (4°C). This step was

repeated twice, and after each centrifugation, the super-
natants were collected and the whole volume was used for
a further estimation of microcystin concentrations. The
samples were then sonicated for 30 s, centrifuged and
evaporated to dryness. The samples were then reconsti-
tuted in 75% aqueous methanol and analysed by HPLC
according to the method described above. Using the ap-
plied method, the microcystin recovery rate from daphni-
ids is estimated to be 96% (Ibelings et al., 2005). 

Determination of thiobarbituric reactive substances

Daphnia spp. individuals (wet mass 0.06-0.16 g) were
placed at a 10% w/v ratio in a 100-mM sodium phosphate
buffer, pH 7.4, with 100 mM KCl and 1 mM ethylenedi-
aminetetraacetic acid (EDTA) on ice.

Homogenisation was performed on ice at 2000 rpm
for 2 min, and the homogenates were then centrifuged at
10,000×g for 10 min (4°C). The supernatants were imme-
diately used for a cellular lipid peroxidation (LPO) esti-
mation. Lipid peroxidation was measured using a
thiobarbituric acid reactive substances (TBARS) assay
(Stocks and Dormandy, 1971) with modifications (Rice-
Evans et al., 1991). The concentration of thiobarbituric
acid reactive substances is an index of lipid peroxidation
and oxidative stress. The assay was monitored for the ap-
pearance of conjugated complexes of thiobarbituric acid,
mainly malondialdehyde (MDA), which is the end prod-
uct of LPO at 532 nm. The MDA levels were calculated
using the MDA extinction coefficient 156 mmol–1 cm–1

and expressed as nanomoles per milligram protein
(nmol/mg protein).

Determination of glutathione content

The soft tissues of Daphnia spp. individuals were
placed at a 10% w/v ratio in a homogenisation buffer [154
mM KCl, 5 mM diethylenetriaminepentaacetic acid
(DTPA) and 0.1 M potassium phosphate buffer, pH 6.8]
and homogenised on ice at 2000 rpm for 2 min. An aliquot
was removed for protein determination using the Lowry
method (Lowry et al., 1951). The remainder of the ho-
mogenate was mixed with a cold acid buffer containing
40 mM HCl, 10 mM DTPA, 20 mM ascorbic acid and
10% trichloroacetic acid (TCA) at a ratio of 1:1. The sus-
pension was centrifuged at 13,000×g for 10 min (4°C).
The supernatants were immediately used for further de-
termination of the glutathione (GSH) content.

The GSH was estimated according to the fluorescence
assay of Senft et al. (2000) using o-phthalaldehyde (OPA).
In this method, OPA, which has a low fluorescence back-
ground, reacts only with GSH to generate a strong fluo-
rescence so that GSH can be specifically quantified. The
OPA-derived fluorescence was measured at 365 nm exci-
tation and 430 nm emission.
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The glutathione concentration was calculated using
the calibration curve for different concentrations of re-
duced gluthatione, as a standard, and expressed as
nanomoles per milligram protein (nmol/mg protein).

Determination of catalase activity

Daphnia spp. individuals (wet mass 0.06-0.16 g) were
placed at a 10% w/v ratio in 100 mM sodium phosphate
buffer, pH 7.4, with 100 mM KCl and 1 mM EDTA on ice.
Homogenisation was performed on ice at 2000 rpm for 2
min, and the homogenates were then centrifuged at
10,000×g for 10 min (4°C). The supernatants were imme-
diately used for catalase activity determination. The activity
of catalase (CAT) was measured spectrophotometrically ac-
cording to Aebi (1984). The method is based on the decom-
position of hydrogen peroxide, which is indicated by
decrease in absorbance at 240 nm. The assay mixture con-
sisted of homogenate, 50 mM potassium phosphate buffer
pH 7.0 and 0,1% hydrogen peroxide in the final volume of
3 mL. The results of this enzymatic assay were reported in
units of CAT activity per milligram of protein (U/mg pro-
tein), where 1 U of CAT is defined as the amount of enzyme
decomposing 1µmol of H2O2 per second.

Determination of protein concentration

The protein concentration was evaluated using the
spectrophotometric method (Lowry et al., 1951) with
Folin’s reagent. The amount of protein in each sample was
estimated using the calibration curve for different concen-
trations of bovine albumin as a standard.

Determination of conjugates presence in tissues of

daphniids

Liquid chromatography with mass detection (LC/MS)
was carried out using the API LC/MS/MS system (Ap-
plera, Foster City, CA, USA) with an electrospray ionisa-
tion (ESI) source equipped with a Dionex HPLC system
containing a quaternary pump, autosampler, thermostated
column compartment, vacuum degasser and diode array
detector. The compounds were separated on an RP column
(Hypersil GOLD, 2.1 i.d.¥150 mm, 3.5 µm) at 40°C using
a gradient elution of water (A) and acetonitrile (B), both
with 0.5% TFA. The elution profile with a flow rate of 0.2
mL min–1 was as follows: 0-2 min, 25% B; 2-15 min, 25-
70% B; 15-18 min, 70% B; 18-20 min, 75-25% B; 20-23
min, 25% B. The effluent was transferred on-line to the
ESI-MS system without splitting. A detection was per-
formed in positive ion modes with the condition set as fol-
lows: drying gas (N2) 11.0 L min–1, temperature 350°C,
nitrogen nebuliser pressure 40 psi, capillary voltage 4.5
kW, a detector gain of 1600 V, fragmentation voltage 130
V and full scan range from 300 to 1400 m z–1.

