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ABSTRACT

Although the long-term exposure of aquatic organisms to cyanobacterial blooms is a regular
occurrence in the environment, the prooxidant and neurotoxic effects of such conditions are still
insufficiently investigated in situ. We examined the temporal dynamics of the biochemical
parameters in the liver of Pelophylax kl. esculentus frogs that inhabit the northern (N) side of
Lake Ludas (Serbia) with microcystins (MCs) produced in a cyanobacterial bloom over three
summer months. The obtained data were compared with data on frogs that live on the southern
(S), MC-free side of the same lake. Our results showed that the MC-producing bloom induced
oxidative damage to proteins and lipids, observed as a decrease in the concentration of protein —
SH groups and increased lipid peroxidation (LPO) in the liver of N frogs in comparison to S
frogs. Glutathione (GSH) played a key role in the transient defense against the MC-induced
development of LPO. The low glutathione peroxidase (GPx) activity detected in all groups of
frogs from the N site was crucial for the observed prooxidant consequences. The bloom impaired
cholinergic homeostasis as a result of a decrease in ChE activity. A delayed neurotoxic effect in
relation to the prooxidant outcomes was observed. Our results also showed that even though the
integrated biomarker response (IBR) of the antioxidant biomarkers increased during exposure,
the individual biochemical parameters did not exhibit a well-defined time-dependent pattern
because of specific adaptation dynamics and/or additional effects of the physicochemical
parameters of the water. This comprehensive environmental ecotoxicological evaluation of the
cyanobacterial bloom-induced biochemical alterations in the liver of frogs provides a new basis

for further investigations of the prolonged, real-life ecotoxicity of the blooms.
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1. Introduction

The cause-effect relationship between anthropogenic-induced eutrophication and the
development of cyanobacterial blooms in aquatic ecosystems represents an ecotoxicological
problem of global concern (Merel et al., 2013). There is increasing evidence in scientific
literature recognizing bloom occurrence as a powerful and increasing environmental stressor
(Meriluoto et al., 2017). Cyanotoxins produced by a large number of cyanobacterial genera are
known to exhibit negative effects at all levels of organization (from molecular to population) of
all groups of aquatic and terrestrial organisms (Falfushynska et al., 2019; Gavrilovi¢ et al., 2014;
Wiegand and Pflugmacher, 2005). These adverse changes in biological systems can cause a
collapse of the integrity of the entire living network connected to the blooming ecosystem (Chen
et al., 2009).

Microcystins (MCs) are the most common cyanotoxins found in aquatic environments
during cyanobacterial bloom events. They are produced mainly by species of Anabaena,
Anabaenopsis, Nostoc, Oscillatoria, Microcystis and Planktothrix genera. The mechanisms and
levels of MC toxicity have been described in a number of scientific papers (Amado and
Monserrat, 2010; Diez-Quijada et al., 2019; Rao et al., 2004; Wiegand and Pflugmacher, 2005).
These hepatotoxins are potent inhibitors of serine/threonine protein phosphatases, but other

molecular target sites in cells have also been established (such as the beta subunit of ATP-



synthase) (Chen and Xie, 2016; Mikhailov et., 2003). Recent data showed that MCs also induce
neurotoxicity through different pathways (Hinojosa et al., 2019).

In studies in which prolonged exposure to environmentally relevant/low concentrations of
MCs was examined, the importance of the oxidative stress pathway in the promotion of MC-
induced toxicity was emphasized (Jiang et al., 2012; Wang et al., 2010). The prooxidant potential
of MCs is due to their ability to disrupt the mitochondrial electron transport chain that
consequently leads to increased generation of reactive oxygen species (ROS). The coordinated
activity of antioxidant and biotransformation components of the cellular defense system plays a
crucial role in the prevention of cyanotoxin-mediated redox imbalance (Amado and Monserrat,
2010). However, if adaptive protection is overwhelmed, the state of the oxidative stress can
directly lead to oxidative damage of biomolecules (proteins, lipids and DNA), and even to cell
death as the endpoint (Halliwell and Gutteridge, 2015).

Ecotoxicological investigations concerning the influence of cyanobacterial blooms on
aquatic organisms in environmental conditions are of particular interest to the scientific
community (Gavrilovi¢ et al., 2015; Ujvarosi et al., 2019). Although complex, only examinations
in situ can provide real insight into the health of a bloom-impacted organism/ecosystem. A small
number of studies dealing with the direct influence of MC-containing blooms on oxidative stress
and neurotoxicity parameters in aquatic animals are found in scientific literature and have mainly
focused on fish (Qiu et al., 2007). Even though frogs are among the most sentinel organisms
used for environmental examinations of xenobiotics toxicity (D’Errico et al., 2018; Proki¢ et al.,
2016), they are still one of the least studied groups in the context of cyanotoxin effects
(Gavrilovi¢ et al., 2020; Zikova et al., 2013). Furthermore, the temporal dynamics of the

responses of biochemical parameters to long-term exposure to the bloom are generally poorly



understood (Qiu et al., 2007). When considering that the blooming period can last for months
and that MCs can persist for several days or even weeks in waterbodies, this type of exposure is
almost the only present in nature (Jones and Orr, 1994; Pavagadhi et al., 2013). It is crucial to
expand our knowledge of this type of exposure in order to explain the extent to which prolonged
contact with cyanotoxins can compromise cellular homeostasis in the living world and how
organisms cope with stress in the actual environment.

We monitored the cyanobacterial bloom-mediated changes in the biochemical parameters
in the liver of Pelophylax kl. esculentus (Linnaeus, 1758) by comparing frogs that inhabited
different (MC-free and MC-containing) sides of Lake Ludas (Serbia). Our principal aim was to
evaluate the actual environmental ecotoxicological impacts of the MC-producing cyanobacterial
bloom over several months. The prooxidant and neurotoxic potential of the bloom, as well as the
mode of action of the antioxidant and biotransformation defense components were investigated.
Understanding the dynamics of the biochemical parameters during long-term exposure to the

cyanobacterial bloom is expected to provide improved insight into its real-life ecotoxicity.