The MC-LR-GSH and MC-RR-GSH conjugates, as

standards for HPLC-ESI-MS/MS analyses, were prepared
in vitro using microcystin standards from Calbiochem. The
samples of microcystin were incubated with excess glu-
tathione (1:10) in phosphate buffer pH 7.4 in the presence
of glutathione S-transferase for 12 h at room temperature,
dried in vacuum at room temperature, extracted with chlo-
roform and evaporated to dryness. The residue was dis-
solved in 75% aqueous methanol for analysis by HPLC.

Statistical methods

All of the statistical analyses were conducted in Sta-
tistica 9.0 (StatSoft Inc., Tulsa, OK, USA). To test for the
effects of the season and ecosystem type on the parame-
ters analysed in 2010, we used a two-way ANOVA with
the seasons and lakes as categorical factors and the ox-
idative stress parameters in Daphnia spp. tissues as the
dependent factors. For testing the same effects in 2011, a
one-way ANOVA was applied due to incomplete design
(cf. the lack of daphniids in July samples from lake Białe).

RESULTS

Physical and chemical water analyses

The analyses of the physical parameters of water did
not show any major differences between the two ecosys-
tems studied in 2010 and 2011. Both temperature and
pH values were similar in Sulejow reservoir and in lake
Białe (Tab. 1). The oxygen concentration was higher in
Sulejow reservoir than in lake Białe in August 2010 and
2011 and in September 2011. This finding was most
likely the result of intensive photosynthesis occurring
when conducting measurements during the cyanobacte-
rial blooms. The conductivity changed seasonally in both
the ecosystems (Tab. 1).

The values of the measured chemical parameters were
different between the lakes studied (Tab. 1), which reflected
differences in their trophic state. It is worth noticing that
the phosphate ion concentration was one order of magni-
tude higher in Sulejow reservoir than in lake Białe in 2010
and 2011, except during the period of the most intensive
blooms in the reservoir (August 2010 and July 2011). 

Identification of the plankton species community

Three species of Cladocera from the Daphnia

longispina group: D. longispina (O.F. Müller, 1776), D.

galeata Sars, 1864 and D. hyalina Leydig, 1860 were
identified in the samples from Sulejow reservoir in 2010
and 2011. During these years, the dominant species of
Cladocera in lake Białe was Daphnia cucullata Sars,
1862. During spring (June) the numerical share of D. cu-

cullata in the samples from the lake was 90%, whereas
the numerical share of D. galeata was only 10%. In Au-
gust, D. cucullata was the only species of the Daphnia
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genus identified in lake Białe. In September and October,
D. longispina was also identified, but its numerical share
in the samples was only 5%, whereas D. cucullata was
95%. In zooplankton samples taken from lake Białe in
July 2011, Daphnia spp. individuals were not found.

The phytoplankton species composition changed sea-
sonally in both ecosystems, but was similar in both years.
The dominant genera of the phytoplankton identified dur-
ing spring in Sulejow reservoir were as follows: Euglena

sp. (Euglenophyta), Fragilaria sp., Navicula sp. (Bacil-
lariophyceae) and Closterium sp. (Chlorophyta). In sum-
mer, a cyanobacteria bloom was observed. We identified
Microcystis aeruginosa, Aphanizomenon flos-aquaae

(Cyanobacteria), Asterionella formosa (Hassall) (Bacil-
lariophyceae), Scenedesmus sp. (Chlorophyta) and all the
genera that were present in spring. In September and Oc-
tober, M. aeruginosa, Euglena sp., Fragilaria sp., Navic-

ula sp., Asterionella formosa, Melosira varians (C.
Agardh), Nitzschia sp. (Bacillariophyceae) and Crucige-

nia rectangularis [(Nägeli) Gay] (Chlorophyta) were still
detected in Sulejow reservoir.

We identified Euglena sp., Asterionella formosa, Cy-

clotella sp., Tabelaria floculosa [(Roth) Kützing] (Bacil-

lariophyceae), Coleastrum sp. (Chlorophyta) and Dino-

bryon sp. (Heterokontophyta) during spring (June) in lake
Białe. In summer, the dominant phytoplankton species
were Asterionella formosa, Crucigenia rectangularis

(Chlorophyta) and Gloeocapsa sp. (Cyanobacteria). In
2010 and 2011, we also found a small quantity of Micro-

cystis aeruginosa (two to four cells L–1), although this po-
tentially toxic species of cyanobacteria did not previously
appear in lake Białe. The most numerous species or gen-
era of phytoplankton in lake Białe during autumn (Octo-
ber) were Euglena sp., Achnanthes minutissima

(Kützing), Asterionella formosa, Cyclotella sp., Fragi-

laria sp. and Ceratium hirundinella (Dinoflagellates).

Chlorophyll a concentration 

Compared to lake Biale, the chlorophyll a concentra-
tions in Sulejow reservoir were three times higher in July
2010 and more than five times higher in August 2010 (Fig.
2a). In June, the total chlorophyll a concentrations in Sule-
jow reservoir reached 15.77 µg L–1, while in lake Białe,
they were 4.13 µg L–1. During summer (August), chloro-
phyll a concentrations reached 32.63 µg L–1 in Sulejow

Tab. 1. Physical and chemical parameters characterising Sulejow reservoir and lake Białe in 2010 and 2011. For the ions and the total
forms of phosphorus and nitrogen, the average values from three replicates ±SD are presented. 

June 2010 August 2010 October 2010

Sulejow r. L. Białe Sulejow r. L. Białe Sulejow r. L. Białe

Physical parameters
Temperature (°C) 17.60 17.2 24.50 22.70 11.50 11.50
Oxygen con. (mg L–1) 5.67 6.83 9.32 7.50 6.86 9.27
pH 7.48 7.45 8.86 8.30 7.72 7.46
Conductivity (μS cm–1) 276 281 300 318 357 336

Ions (mg L–1)
Phosphate 0.040 (±0.01) 0.004 (±0.00) 0.003 (±0.00) 0.004 (±0.00) 0.039 (±0.00) 0.005 (±0.00)

Nitrate 2.370 (±0.17) 0.498 (±0.05) 0.284 (±0.00) 0.038 (±0.20) 4.135 (±0.14) 0.048 (±0.01)

Ammonium 0.065 (±0.01) 0.006 (±0.00) 0.011 (±0.01) 0.013 (±0.01) 0.011 (±0.01) 0.013 (±0.01)

Total phosph. (mg L–1) 0.150 (±0.04) 0.081 (±0.01) 0.246 (±0.01) 0.084 (±0.01) 0.144 (±0.01) 0.068 (±0.01)

Total nitrogen (mg L–1) 1.900 (±0.07) 1.000 (±0.02) 2.400 (±0.05) 1.700 (±0.03) 5.500 (±0.11) 0.150 (±0.02)

June 2011 July 2011 August 2011 September 2011

Sulejow r. L. Białe Sulejow r. L. Białe Sulejow r. L. Białe Sulejow r. L. Białe

Physical parameters
Temperature (°C) 21.60 23 21.7 22.50 22.50 21.60 18.20 18.80
Oxygen con. (mg L–1) 9.04 10.3 9.55 11.35 11.56 8.41 10.84 8.98
pH 8.31 8.94 9.34 9.15 9.99 9.4 9.25 8.87
Conductivity (μS cm–1) 344 295 308 309 298 306 298 313

Ions (mg L–1)
Phosphate 0.050 (±0.01) 0.003 (±0.00) 0.003 (±0.01) 0.002 (±0.00) 0.010 (±0.00) 0.002 (±0.01) 0.010 (±0.00) 0.004 (±0.01)

Nitrate 2.510 (±0.15) 0.040 (±0.01) 0.790 (±0.06) 0.052 (±0.00) 0.480 (±0.01) 0.051 (±0.00) 0.083 (±0.01) 0.111 (±0.01)

Ammonium 0.075 (±0.01) 0.041 (±0.00) 0.154 (±0.01) 0.052 (±0.00) 0.051 (±0.01) 0.023 (±0.00) 0.021 (±0.00) 0.063 (±0.01)

Total phosph. (mg L–1) 0.071 (±0.01) 0.038 (±0.01) 0.079 (±0.01) 0.045 (±0.01) 0.331 (±0.03) 0.123 (±0.03) 0.199 (±0.01) 0.049 (±0.01)

Total nitrogen (mg L–1) 1.250 (±0.04) 0.500 (±0.03) 0.800 (±0.02) 0.300 (±0.01) 3.250 (±0.08) 2.900 (±0.15) 4.800 (±0.13) 3.100 (±0.07)

Sulejow r., Sulejow reservoir; L. Białe, lake Białe; Oxygen con., oxygen concentration; Total phosph., total phosphorus.
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reservoir, and the cyanobacterial share was 25.14 µg L–1.
In lake Białe, the total concentration of chlorophyll a in Au-
gust was 6.83 µg L–1. In October, chlorophyll a concentra-
tions were comparable in both lakes studied and amounted
to 3.17 µg L–1 in Sulejow reservoir (including 0.84 µg L–1

of M. aeruginosa) and 2.45 µg L–1 in lake Białe.
In 2011, chlorophyll a concentrations were still much

higher in Sulejow reservoir than in lake Białe (Fig. 2b).
The differences were especially considerable in July,
when the massive cyanobacterial blooms appeared in the
reservoir. During this period, chlorophyll a concentration
reached 115.18 µg L–1 (cyanobacterial share was 100%),
while in lake Białe, it was only 4.93 µg L–1. In August,
total chlorophyll a concentrations were 12.59 µg L–1 (7.07
µg L–1 of cyanobacteria) in Sulejow reservoir and 6.58 µg
L–1 in lake Białe. In September, total chlorophyll a

reached 5.87 µg L–1 in lake Białe and 26.12 µg L–1

(cyanobacterial share was 18.70 µg L–1) in the reservoir.
It is worth mentioning that while the fluorometer meas-

urements did not detect the presence of cyanobacteria in
lake Białe in summer 2010 or 2011, we did find cyanobac-
teria in the microscopic analysis. This incompatibility re-
sulted from the extremely low density of M. aeruginiosa

cells (two to four cells in 1 L) and, thus, the low probability
of drawing their cells into the measuring chamber of the
AOA. We assumed that the concentrations of cyanobacteria
in lake Białe were under the detection limit of AOA (<0.05
µg Chl a L–1; Izydorczyk et al., 2009).