2. Materials and methods

2.1. Site selection and animal collection

Lake Ludas was selected on the basis of previous studies on cyanobacterial bloom

dynamics (Institute of Public Health, Subotica, 2018; Tokodi et al., 2018). It is located in the

province of Vojvodina in northern Serbia (Fig. 1). The lake is 4.5 km long, with a total area of

3.28 km? and an average depth of 1 m (Tokodi et al., 2018). Although present on Ramsar List as



a wetland of international importance and protected as a Special Nature Reserve in Serbia, this
lake has hypereutrophic character and long history of cyanobacterial blooming. Increased
cyanobacterial abundance in the northern part of the lake, especially during summer months, has
been documented since 1970 (Selesi, 2006). Periodic measurement of cyanotoxin concentrations
in the lake water indicated different levels of MCs (0.02-603.61 pg L for total MC) and
negligible concentrations of saxitoxin (0.03-0.04 pug L 1), while cylindrospermopsin has not
been detected in Lake Ludas$ (Tokodi et al., 2018, 2020). Regular monthly monitoring of
phytoplankton community and physicochemical parameters of water is performed under the
direction of Institute of Public Health, Subotica. Unlike the northern part of the lake that is
characterized by cyanobacterial dominance, the primary production in the southern part was
undertaken by a densely developed macrophyte cover. Both sides of the lake have similar
physicochemical conditions, while high/low cyanobacterial abundance and presence/absence of
cyanotoxins were marked as the dominant differences between the sides and the primary factor
that affects biomarker responses in aquatic organisms (Gavrilovi¢ et al., 2020).

The study was carried out during the summer months of 2018 on two sides of the lake.
Examinations at the northern (N) site (46° 06’ 11" N, 19° 49' 16" E, 93 m.a.s.l.) included three
sampling time points (N1 — June, N2 — July, N3 — August) that were chosen primarily because of
the similar concentrations of MCs in the water, and because of the stability of the main
physicochemical factors that are known to influence biochemical parameters (such as the
temperature). Pre- and post-bloom periods were avoided due to reproductive (from March to
mid-May) and/or seasonal effects on the oxidant/antioxidant biomarkers in frogs. The southern
(S) site of the lake (46° 03' 59" N, 19° 49' 46" E, 95 m.a.s.l.) with one sampling time point in

summer (August) was selected as the “reference site”.



Animal use was approved by the Serbian Ministry of Environmental Protection
(Permission No. 353-01-1168/2018-04). Taxonomic determination of frogs was performed
according to Arnold and Ovenden (1992) and Krizmani¢ (2008). Adult male frogs (n=10 for S,
n=10 for N1, n=8 for N2 and n=10 for N3 frogs) were collected using hand nets and transported
to the laboratory alive in cages with lake water. The total snout-vent length (SVL) and body
mass (BM) of each frog were measured before dissection. The condition factor (CF) of frogs was
calculated according to Bagenal and Tesch (1978) and served as an indicator of the overall health
of the animals. The frogs were killed by decapitation. After dissection, the livers were weighed
in order to determine the hepatosomatic index (HSI) as an additional indicator of the condition of
the frog (Jelodar and Fazli, 2012). Liver samples were stored at —80°C until biochemical

analysis.

2.2. Water, MC and phytoplankton analyses

Water samplings for the analyses of the physicochemical parameters, MC and
phytoplankton were carried out at the same time/place as frog collection. Surface water near the
shore of the lake was analyzed. Mobile water analytical equipment (YSI Multiparameter Water
Professional Plus Water Quality Meter, USA) was used for in situ measurements of water
temperature, pH, dissolved oxygen concentration and conductivity, while a Secchi disk served
for determination of transparency. Water samples for the analyses of the other physicochemical
parameters and MC concentrations were collected in 1-L glass bottles and transported in cool

containers to the laboratory where they were processed within 12—24 h of collection. The



concentrations of ammonia, nitrite, nitrate, orthophosphates and total phosphorous were
determined according to the Serbian National Standard for water quality using APHA (2017).

Sample preparation and quantification of the MCs was performed according to 1SO
20179 (2005). The standards for the analyzed forms of MCs (MC-LR, MC-RR and MC-YR)
were obtained from Cyano Biotech GmbH (Germany). The analysis was carried out on a HPLC
system, Dionex Ultimate 3000, which consisted of an HPG-3200 Standard Binary Pump, WPS-
3000 Autosampler, TCC-3000 Thermostatted Column Compartment, DAD-3000 and MSQ Plus
Single Quadrupole Mass Spectrometer (Thermo Scientific, USA). A C18 Acclaim Polar
Advantage Il column with 3 um particle size and 150 mmx3 mm 1.D. (Thermo Scientific, USA)
was used for chromatographic separations. Mass detection was performed by the single ion
monitoring method at mass-to-charge ratios of 520, 996 and 1046 for MC-RR, MC-LR and MC-
YR, respectively. The flow rate was 500 pL min, the column temperature was 40°C and the
injection volume was 20 pL. The limit of detection was 0.1 pg L for each MC form.

Water samples for qualitative phytoplankton analysis were taken using a phytoplankton
net with a mesh size of 25 um (HYDRO-BIOS Apparatebau GmbH, Germany). Taxonomic
identifications of phytoplankton species were made according to the widely used keys (John et
al., 2011; Komarek, 2013; Komarek and Anagnostidis, 1998, 2005) and were performed under
an upright microscope (DM750, Leica Microsystems, Germany) with an HI Plan 40x/0.65 (at
400x magnification) objective. The samples for phytoplankton quantification were taken in 0.5-L
plastic bottles and preserved in Lugol’s solution at a ratio of 1:250. Quantitative phytoplankton
analysis was carried out using the Utermdohl (1958) method on an inverted microscope (INVE
500T, COLO Lab Experts, Slovenia) with an LWD Plan 40x/0.60 (at 400x magnification)

objective. The density of phytoplankton taxa was presented as the number of cells mL™.



2.3. Tissue processing and biochemical analyses

After the liver was minced with scissors, one part of the tissue was homogenized for 45 s
in 5 volumes of an ice-cold 25 mM sucrose buffer (pH 7.4) containing 10 mM Tris-HCl and 5
mM EDTA, using an Ultra Turrax homogenizer (T-18, IKA-Werk, Germany). The homogenates
were sonicated at 10 kHz for 30 s on ice (Takada et al., 1982) with a Sonopuls ultrasonic
homogenizer (HD 2070, Bandelin electronic, Germany). For determination of glutathione (GSH)
concentration, the sonicates were centrifuged at 5,000 xg for 10 min in 10% sulfosalicylic acid,
and the protein precipitate was discarded. For measurement of the other biochemical parameters,
the sonicates were centrifuged at 100,000 xg for 90 min at 4°C to obtain the supernatant. Tissue
processing for analysis of the level of lipid peroxidation (LPO) included homogenization and
sonication of minced liver parts in 10 volumes of an ice-cold Tris-HCI buffer (pH 7.4), followed
by centrifugation at 10,000 xg for 10 min at 4°C in 40% TCA to obtain the supernatant.