Microcystin concentrations

The microcystins LR and RR in samples from Sulejow
reservoir and microcystins RR in lake Białe were identified.
The HPLC analysis detected the presence of microcystins
in the cells but not in the water of the studied ecosystems. 

Fig. 2. Chlorophyll a concentrations (mg L–1) in Sulejow reservoir (r.) and lake (L.) Białe during the sampling seasons: a) in 2010, b) in
2011. The bars represent an average of three fluorometer measurements (±SD).
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In June 2010, the concentrations of MC-RR in the cells
amounted to 0.931 µg g–1, and the concentrations of MC-
LR amounted to 1.624 µg g–1 in Sulejow reservoir. In Au-
gust, the concentrations of microcystins increased to 5.549
µg g–1 (MC-RR) and to 0.824 µg g–1 (MC-LR). Such high
levels of MC concentrations in the reservoir remained sim-
ilar until October 2010 (MC-RR: 5.609 µg g–1 and MC-LR:
2.816 µg g–1) (Fig. 3). However, we did not find any mi-
crocystins in the extracts from Daphnia spp. tissues col-
lected from Sulejow reservoir in 2010. Conversely, in lake
Białe, the presence of MC-RR in cells (0.537 µg g–1 in Au-
gust and 0.384 µg g–1 in October) was confirmed in the ex-
tracts from Daphnia spp. tissues, where we also detect
MC-RR (11.24 µg g–1 wet mass in August and 9.93 µg g–1

wet mass in October). The HPLC chromatograms of the
microcystin standards and the results from lake Białe from
2010 are presented in Fig. 4. Panel a) shows the MC-RR
and MC-LR standards, and panels c) and d) show MC-RR
in Daphnia spp. tissues with a retention time of 2.84 min
and a characteristic UV spectrum absorbance (the small
graphs). In October’s sample we also found a peak in re-
tention time for MC-LR (3.50 min), but with a different UV
spectrum absorbance (Fig. 4d), thus we did not classify this
compound as MC-LR. 

In Sulejow reservoir, the toxicity of cyanobacteria was
lower in 2011 than in 2010 (Fig. 3b). In June, the concen-
trations of MC-RR in the cells amounted to 0.626 µg g–1,
and the concentrations of MC-LR amounted to 0.343 µg
g–1. Then, MC concentrations increased to 1.628 µg g–1

(MC-RR) and to 1.131 µg g–1 (MC-LR). The maximal
value of MC-RR (2.668 µg g–1) was observed in Septem-
ber. The highest level of MC-LR concentrations (1.286
µg g–1) was reached in August. In the extracts from Daph-

nia spp. tissues collected from Sulejow reservoir in June
2011, we found 0.56 µg MC-LR g–1 wet mass (Fig. 4b).
We did not detect microcystins in the water samples from
lake Białe, and we did not find any microcystin contents
in the extracts from Daphnia spp. tissues collected from
this lake in 2011.

Oxidative stress parameters in Daphnia spp. tissues 

As for 2010, the two-way ANOVA indicated significant
seasonal differences in the values of all the studied oxidative
stress parameters in Daphnia spp. (Figs. 5a, b, c; Tab. 2).
The values of GSH from both water bodies were similar in
June and August and significantly higher in October. The
lipid peroxidation was the highest in October, significantly
lower in June and the lowest in August. The catalase activity

Fig. 3. Microcystin (MC) concentrations in cells (mg L–1) in Sulejow reservoir during sampling seasons: a) in 2010, b) in 2011.
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163Microcystin assimilation and detoxification by Daphnia spp.

was similar in August and October, and significantly lower
in June. However, the between-lakes differences were sig-
nificant only for catalase activity. There were also significant
season×lake interactions for all the three analysed parame-
ters, indicating major intra-seasonal differences between
these lakes (Tab. 2). 

In 2010, the glutathione concentrations in the tissues
of daphniids from Sulejow reservoir ranged from 2.54 to
3.30 nmol GSH/mg protein, but they did not differ signif-
icantly between the seasons (Fig. 5a). The GSH concen-
trations in the tissues of Daphnia sp. from lake Białe
decreased during the seasons (Fig. 5a); the concentrations
were the highest in June (4.30 nmol GSH/mg protein) and
the lowest in October (1.52 nmol GSH/mg protein). This
autumn value was significantly lower than both spring and
summer values. In Sulejow reservoir, the lipid peroxida-
tion of daphniid cells was the highest in June (0.83 nmol
MDA/mg protein) and the lowest in August (0.061 nmol
MDA/mg protein). In October, the lipid peroxidation
reached a medium level (0.40 nmol MDA/mg protein).
All of these values for the Sulejow reservoir were signif-
icantly different (Fig 5b). Compared to the changes in the
lipid peroxidation of daphniids from the reservoir, the
changes in lake Białe showed an opposite tendency: the

LPO levels were low in June (0.049 nmol MDA/mg pro-
tein) and August (0.086 nmol MDA/mg protein), but sig-
nificantly increased (to 1.14 nmol MDA/mg protein) in
October (Fig. 5b). In Sulejow reservoir, the catalase ac-
tivity was the highest in June (25.21 U/mg protein). It de-
creased to 20.19 U/mg protein in August and remained on
a similar level (20.27 U/mg protein) until October. In con-
trast, in lake Białe, the catalase activity was the lowest in
June (14.13 U/mg protein) and increased during the sea-
son to 16.17 U/mg protein in August and to 17.25 U/mg
protein in October. The catalase activity in 2010 was sig-
nificantly higher in the daphnid tissues from Sulejow
reservoir than from lake Białe (Fig. 5c, Tab. 2). 