The protein content was determined at 500 nm by the Lowry method (Lowry et al.,
1951), with bovine serum albumin (BSA) as standard. Superoxide dismutase (SOD) activity was
measured at 480 nm according to the assay described by Misra and Fridovich (1972), which is
based on the ability of SOD to inhibit the autoxidation of epinephrine. The Claiborne (1984)
method for catalase (CAT) analysis, which includes measurement of hydrogen peroxide
degradation at 240 nm, was performed. Glutathione peroxidase (GPx) activity was assayed in
accordance with the protocol outlined by Tamura et al. (1982), and glutathione reductase (GR)
activity was estimated according to the assay described by Glatzle et al. (1974). Both methods

for GPx and GR activities are based on the rate of NADPH oxidation. Glutathione-S-transferase



(GST) activity toward 1-chloro-2,4-dinitrobenzene (CDNB) was determined in accordance with
Habig et al. (1974). The activities of all three GSH-related enzymes (GPx, GR and GST) were
estimated at 340 nm. All antioxidant enzymatic activities were expressed in U mg ™ protein.
GSH was determined according to the 5,5’-dithio-bis-(2-nitrobenzoic acid) (DTNB) enzymatic
recycling method described by Griffith (1980). The concentration of GSH was expressed in nmol
g ! tissue. The concentrations of protein sulfhydryl (-SH) groups were estimated after incubation
of tissue extracts with DTNB by the method of Ellman (1959) and expressed as nmol mg ™
protein. Both thiol determinations (GSH and protein —SH groups) were measured at 412 nm. The
thiobarbituric acid-reactive substance (TBARS) assay described by Rehncrona et al. (1980) was
used to measure the oxidative damage of lipids. Lipid peroxidation (LPO) level was evaluated at
532 nm and expressed in nmol mg ™! tissue. Liver cholinesterase (ChE) activity as a neurotoxicity
parameter was detected at 412 nm with acetylcholine iodide as a substrate following the Ellman
method (Ellman et al., 1961). ChE enzymatic activity was expressed as pumol min* g tissue.
All biochemical parameters were measured at 25°C using a UV-VIS spectrophotometer

(UV-1800, Shimadzu, Japan). All chemicals were obtained from Sigma (St. Louis, MO, USA).

2.4. Integrated biomarker response (IBR)

Considering that biomarkers usually exhibit different patterns of response, their complex
changes are not always easy to interpret. We used integrated biomarker response (IBR) to merge
all antioxidant parameters (SOD, CAT, GPx, GR and GST activities and GSH concentration)
into one unifying value in order to estimate the differences between frog groups in response to

cyanobacterial bloom-induced stress. IBR analysis was performed according to Devin et al.

10



(2014). The calculation was based on the original formula described by Beliaeff and Burgeot
(2002). Our starting hypothesis for IBR calculation was that the antioxidant defense parameters
increase during exposure to the bloom. For each biomarker, we computed the value

Y =(X—m)/s, where X is the mean value for a group, m is the mean value for all groups and s is
the standard deviation for all groups. The S value was calculated as S=Y + |[Min|, where Min is
the minimal value observed for all groups for each biomarker. All Si values were plotted on a
radar diagram to obtain the total area Ai = Si x Si+1 x sin(2z/k)/2, and the IBR = ¥'¥_, Ai was
calculated. To limit the effect of biomarker arrangement, which is user-defined, a procedure that
creates all possible circular permutations of k biomarkers was performed. The result was a matrix
of 120 values for six biomarkers. We have presented the IBR value as the median value of all

values (due to the non-normal distribution of the IBR values).

2.5. Statistical analysis

The Kolmogorov-Smirnov normality test preceded other statistical analyses. Data for all
condition indices and biochemical parameters were normally distributed. For statistical
comparison of the parameters among the four groups of frogs (S, N1, N2 and N3), one-way
ANOVA (with Tukey’s HSD for unequal N as post hoc analysis) was performed. The significant
level was set at p < 0.05. In all figures and tables, the results are shown as the mean + standard
error (SE). Principal component analysis (PCA) was used to integrate and present the general
patterns of the biochemical parameters in relation to the groups. All data were analyzed using
statistical software STATISTICA 10.0, except the integrated biomarker response index that was

calculated in R 3.4.1.
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3. Results

3.1. Water, MC and phytoplankton analyses

The measured values of the physicochemical parameters and the concentrations of MCs
are presented in Table 1. The water sample from the S site was MC-free. In contrast, we detected
MC in all samples from the N site (about 1 pug L™ of total MC). Slight differences in the
concentrations of MC forms among N1, N2 and N3 samplings were observed. The counted
values for total phytoplankton, total cyanobacteria and cyanobacterial species densities are
shown in Table 2. The S site was characterized by the lowest phytoplankton and cyanobacterial
abundance (with dominance of Chroococcus sp.). The water samples from the N site had about
30- to 60-times higher cyanobacterial densities compared to the S site. The highest
phytoplankton abundance with a clear dominance of cyanobacterial species was detected in the
N1 water sample, followed by the values counted in the N2 and then in the N3 sample. The main
bloom-forming genera in this part of the lake were Microcystis and Planktothrix. We observed
differences among the bloom water samples, with dominant presence of M. flos-aquae, P.
agardhii and M. wesenbergii in the N1 sample, of P. agardhii, M. wesenbergii and Jaaginema

subtilissimum in the N2 sample, and of M. wesenbergii and P. agardhii in the N3 sample.

3.2. Condition indices

12



The measured values for SVL, BM, CF and HSI are presented in Table 3. N1 frogs had a
lower BM in comparison with S frogs (p = 0.007). Statistical analysis showed that there were no
significant differences among the four groups of frogs for the SVL, CF and HSI condition

indices.

3.3. Oxidative stress and neurotoxicity parameters

SOD activity (Fig. 2A) was higher in N3 frogs when compared to S frogs (p = 0.0005),
while CAT activity (Fig. 2B) was higher in N3 frogs in comparison to all other frog groups (p =
0.0012 for S-N3, p = 0.0123 for N1-N3 and p = 0.0081 for N2-N3). All frogs from the N side of
the lake showed lower GPx activities (Fig. 2C) and protein —SH group concentrations (Fig. 2G)
than frogs from the S site (GPx: p = 0.0002 for S-N1, p = 0.0029 for S-N2 and p = 0.0066 for S-
N3; —=SH: p = 0.0002 for S-N1, p = 0.0002 for S-N2 and p = 0.0002 for S-N3). The concentration
of the protein —SH groups was lower in N1 frogs when compared to N2 and N3 frogs (p =
0.0017 for N1-N2 and p = 0.0002 for N1-N3). Statistical analysis showed that no significant
differences were determined among the four frog groups for GR activity (Fig. 2D). Frogs from
N1 and N2 samplings had higher GST (Fig. 2E) activity in comparison with S and N3
individuals (p = 0.0002 for S-N1, p = 0.0002 for S-N2, p = 0.0002 for N1-N3 and p = 0.0002 for
N2-N3). The concentration of GSH (Fig. 2F) in N2 frogs was significantly higher than in the
other groups of frogs (p = 0.0382 for S-N2, p = 0.0025 for N1-N2 and p = 0.0017 for N2-N3).
The level of LPO (Fig. 2H) was higher in N1 and N3 frogs as compared to the S group, and in
N3 frogs as compared to the N2 group (p = 0.0286 for S-N1, p = 0.0147 for S-N3 and p = 0.0381

for N2-N3). ChE activity (Fig. 21) was lower in N3 frogs in comparison to S frogs (p = 0.0120).
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3.4. PCA analysis

Principal component analysis revealed clear differentiation among the four frog groups
based on the biochemical parameters (Fig. 3). The highest percentage of dataset variation
(51.90% of the total variability) was explained by the first two principal components (PCs);
30.88% for PC1 and 21.02% for PC2. Frogs from the S site had an opposite loading on PC1 to
the other three groups, mainly due to the contribution of GPx activity and protein —SH group
concentrations. PC2 distinguished N3 frogs from N1 and N2 frogs and the separation was mainly

the result of differences in CAT and GST activities.

3.5. IBR analysis

The calculated values of the integrated biomarker response for each frog group (S, N1,
N2 and N3) were used to create the star plot (Fig. 4). The IBR index provided a comparison
between the groups for the analyzed set of antioxidant biomarkers. The values of the IBR index
were as follows: 0.65 + 0.02 for S frogs, 0.79 £ 0.03 for N1 frogs, 3.37 + 0.04 for N2 frogs and
3.39 £ 0.09 for N3 frogs. The results showed that the S frogs had the lowest IBR, while an

increasing trend in antioxidant response was observed in N1 to N3 frogs.

4. Discussion
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The phenomenon of a cyanobacterial bloom in aquatic ecosystems has become a
widespread and progressive environmental stressor in a eutrophication-laden world (Zegura et
al., 2011). Previous laboratory and field studies showed that chronic exposure to environmentally
relevant/low concentrations of cyanotoxins presents a serious risk to organism and ecosystem
health (Calado et al., 2018; Chen et al., 2017; Pavagadhi et al., 2012; Zhang et al., 2009). Results
obtained from this study provide the first insight into the complex dynamics of the biochemical
parameters in the liver of frogs after exposure to an MC-producing cyanobacterial bloom over
several months. Despite the relatively low total concentration of MCs (about 1 pg L™) during the
monitored months, our data showed that the bloom induced hepatic oxidative stress and
neurotoxicity in frogs from a natural habitat.

Adverse effects and bioaccumulation of MC-LR and MC-RR in plants and fish from
Lake Ludas has been reported (Tokodi et al., 2018). Even though we did not measure the
bioaccumulation of MCs by frogs, there is evidence that adult frogs accumulate MCs in tissues at
a higher level than fish (Papadimitriou et al., 2012). Recent studies showed that long-term
exposure of aquatic organisms to cyanobacterial blooms results in the bioaccumulation of MCs,
even in case of a low concentration of toxins in water (Zhang et al., 2009; Calado et al., 2018).

There is little information in scientific literature regarding the effects of MCs on the
prooxidant/antioxidant balance in amphibians. Buryskova et al. (2006) studied the influence of
complex bloom samples on Xenopus laevis embryos, but no significant changes in oxidative
stress parameters were observed. Similar results were obtained on X. laevis tadpoles fed with
cyanobacterial biomass containing MC-LR, which pointed to the involvement of special defense
mechanisms against cyanobacterial toxicity (Zikova et al., 2013). Research on adult male frogs

Rana nigromaculata showed that even low MC concentrations can cause oxidative damage and
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ultrastructural changes in the liver (Zhang et al., 2013a). Results obtained on the testes of the
same species showed a similar pattern of redox disbalance and revealed MC-induced
reproductive toxicity (Jia et al., 2014; Jia et al., 2018; Zhang et al., 2013b, c).

In our study, the condition factor and hepatosomatic index showed that the bloom had no
negative effect on the general health of P. kl. esculentus frogs. Similar results were obtained on
Coregonus lavaretus after subchronic exposure to environmentally relevant densities of MC-
producing Planktothrix rubescens (Ernst et al., 2007). Sun et al. (2013) also found that the MC-
containing bloom did not affect the CF of juvenile Hypophthalmichthys nobilis fish, indicating
that biochemical parameters provide more robust evidence of cyanotoxin effects.

Exposure to MCs induces excessive production of ROS at multiple levels in the cell,
mainly as the outcome of mitochondrial dysfunction (Chen and Xie, 2016). Our study confirmed
an important role of the oxidative stress/ROS pathway in the promotion of bloom toxicity.
Numerous studies have shown that SOD and CAT activities increase when organisms are
exposed to MCs (Li et al., 2005; Prieto et al., 2006). In our study, significant SOD/CAT
cooperation was manifested as the last line of antioxidant defense since it was observed only in
N3 frogs. The delayed activation of SOD and CAT was also reported in fish liver during
prolonged exposure to MC-containing cyanobacteria (Jos et al., 2005). The established role of
SOD is dismutation of the superoxide anion radical, and elevated activity of this enzyme causes
increased formation of intracellular H20». This ROS is subsequently removed by the activity of
CAT. However, Jiang et al. (2012) observed no changes in SOD and CAT activities in the liver
of fish following sub-chronic exposure to environmentally relevant concentrations of MC-LR.

GPx has a crucial role in the protection of cellular membranes as it participates in the

elimination of lipid peroxidation products (Halliwell and Gutteridge, 2015). It was shown that
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cyanotoxin-mediated GPx deficiency is directly connected to high LPO in fish tissues (Silva et
al., 2011). Zhang et al. (2013a) reported decreased GPx activity and an increased level of LPO in
the liver of R. nigromaculata frogs after prolonged exposure to 1 ug L™t MC-LR in laboratory-
based conditions. This is basically in line with our findings that revealed the induction of LPO
processes in N1 and N3 frogs in comparison to S frogs, while GPx activity in all groups from the
N site remained suppressed during the entire monitoring period. Previous studies reported that
LPO is one of the most important events responsible for MC-induced hepatotoxicity (Amado and
Monserrat, 2010; Wiegand and Pflugmacher, 2005). However, the level of LPO that we detected
in N2 frogs was not significantly different from the values in S frogs. Protection against LPO
progression during prolonged exposure to low doses of MCs was shown to be the result of a
temporary adaptive response that was conditioned by antioxidant and biotransformation activities
(Zhao et al., 2009).