In 2011, Daphnia spp. individuals were not found in
zooplankton samples from lake Białe collected in July.
Thus, we analysed three, rather than four, sampling peri-
ods for this lake. 

For 2011, the one-way ANOVA indicated that there
were no significant differences in both the GSH concentra-
tions and LPO levels between the two ecosystems among
the seasons studied (Figs. 5d, e; Tab. 2). Seasonal changes
were observed in Sulejow reservoir: GSH concentrations
were comparable in June and September (1.30 and 1.39
nmol GSH/mg protein, respectively), and significantly

Fig. 4. High performance liquid chromatograms of microcystins (MC) -RR and -LR in the standard (a) and in extracts from Daphnia

tissues: b) in spring samples from Sulejow reservoir in 2011, c) in summer and d) autumn samples from lake Białe in 2010. The small
graphs show the UV spectrum absorbance characteristic of MC-RR and MC-LR.
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higher than those in July (0.96 nmol GSH/mg protein) and
August (0.63 nmol GSH/mg protein). The GSH concentra-
tions from lake Białe did not differ significantly between
the seasons (Fig. 5d; Tab 2). The LPO levels from Sulejow
reservoir were significantly higher in June (0.086 nmol
MDA/mg protein) and August (0.081 nmol MDA/mg pro-
tein) than in July (0.050 nmol MDA/mg protein) and Sep-
tember (0.049 nmol MDA/mg protein). In lake Białe, LPO
levels were comparable in June (0.058 nmol MDA/mg pro-
tein) and August (0.066 nmol MDA/mg protein), and were

significantly lower than those in September (0.117 nmol
MDA/mg protein) (Fig. 5e; Tab. 2). According to the one-
way ANOVA, the catalase activity differed significantly be-
tween Sulejow reservoir and lake Białe among all the
studied seasons (Figs. 5c, f; Tab. 2). The activity was al-
ways higher in Sulejow reservoir than in lake Białe. In
Sulejow reservoir, the CAT activity was higher and less sta-
ble in 2011 than in 2010 (Figs. 5c, f). In 2011, the reservoir
had the highest catalase activity in July (40.94 U/mg pro-
tein) and lower activity in June and September (26.09 and

Fig. 5. Comparison of the glutathione concentrations, lipid peroxidation (nmol/mg protein) and catalase activity (U/mg protein) in
Daphnia spp. tissues from Sulejow reservoir and lake Białe in 2010 (a, b, c) and 2011 (d, e, f). The bars represent an average of three
replicates (±SD). The same letters (for Sulejow) and digits (for Białe) above the bars indicate that the values did not differ significantly.
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29.61 U/mg protein, respectively). The lowest value of
CAT activity (22.10 U/mg protein) was noted in August. In
lake Białe, CAT activity was lower in 2011 than in 2010
and amounted to 12.33 U/mg protein in June, decreasing
to 7.51 U/mg protein in August, and increasing to 15.89
U/mg protein in September (Fig. 5f). 

The presence of conjugates in tissues of daphniids

Microcystins and their conjugates with glutathione in
the tissues of Daphnia spp. were identified on the basis of
the mass spectrometry (MS) fragmentations of the standard
compounds (MC-LR, MC-RR, MC-LR-GSH and MC-RR-
GSH) (Tab. 3). We detected MC-LR and MC-RR in the tis-
sues of daphniids from all the studied samples from both
ecosystems and both years. In both years, the conjugates
were also found in our samples (Tab. 4). In 2010, MC-LR-
GSH and MC-RR-GSH were present in daphniids tissues
in August and October (Sulejow reservoir) and only in Oc-
tober in lake Białe. In 2011, these conjugates appeared in

daphniids from both ecosystems in August and September.
We also identified microcystin conjugates with cysteine in
summer and autumn samples from Sulejow reservoir and
lake Białe. In both ecosystems in 2011, MC-LR-Cys was
present in the tissues of daphniids in August and October,
but MC-RR-Cys was found only in October. In 2011, we
identified MC-LR-Cys in samples from September in both
studied water bodies. MC-RR-Cys appeared only in Sep-
tember’s samples from Sulejow reservoir.

DISCUSSION

Cyanobacterial blooms have been reported in summer
in Sulejow reservoir for 30 years (unpublished data). Con-
versely, the appearance of cyanobacteria was not observed
until recently in lake Białe, and, according to the reports
of the Polish Inspectorate of Environmental Protection
(PIEP), the water quality of lake Białe is characterised as
good (second class, consistent with the requirements de-
fined by Polish and EU law; www.wios.warszawa.pl).

Tab. 2. Results of the ANOVA tests for the effects of season and ecosystem type on the oxidative stress parameters measured in Daphnia

spp. tissues. 