The main route for the detoxification of MCs is conjugation with GSH that is catalyzed
by the biotransformation enzyme GST (Pflugmacher et al., 1998). Increased GST activity has
been observed in different fish species that were exposed to low concentrations of MCs (similar
to ours) under laboratory and field conditions (Jiang et al., 2012; Pavagadhi et al., 2012; Qiu et
al., 2007). On the other hand, insufficient activity of GST can be a sign of its saturation with
cyanotoxins or as the consequence of oxidative modifications of the enzyme protein (Pavagadhi
et al., 2012). The activation of GSH was defined as the most important line of antioxidant and
biotransformation defense that significantly participates in the protection of the cell membranes.
An increase in the concentration of GSH was reported in the liver of fish exposed to an MC-
producing cyanobacterial bloom, and was linked to the protection of cells from LPO (Blaha et

al., 2004; Qiu et al., 2007). The data reported by these authors could explain the GST/GSH/LPO

17



pattern observed in the present study. Although higher GST activity in N1 and N2 frogs in
comparison with S frogs suggested activation of the detoxification system, this was accompanied
by a higher concentration of GSH only in N2 frogs, with unchanged LPO (in comparison with S
frogs). Therefore, an initial increase in GST activity without a change in GSH compared to S
frogs was not sufficient to prevent LPO in N1 frogs, whereas this defensive process in LPO-
affected N3 frogs was at values that were similar to those observed in S frogs. A schematic
representation of the relationship between GPx, GST, GSH and LPO in the bloom-impacted
frogs is presented in Fig. 5. The observed defense response showed that GSH is one of the main
factors responsible for the defense against the bloom-induced LPO. Increased GSH concentration
can be the result of its enhanced de novo synthesis, which assumes a key role in the protection
against oxidative stress caused by MCs (Chen and Xie, 2016; Chen et al., 2016).

In addition to LPO, the oxidative modification of proteins (such as carbonylation) is a
common oxidative damage caused by MCs in tissues of many aquatic organisms (Amado and
Monserrat, 2010; Gavrilovi¢ et al., 2020). Our findings suggest that exposure to the MC-
producing bloom also induced the oxidation of protein —SH groups in frog liver. Changes in the
redox state of thiol/disulfide couples could affect the structure and function of almost all
proteins, including oxidation-reduction enzymes (Halliwell and Gutteridge, 2015). However, our
study has shown that the activity of the redox-maintenance enzyme GR in the liver of P. kl.
esculentus is not a sensitive biomarker of exposure to a MC-producing cyanobacterial bloom.
Also, no changes in GR activity were detected in the liver, gills, muscle and brain of Cyprinus
carpio fed on lyophilized M. aeruginosa extracts (Amado et al., 2011).

Regarding the temporal dynamics of the biochemical parameters in the liver of the

bloom-impacted frogs (from N1 to N3), slight (but mainly not significant) increases in SOD,
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CAT, GPx and GR activities and a decrease in ChE activity were observed. The bell-shaped
pattern for GSH concentration and the inverted bell-shaped pattern for the level of LPO revealed
the correlation of these parameters. The dynamics of the concentrations of protein —SH groups
and GST activity over time indicated a reduction in the level of protein oxidative damage and
biotransformation, respectively. Taking all the data into account, the biochemical parameters did
not exhibit a well-defined time-dependent pattern during the three months.

The integrated biomarker response is increasingly used in ecotoxicological studies
concerning the effects of cyanotoxins (Calado et al., 2020). This multiple biomarker approach
showed that acute exposure to low concentrations of MC-LR had toxic effects in Geophagus
brasiliensis fish (Calado et al., 2019). The higher values of IBR in N2 and N3 frogs compared to
N1 frogs demonstrated that the higher activation of the antioxidant defense over time was a
response to bloom exposure. Cellular redox homeostasis is based on the combined activity of
antioxidants, and successful defense is possible only if all components of the antioxidant system
cooperate (Costantini et al., 2013). Although IBR values of the investigated antioxidant
parameters from frog liver pointed to a potential adaptive response to the toxic cyanobacterial
bloom, the single defense components were not coordinated, i.e. they were not activated at the
same time. Considering all presented results, the activity of the antioxidant system in the liver of
P. kl. esculentus was not sufficient to prevent bloom-mediated oxidative damage.

In environmental toxicological studies on cyanobacterial blooms, the possible presence of
other xenobiotics in water that can cause prooxidant effects should not be overlooked. The
elevated content of heavy metals and organic contaminants in the water are known to affect
oxidative stress parameters (Falfushynska et al., 2010, 2012; Valon et al., 2013). Regular

monthly monitoring showed that the concentrations of heavy metals (Fe, Zn, Cu, Cr, Cd, Pb, Ni,
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Hg, Co, Mn) and different organic pollutants (pesticides, PAHS) in the water of Lake Ludas did
not exceed environmental quality standards for surface waters during our sampling in 2018
(Environmental Protection Agency — Ministry of Environmental Protection of the Republic of
Serbia, 2019). Although previous in situ studies indicated that the presence of metal ions might
promote the absorption of MCs in fish (Jiang et al., 2014), the co-toxic effects of the MCs with
other pollutants are still not well known.

The modification of MC toxicity as a result of the presence of common nutrients in the
water cannot be excluded in our research. It was demonstrated that NH4*, POs* and CI-
intensified, while NO3™ attenuated the toxic effect of MCs (Pavagadhi et al., 2013; Sun et al.,
2011). The results of the present study are in agreement with this, and they indicate that the
specific oxidant/antioxidant state (high GSH concentration and low LPO level) that was detected
in N2 frogs was accompanied by the highest concentration of NO3™ in water. Pavagadhi et al.
(2013) reported that the interaction of MCs and NO3™ could transform MCs over time or even
change the bioavailability of MCs. The enhanced detoxification capacity of the GST-GSH
system in N2 frogs could be the result of cooperative detoxification of NOs™.

Considering that only minor differences in other water parameters between samplings
were detected, changes in the biochemical parameters appear to be mainly the result of the
presence of cyanobacterial metabolites. However, modulation of prooxidant MC toxicity by
coexposure to nonspecific cyanobacterial metabolites (such as lipopolysaccharides) produced by
all cyanobacteria, as well as to unidentified cyanotoxins, has also been reported (Buryskova et
al., 2006; Jaja-Chimedza et al., 2012). Based on the above, the effects of the cyanobacterial
bloom observed in our study should not be simply linked to the detected concentrations of MCs.

Slight differences in concentrations of different MC forms and different abundances of dominant
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cyanobacterial species in different samples could have also had an additional effect. Most of the
cyanobacterial genera and species detected in our study are known as potential cyanotoxin
producers. The most numerous species found in the northern part of the lake (such as M. flos-
aquae, M. wesenbergii and P. agardhii) are recognized as producers of MCs (Fastner et al.,
1999; Luukkainen et al., 1994; Yasuno et al., 1998). However, cyanotoxin production is not
species-specific but a strain-related feature, so that cyanobacterial abundance and concentrations
of MCs were not correlated in our study.