Overall effect df F-ratio P value Tukey, post-hoc

2010 (two-way ANOVA)
LPO
Seasons 2.12 1313.8 <0.0001 Aug<Jun<Oct
Lakes 1.12 0.6 =0.44 ns
Seasons x lakes 2.12 1568.0 <0.0001

GSH
Seasons 2.12 48.2 <0.0001 Jun=Aug>Oct
Lakes 1.12 1.1 =0.31 ns
Seasons x lakes 2.12 18.7 <0.0001

CAT
Seasons 2.12 8.6 <0.01 Jun>Aug=Oct
Lakes 1.12 419.2 <0.0001 Sulejow r.>lake Białe
Seasons x lakes 2.12 73.9 <0.0001

2011 (one-way ANOVA)
LPO

Seasons
Sulejow r. 3.20 16.7 <0.0001 Jun=Aug>Jul=Sep
Lake Białe 2.15 28.2 <0.0001 Jun=Aug<Sept

Lakes 1.40 3.0 =0.09 ns

GSH
Seasons

Sulejow r. 3.16 22.3 <0.0001 Jun=Sep>Jul>Aug
Lake Białe 2.12 1.7 =0.22 ns

Lakes 1.33 1.7 =0.21 ns

CAT
Seasons

Sulejow r. 3.20 72.8 <0.0001 Jul>Jun=Sep>Aug
Lake Białe 2.15 24.1 <0.0001 Aug<Jun<Sep

Lakes 1.40 82.8 <0.0001 Sulejow r.>lake Białe

df, degree of freedom; LPO, lipid peroxidation; Aug, August; Jun, June; Oct, October; Sulejow r., Sulejow reservoir; ns, not significant; GSH, glutathione;

CAT, catalase.
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However, in 2010, high amounts of organic and mineral
substances were flushed from the catchment area into lake
Białe due to extreme and long-lasting spring floods.
Moreover, this lake has increasingly been used as a recre-
ation area in the last several years. The appearance of
cyanobacterial species was observed for the first time in
summer samples from lake Białe in 2010 (based on PIEP
data), and, in our view, the presence of cyanobacteria
could be a consequence of both surface washings from
the lake basin (e.g. nutrient inflow during the spring flood)
and polluters from the recreation areas. Although the con-
centration of M. aeruginosa in lake Białe was below the
detection limit of the AOA fluorometer (Figs. 2a, b) (Izy-
dorczyk et al., 2009), it could have influenced the pelagic
filter feeders, as discussed below. 

Daphniid sensitivity to microcystin toxicity

We assumed that the different trophic states and
cyanobacterial concentrations in Sulejow reservoir and
lake Białe would allow the observation of different reac-
tion norms of daphniids under the influence of cyanobac-
teria. Our hypothesis was based on the literature
indicating that the susceptibility of zooplankton to cyan-
otoxins may be diverse. Although many studies have re-
ported a reduction of Daphnia survival when exposed to
cyanobacterial toxins (e.g. Lampert 1981; De Bernardi
and Giussani, 1990, Rohrlack et al., 1999), there are also
some reports demonstrating that Daphnia populations re-
peatedly exposed to toxic Microcystis in their natural
habitat were more resistant to the toxin than populations
lacking a prior exposure (e.g. Nandini, 2000; Gustafsson
and Hansson, 2004). Thus, as Hairston et al. (1999, 2001)
suggested, the evolution of resistance to cyanobacterial
toxins within Daphnia species or clones reflects a recent

exposure to these toxins. Additionally, the trophy of an
ecosystem seems to be an important factor determining
the sensitivity of daphniids to cyanotoxins: a positive spa-
tial association between the tolerance of cyanobacteria by
D. pulicaria and the prevalence of cyanobacteria in high-
TP lakes was observed by Sarnelle and Wilson (2005).

Indeed, our results demonstrate that the Daphnia spp.
exposed for the first time to cyanobacterial toxins (2010,
in mesotrophic lake Białe) are more susceptible to their
toxic effects than the daphniids that constantly coexist
with cyanobacteria (in the eutrophic Sulejow reservoir).
First, this conclusion was supported by the much higher
accumulation of MCs in the tissues of Daphnia spp. in
lake Białe, despite the low toxin concentrations in this
ecosystem compared to the Sulejow reservoir (see Fig. 3).
We focused on the HPLC results, as this technique has a
greater limit of toxin detection (>10 ng L–1) than HPLC-
ESI-MS/MS (even detecting single molecules). Thus, we
were able to consider those MC concentrations that might
be significant for both the daphniids organisms them-
selves and also for the food web function due to the pos-
sibility of elevated cyanobacterial toxin concentrations
being transported to higher consumers (Martins and Vas-
concelos, 2009, but see also Ibelings et al., 2005). 

Some studies showed that MC-RR, which is less toxic
than MC-LR, is principally taken up into the tissues of
aquatic biota (Ibelings and Chorus, 2007). Meriluoto et al.
(1990) showed that minor structural differences between
MC-LR and -RR may have major effects on the uptake,
organ distribution and excretion of these toxins. The obser-
vations of Xie et al. (2004) suggested that MC-LR may be
actively degraded during digestion, whereas MC-RR is
transported across the intestines and embedded into body
tissues. We observed both MC-RR and MC-LR in the daph-

Tab. 3. Mass spectrometry fragmentation of the investigated microcystins and their glutathione and cysteine conjugates by HPLC-ESI-
MS/MS. 

Compounds MS precursor fragment ions m z–1

MC-LR [M+H]+; [M-Glu+H]+; [M-H2O+H]+ 995.5; 866.4; 977.5;

MC-LR-GSH [M+H]+; [M+2H]2+;[M-Glu+H]+; [M-H2O+H]+; 1302.5; 652.0; 1173.5; 1284.5;
[M-H2O-Gly+H]+; [M-Glu+Gly+H]+; 1209.5; 1116.5;
[M-Glu+H2O+H]+; [M-GSH+H]+ 1155.5; 995.5

MC-LR-Cys [M+H]+; [M-H2O+H]+; [M-Glu+H]+; [M-Cys+H]+ 1116.5; 1098.5; 987.5; 955.5

MC-RR [M+H]+; [M-Glu+H]+; [M-H2O+H]+; [M+2H]2+ 1038.6; 909,6;1020.6;519.8;

MC-RR-GSH [M+H]+; [M+2H]2+;[M-Glu+H]+; [M-H2O+H]+; 1345.6; 673.8; 1216.6; 1327.6;
[M-H2O-Gly+H]+; [M-Glu+Gly+H]+; 1252.3; 1159.6;
[M-Glu+H2O+H]+; [M-GSH+H]+ 1198.6; 1038.6

MC-RR-Cys [M+H]+; [M+2H]2+; [M-H2O+H]+; [M-Glu+H]+; 1159.6; 580.8; 1141.6;
[M-Cys+H]+ 1030.6; 1038.6

MS, mass spectrometry; MC-LR, microcystin-LR; MC-LR-GSH, microcystin LR-GSH; MC-LR-Cys, microcystin-LR-Cys; MC-RR, microcystin-RR; MC-

RR-GSH, microcystin-RR-GSH; MC-RR-Cys, microcystin-RR-Cys.
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niid tissues in our study, and the concentration of micro-
cystins varied throughout the years in both lake Białe and
Sulejow reservoir. In lake Białe, the daphniids accumulated
MCs with higher toxicity in 2010, whereas, in Sulejow
reservoir, generally characterised by a high concentration
of cyanotoxins, the accumulation of MCs in the Daphnia

spp. was observed during the period of the lowest toxicity
(spring of 2011). Thus, we hypothesised that the detoxifi-
cation processes that protect Daphnia spp. against MC ac-
cumulation in their tissues may only be activated above
some critical concentration of microcystins in the animals’
cells (>0.343 µg MC-LR L–1, according to our results).
However, this hypothesis requires verification.

Cyanotoxins as oxidative stressors for daphniids 

Additional evidence that the daphniids from lake Białe
were more susceptible to cyanotoxins than those from Sule-
jow reservoir was provided by comparing the seasonal
changes in levels of LPO, as an oxidative stress parameter,
and the GSH concentrations, as an intracellular antioxidant,
reflecting the toxic impact of the cyanobacteria. Micro-
cystins induce oxidative stress in animal cells (Campos and
Vasconcelos, 2010), which is related to the production of
reactive oxygen species (ROS) and leads to an increase in
lipid peroxidation (Amado and Monserrat, 2010). Lipid
peroxidation contributes to an impaired cellular function
and alterations in the physical and chemical properties of

cell membranes, which, in turn, disrupt vital functions
(Rikans and Hornbrook, 1997). In lake Białe, in 2010 – a
year when we observed MC-RR in Daphnia’s tissues – the
level of LPO was low in spring and summer but signifi-
cantly higher in autumn, indicating that the oxidative stress
mainly intensified during this period. Conversely, the LPO
level in Sulejow reservoir was significantly lower in August
(despite the presence of blooms) and October than in June.
These results indicate that the appearance of cyanobacteria
did not induce oxidative stress in the daphniids of Sulejow
reservoir (Fig. 5b). This may also point out the presence of
a relationship between LPO level and content of polyun-
saturated fatty acids (PUFAs) in the food sources. PUFAs
are particularly prone to peroxidation (Pan et al., 2004),
thus the low LPO level during blooms of PUFA-poor
cyanobacteria might result from a lower PUFA content in
Daphnia spp., whereas the increased LPO level in daphni-
ids body during spring might reflect a higher PUFA content
in eukaryotic food sources (e.g. Eritsland, 2000; Müller-
Navarra et al., 2004).

In lake Białe, a significant decrease in GSH occurred
together with an increase in the LPO level in October
2010 (Fig. 5a). Because glutathione, considered to be one
of the most important low molecular weight cellular an-
tioxidants, is involved in the protection of cell membranes
from lipid peroxidation (Meister, 1989), it is probable that
the depletion of GSH results in cell membrane damage,
with a consequent efflux of GSH (Ding et al., 2000;

Tab. 4. Terms in which microcystins and their glutathione and cysteine conjugates were identified.