The neurotoxic effect of the MC-containing cyanobacterial bloom on frog liver was also
revealed in our study. The significantly lower ChE activity that was detected only in N3 frogs in
comparison to S frogs, suggested that neurotoxicity was expressed with a delay in relation to
prooxidant toxicity. Our data are consistent with research that reported the neurotoxic effects of

MCs and a decrease in AChE activity in fish tissues (Calado et al., 2018; Wu et al., 2017).

5. Conclusions

This study revealed that prolonged exposure to an MC-containing cyanobacterial bloom
altered the oxidative status of the liver of P. kl. esculentus frogs. Complex dynamics of the
antioxidant and biotransformation parameters were observed, but the defense mechanisms were
not capable of protecting cellular targets such as protein thiols and membrane lipids. However,
an important role of GSH in the transient recovery from LPO is emphasized. A continuously low
GPx activity and deficiency in cooperation of the antioxidant components were the main reasons
for the failure of the defensive response in the bloom-impacted frogs. The neurotoxicity observed

as the decrease in the ChE activity was manifested with a delay in relation to the prooxidant
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effects. The response of the biochemical parameters did not exhibit a clear time-dependent
pattern, suggesting the added influence of different factors, such as non-specific cyanobacterial
metabolites and water-quality parameters. The possible presence of other prooxidant agents in
the lake cannot be ignored. This work demonstrates the importance of in situ research as one of
the most valuable approaches in efforts to elucidate the biochemical toxicity of blooms. Further
comprehensive environment-based studies are urgently needed to expand the comparatively

scarce knowledge of the effects of long-term exposure to cyanobacterial blooms.

Declaration of Competing Interest

The authors have no competing interest to declare.

Acknowledgements

This study was supported by the Ministry of Education, Science and Technological

Development of the Republic of Serbia, Contract No. 451-03-68/2020-14/200007. The authors

are grateful to Dr. Goran Poznanovi¢ for proofreading the manuscript and to Dr. Zorica S. Saici¢

for her support and help.

References

Amado, L.L., Garcia, M.L., Ramos, P.B., Yunes, J.S., Monserrat, J.M., 2011. Influence of a

toxic Microcystis aeruginosa strain on glutathione synthesis and glutathione-S-

22



transferase activity in common carp Cyprinus carpio (Teleostei: Cyprinidae). Arch.
Environ. Contam. Toxicol. 60, 319-326.

Amado, L.L., Monserrat, J.M., 2010. Oxidative stress generation by microcystins in aquatic
animals: why and how. Environ. Inter. 36, 226-235.

APHA, 2017. Standard Methods for the Examination of Water and Wastewater, 23rd ed.
American Public Health Association, Washington, USA.

Arnold, E.N., Ovenden, D.W, 1992. A Field Guide to the Reptiles and Amphibians of Britain
and Europe. Harper Collins Publishers, London.

Bagenal, T.B., Tesch, F.W., 1978. Age and growth. In: Begenal, T. (Ed.), Methods for
Assessment of Fish Production in Fresh Waters. IBP Handbook No. 3, 3rd ed. Blackwell
Science Publications, Oxford, pp. 101-136.

Beliaeff, B., Burgeot, T., 2002. Integrated biomarker response: a useful tool for ecological risk
assessment. Environ. Toxicol. Chem. 21, 1316-1322.

Blaha, L., Kopp, R., Simkova, K., Mare, J., 2004. Oxidative stress biomarkers are modulated in
silver carp (Hypophthalmichthys molitrix Val.) exposed to microcystin-producing
cyanobacterial water bloom. Acta Vet. Brno 73, 477-482.

Buryskovd, B., Hilscherov4, K., Babica, P., Vr8kova, D., Marsalek, B., Blaha, L., 2006. Toxicity
of complex cyanobacterial samples and their fractions in Xenopus laevis embryos and the
role of microcystins. Aquat. Toxicol. 80, 346-354.

Calado, S.L.M., Santos, G.S., Leite, T.P.B., Wojciechowski, J., Junior, M.N., Bozza, D.C.,
Magalhaes, V.F., Cestari, M.M., Prodocimo, V., Silva de Assis, H.C., 2018. Depuration
time and sublethal effects of microcystins in a freshwater fish from water supply

reservoir. Chemosphere 210, 805-815.

23



Calado, S.L.M., Santos, G.S., Vicentini, M., Bozza, D.C., Prodocimo, V., Magalhées, V.F.,
Cestari, M.M., Silva de Assis, H.C., 2020. Multiple biomarkers response in a Neotropical
fish exposed to paralytic shellfish toxins (PSTs). Chemosphere 238, 124616.

Calado, S.L.M., Vicentini, M., Santos, G.S., Pelanda, A., Santos, H., Coral, L.A., Magalhaes,
V.F., Mela, M., Cestari, M.M., Silva de Assis, H.C., 2019. Sublethal effects of
microcystin-LR in the exposure and depuration time in a neotropical fish:
Multibiomarker approach. Ecotoxicol. Environ. Saf. 183, 109527.

Chen, J., Zhang, D., Xie, P., Wang, Q., Ma, Z., 2009. Simultaneous determination of microcystin
contaminations in various vertebrates (fish, turtle, duck and water bird) from a large
eutrophic Chinese lake, Lake Taihu, with toxic Microcystis blooms. Sci. Total Environ.
407, 3317-3322.

Chen, L., Hu, Y., He, J., Chen, J., Giesy, J.P., Xie, P., 2017. Responses of the proteome and
metabolome in livers of zebrafish exposed chronically to environmentally relevant
concentrations of microcystin-LR. Environ. Sci. Technol. 51, 596-607.

Chen, L., Li, S., Guo, X., Xie, P., Chen, J., 2016. The role of GSH in microcystin-induced
apoptosis in rat liver: Involvement of oxidative stress and NF-kB. Environ. Toxicol. 31,
552-560.

Chen, L., Xie, P., 2016. Mechanisms of microcystin-induced cytotoxicity and apoptosis. Mini
Rev. Med. Chem. 16, 1018-1031.

Claiborne, A., 1984. Catalase activity. In: Greenwald, R.A. (Ed.), Handbook of Methods for

Oxygen Radical Research. CRC Press Inc., Boca Raton, pp. 283-284.
Costantini, D., Monaghan, P., Metcalfe, N.B., 2013. Loss of integration is associated with

reduced resistance to oxidative stress. J. Exp. Biol. 216, 2213-2220.

24



D’Errico, G., Vitiello, G., De Tommaso, G., Abdel-Gawadd, F.Kh., Brundo, M.V., Ferrante, M.,
De Maio, A., Trocchia, S., Bianchi, A.R., Ciarcia, G., Guerriero, G., 2018. Electron Spin
Resonance (ESR) for the study of Reactive Oxygen Species (ROS) on the isolated frog
skin (Pelophylax bergeri): A non-invasive method for environmental monitoring. Environ.
Res. 165, 11-18.