Material MC-LR MC-RR MC-LR-GSH MC-RR-GSH MC-LR-Cys MC-RR-Cys

MC-LR-GS in vitro + - + - - -
MC-RR-GS in vitro - + - + - -

2010 – Sulejow r. 
June + + - - - -
August + + + + + -
October + + + + + +

2010 – l. Białe
June + + - - - -
August + + - - + -
October + + + + + +

2011 – Sulejow r.
June + + - - - -
July + + - - - -
August + + + + - -
September + + + + + +

2011 – l. Białe
June + + - - - -
July – lack of samples - - - - - -
August + + + + - -
September + + + + + -

MC-LR, microcystin-LR; MC-RR, microcystin-RR; MC-LR-GSH, microcystin-LR-GSH; MC-RR-GSH, microcystin-RR-GSH; MC-LR-Cys, microcystin

-LR-Cys; MC-RR-Cys, microcystin-RR-Cys; MC-LR-GS, microcystin-LR-GS; Sulejow r., Sulejow reservoir; l. Białe, lake Białe.
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Amado and Monserrat, 2010). The decrease in GSH con-
centration was related to the elevated accumulation of
cyanobacterial toxins in the bodies of the daphniids of
lake Białe, an effect similar to that observed by Chen et

al. (2005). In 2011, the toxicity of the blooms in Sulejow
reservoir was considerably lower than in 2010, though the
biomass of cyanobacteria showed the opposite trend
(Figs. 2, 3). Similarly, because the 2011 level of cyanotox-
ins in lake Białe was not detectable by HPLC, we infer
that it was lower than the 2010 level. The lower probabil-
ity of oxidative stress enhancement by MCs may have re-
sulted in lower concentrations of GSH and also lower
levels of LPO in 2011 than in 2010 in both the ecosystems
under study. In Sulejow reservoir, GSH concentrations de-
creased when the cyanobacteria were most abundant and
may be the result of cell membrane damage and also the
use of GSH in antioxidant processes during massive
blooms. The stable dynamics of GSH and LPO in lake
Białe indicated that cyanobacteria-induced oxidative
stress in the daphniids of this ecosystem did not occur in
2011. In both years, the catalase activity was always higher
in Sulejow reservoir than in lake Białe (Figs. 5c, f). As
CAT reduces relatively high concentrations of ROS H2O2

(Fridovich, 1998), the elevated activity of this enzyme re-
flects more efficient oxidative protection (Ortiz-Ro-
dríguez and Wiegand, 2010). In particular, the CAT
activity in 2011 was directly related to the toxin concen-
trations and acted to buffer the oxidative stress in the
daphniids of Sulejow reservoir. 

Ability of microcystin detoxification by daphniids 

The results discussed above support our hypothesis
that the generations of the daphniids of Sulejow reservoir
had more effective antioxidant systems to protect them
against the accumulation of cyanobacterial toxins than the
daphniids of lake Białe. However, the presence of conju-
gate forms of microcystins in the tissues of the studied an-
imals indicated the ability for MC detoxification by the
daphniids from both of the ecosystems. In this biodegra-
dation process, GSH plays a particularly important role
because the chemical conjugation of MCs with GSH is
recognised as the first step of detoxification in aquatic or-
ganisms exposed to cyanobacterial toxins (Pflugmacher
et al., 1998). Research by Kondo et al. (1996), Pflug-
macher et al. (1998, 2001) and Metcalf et al. (2000) de-
termined that MC-GSH conjugates are then degraded into
cysteine conjugates, which are further transformed into
N-acetyl cysteine conjugates and resulting in novel
nephrotoxicity (Dekant, 2001). The production of conju-
gates reduces the toxicity of MCs and facilitates their ex-
cretion by organisms (Pflugmacher et al., 1998).
Interestingly, a similar pattern of conjugate production by
the daphniids in both ecosystems was observed in our
study: conjugates were never present in the tissues in June

and appeared only in the summer samples (Tab. 4). These
results indicated that the conjugates were not formed dur-
ing spring, which may support our presumption that the
detoxification process begins above threshold levels of
microcystins accumulated in the tissues of daphniids. In
August, both MC-LR-GSH and MC-RR-GSH were ob-
served in the tissues of the Daphnia spp. (except for lake
Białe in 2010). Although cysteine conjugates with MC-
LR and MC-RR were more frequently detected in the
samples from September and October in both ecosystems
(Tab. 4), we did not determine this shift to be related to
the GSH content and/or MC toxicity level. 

The daphniid ability for MC biodegradation through
conjugate production in both the studied water bodies im-
plies that daphniids have a high capacity for adaptation to
environmental changes, even within a single growing sea-
son. Such a high phenotypic plasticity is determined by a
distinguishing structural feature in the daphniid genome:
an elevated rate of gene duplication resulting in tandem
gene clusters (Boucher et al., 2010; Colbourne et al.,
2011). The gene-rich genome of Daphnia allows these
species to activate rapidly those genes that are indispen-
sable under the current environmental conditions (Still-
man et al., 2008). Thus, the enzymatic pathway for the
degradation of MCs by forming conjugates with GSH is
fixed genetically. For daphniids, this property seems to be
species-independent, as the different Daphnia species re-
acted in the same way in our study. However, the different
sensitivity levels of Daphnia species to the harmful effects
of cyanobacteria in the natural environment is the result
of a selective pressure exerted by toxic cyanobacterial
strains: the strains favour the most resistant species or
clones due to their individual adaptations (Hietala et al.,
1997; Barros et al., 2001). Therefore, our results suggest
that the highly effective antioxidant systems in the daph-
niids of Sulejow reservoir – which have long coexisted
with cyanobacteria – resulted from the selection of the
most resistant genotypes.
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