Devin, S., Burgeot, T., Giambérini, L., Minguez, L., Pain-Devin, S., 2014. The integrated
biomarker response revisited: optimization to avoid misuse. Environ. Sci. Pollut. Res. 21,
2448-2454,

Diez-Quijada, L., Puerto, M., Gutiérrez-Praena, D., Llana-Ruiz-Cabello, M., Jos, A., Camean,
A.M., 2019. Microcystin-RR: Occurrence, content in water and food and toxicological
studies. A review. Environ. Res. 168, 467-489.

Ellman, G.L., (1959). Tissue sulfhydryl groups. Arch. Biochem. Biophys. 82, 70-77.

Ellman, G.L., Courtney, K.D., Andres, V.J.R., Featherstone, R.M., 1961. Determination of
acetylcholinesterase activity. Biochem. Pharmacol. 7, 88-95.

Environmental Protection Agency — Ministry of Environmental Protection of the Republic of
Serbia, 2019. Results of surface and groundwater quality testing for 2018 (Annual
report).

Ernst, B., Hoeger, S.J., O’Brien, E., Dietrich, D.R., 2007. Physiological stress and pathology in
European whitefish (Coregonus lavaretus) induced by subchronic exposure to
environmentally relevant densities of Planktothrix rubescens. Aquat. Toxicol. 82, 15-26.

Falfushynska, H., Horyn, O., Brzozowska, A., Fedoruk, O., Buyak, B., Poznansky, D.,

Poniedziatek, B., Kokocinski, M., Rzymski, P., 2019. Is the presence of Central European

25



strains of Raphidiopsis (Cylindrospermopsis) raciborskii a threat to a freshwater fish? An
in vitro toxicological study in common carp cells. Aquat. Toxicol. 206, 105-113.

Falfushynska, H.l., Gnatyshyna, L.L., Priydun, C.V., Stoliar, O.B., Nam, Y .K., 2010. Variability
of responses in the crucian carp Carassius carassius from two Ukrainian ponds
determined by multi-marker approach. Ecotoxicol. Environ. Saf. 73, 1896-1906.

Falfushynska, H.l., Gnatyshyna, L.L., Stoliar, O.B., 2012. Population-related molecular
responses on the effect of pesticides in Carassius auratus gibelio. Comp. Biochem.
Physiol. C 155, 396-406.

Fastner, J., Erhard, M., Carmichael, W.W., Sun, F., Rinehart, K.L., Ronicke, H., Chorus, I.,
1999. Characterization and diversity of microcystins in natural blooms and strains of the
genera Microcystis and Planktothrix from German freshwaters. Arch. Hydrobiol. 145,
147-163.

Gavrilovié, B.R., Despotovié, S.G., Gavrié, J.P., Borkovi¢-Miti¢, S.S., Ognjanovi¢, B.1,
Pavlovi¢, S.Z., Saici¢, Z.S., 2014. Changes in antioxidant enzyme activities in the livers
and gills of three cyprinids after exposure to a cyanobacterial bloom in the Gruza
Reservoir, Serbia. Ecol. Indic. 38, 141-148.

Gavrilovi¢, B.R., Proki¢, M.D., Gavri¢, J.P., Despotovié, S.G., Radovanovi¢, T.B., Borkovi¢-
Miti¢, S.S., Ognjanovié, B.1., Pavlovi¢, S.Z., Sai¢i¢, Z.S., 2015. Antioxidant parameters
in fish white muscle as biomarkers of exposure to a cyanobacterial bloom. Biologia 70,
831-838.

Gavrilovié, B.R., Proki¢, M.D., Petrovi¢, T.G., Despotovié, S.G., Radovanovi¢, T.B., Krizmani¢,

L1, Ciri¢, M.D., Gavri¢, J.P., 2020. Biochemical parameters in skin and muscle of

26



Pelophylax kl. esculentus frogs: Influence of a cyanobacterial bloom in situ. Aquat.
Toxicol. 220, 105399.

Glatzle, D., Vuilleumier, J.P., Weber, F., Decker, K., 1974. Glutathione reductase test with
whole blood, a convenient procedure for the assessment of the riboflavin status in
humans. Experientia 30, 665-667.

Griffith, O.W., 1980. Determination of glutathione and glutathione disulfide using glutathione

reductase and 2-vinylpyridine. Anal. Biochem. 106, 207-212.

Habig, W.H., Pabst, M.J., Jakoby, W.B., 1974. Glutathione S-transferases. The first enzymatic
step in mercapturic acid formation. J. Biol. Chem. 249, 7130-7139.

Halliwell, B., Gutteridge, J.M., 2015. Free Radicals in Biology and Medicine, 4th ed. Oxford
University Press, USA.

Hinojosa, M.G., Gutiérrez-Praena, D., Prieto, A.l., Guzman-Guillén, R., Jos, A., Camean, A.M.
2019. Neurotoxicity induced by microcystins and cylindrospermopsin: A review. Sci.
Total Environ. 668, 547-565.

Institute of Public Health, Subotica, 2018. Monitoring kvaliteta vode jezera Pali¢, Ludas i kanala
Pali¢-Ludas u 2018. godini (Annual report).

ISO 20179, 2005. Water Quality — Determination of Microcystins — Method Using Solid Phase
Extraction (SPE) and High Performance Liquid Chromatography (HPLC) with
Ultraviolet (UV) Detection. International Organization for Standardization, Geneva,
Switzerland.

Jaja-Chimedza, A., Gantar, M., Mayer, G.D., Gibbs, P.D.L., Berry, J.P., 2012. Effects of
cyanobacterial lipopolysaccharides from Microcystis on glutathione-based detoxification

pathways in the zebrafish (Danio rerio) embryo. Toxins 4, 390-404.

27



Jelodar, H.T., Fazli, H., 2012. Monthly changes in condition, hepatosomatic index and
bioavailability in frogs (Rana ridibunda). Res. J. Biol. 2, 9-14.

Jia, X,, Cai, C., Wang, J., Gao, N., Zhang, H., 2014. Endocrine-disrupting effects and
reproductive toxicity of low dose MCLR on male frogs (Rana nigromaculata) in vivo.
Aquat. Toxicol. 155, 24-31.

Jia, X., Liu, Z., Lu, X., Tang, J., Wu, Y., Du, Q., He, J., Zhang, X., Jiang, J., Liu, W., Zheng, Y.,
Ding, Y., Zhu, W., Zhang, H., 2018. Effects of MCLR exposure on sex hormone
synthesis and reproduction-related genes expression of testis in male Rana
nigromaculata. Environ. Pollut. 236, 12—-20.

Jiang, J., Shi, Y., Shan, Z., Yang, L., Wang, X., Shi, L., 2012. Bioaccumulation, oxidative stress
and HSP70 expression in Cyprinus carpio L. exposed to microcystin-LR under laboratory
conditions. Comp. Biochem. Physiol. C 155, 483-490.

Jiang, J., Wang, X., Shan, Z., Yang, L., Zhou, J., Bu, Y., 2014. Proteomic analysis of hepatic

tissue of Cyprinus carpio L. exposed to cyanobacterial blooms in Lake Taihu, China.
PLo0S One 9, e88211.

John, D.M., Whitton, B.A., Brook, A.J., 2011. The Freshwater Algal Flora of the British Isles: an
Identification Guide to Freshwater and Terrestrial Algae, 2nd ed. Cambridge University
Press, Cambridge.

Jones, G.J., Orr, P.T., 1994. Release and degradation of microcystin following algicide treatment
of a Microcystis aeruginosa bloom in a recreational lake, as determined by HPLC and

protein phosphatase inhibition assay. Wat. Res., 28, 871-876.

28



Jos, A., Pichardo, S., Prieto, A.l., Repetto, G., Vazquez, C.M., Moreno, I., Cameén, A.M., 2005.
Toxic cyanobacterial cells containing microcystins induce oxidative stress in exposed
tilapia fish (Oreochromis sp.) under laboratory conditions. Aquat. Toxicol. 72, 261-271.

Komarek, J., 2013. Stipwasserflora von Mitteleuropa, Cyanoprokaryota, 3. Teil: Heterocytous
Genera. Spektrum Akademischer Verlag, Heidelberg.

Komarek, J., Anagnostidis, K., 1998. Stipwasserflora von Mitteleuropa, Cyanoprokariota, 1.
Teil: Chroococcales. Spektrum Akademischer Verlag, Heidelberg.

Komarek, J., Anagnostidis, K., 2005. Stpwasserflora von Mitteleuropa, Cyanoprokaryota, 2.
Teil: Oscillatoriales. Spektrum Akademischer Verlag, Heidelberg.

Krizmanig, I.1., 2008. Water frogs (Rana esculenta complex) in Serbia - Morphological data.

Arch. Biol. Sci. 60, 449-457.
Li, X.Y., Chung, I.LK., Kim, J.I., Lee, J.A., 2005. Oral exposure to Microcystis increases activity-
augmented antioxidant enzymes in the liver of loach (Misgurnus mizolepis) and has no
effect on lipid peroxidation. Comp. Biochem. Physiol. C 141, 292-296.
Lowry, O.H., Rosebrough, N.J., Farr, A.L., Randall, R.J., 1951. Protein measurement with the
Folin phenol reagent. J. Biol. Chem. 193, 265-275.

Luukkainen, R., Namikoshi, M., Sivonen, K., Rinehart, K.L., Niemel&, S.1., 1994. Isolation and
identification of 12 microcystins from four strains and two bloom samples of Microcystis
spp.: structure of a new hepatotoxin. Toxicon 32, 133-139.

Merel, S., Walker, D., Chicana, R., Snyder, S., Baurés, E., Thomas, O., 2013. State of knowledge
and concerns on cyanobacterial blooms and cyanotoxins. Environ. Int. 59, 303-327.

Meriluoto, J., Spoof, L., Cod, G.A., 2017. Handbook of Cyanobacterial Monitoring and

Cyanotoxin Analysis. Wiley, UK.

29



Mikhailov, A., Harmal&-Brasken, A-S., Hellman, J., Meriluoto, J., Eriksson, J.E., 2003.
Identification of ATP-synthase as a novel intracellular target for microcystin-LR. Chem.
Biol. Interact. 142, 223-237.

Misra, H.P., Fridovich, 1., 1972. The role of superoxide anion in the autoxidation of epinephrine
and simple assay for superoxide dismutase. J. Biol. Chem. 247, 3170-3175.

Papadimitriou, T., Kagalou, 1., Stalikas, C., Pilidis, G., Leonardos, I.D., 2012. Assessment of
microcystin distribution and biomagnification in tissues of aquatic food web
compartments from a shallow lake and evaluation of potential risks to public health.
Ecotoxicology 21, 1155-1166.

Pavagadhi, S., Gong, Z., Balasubramanian, R., 2013. Toxicological implications of microcystins
on zebrafish embryos in the presence of other environmental pollutants. Environ.
Toxicol. Chem. 32, 1574-1581.

Pavagadhi, S., Gong, Z., Hande, M.P., Dionysiou, D.D., de la Cruz, A.A., Balasubramanian, R.,
2012. Biochemical response of diverse organs in adult Danio rerio (zebrafish) exposed to
sub-lethal concentrations of microcystin-LR and microcystin-RR: a balneation study.
Aguat. Toxicol. 109, 1-10.

Pflugmacher, S., Wiegand, C., Obermm, A., Beattie, K.A., Krause, E., Codd, G.A., Steinberg,
C.E.W., 1998. Identification of an enzymatically formed glutathione conjugate of the
cyanobacterial hepatotoxin microcystin-LR: the first step of detoxication. Biochim.
Biophys. Acta 1425, 527-533.

Prieto, A.l., Jos, A., Pichardo, S., Moreno, I., Camean, A.M., 2006. Differential oxidative stress
responses to microcystins LR and RR in intraperitoneally exposed tilapia fish

(Oreochromis sp.). Aquat. Toxicol. 77, 314-321.

30



Proki¢, M.D., Borkovi¢-Miti¢, S.S., Krizmani¢, L.1., Muti¢, J.J., Vukojevi¢, V., Nasia, M.,
Gavri¢, J.P., Despotovi¢, S.G., Gavrilovi¢, B.R., Radovanovi¢, T.B., Pavlovié, S.Z.,
Saici¢, Z.S., 2016. Antioxidative responses of the tissues of two wild populations of
Pelophylax kl. esculentus frogs to heavy metal pollution. Ecotoxicol. Environ. Saf. 128,
21-29.

Qiu, T., Xie, P., Ke, Z., Li, L., Guo, L., 2007. In situ studies on physiological and biochemical
responses of four fishes with different trophic levels to toxic cyanobacterial blooms in a
large Chinese lake. Toxicon 50, 365-376.

Rao, P.V.L., Jayaraj, R., Bhaskar, A.S.B., 2004. Protective efficacy and the recovery profile of
certain chemoprotectants against lethal poisoning by microcystin-LR in mice. Toxicon.
44, 723-730.

Rehncrona, S., Smith, D.S., Akesson, B., Westerberg, E., Siesjo, B.K., 1980. Peroxidative
changes in brain cortical fatty acids and phospholipids, as characterized during Fe?* and
ascorbic acid stimulated lipid peroxidation in vitro. J. Neurochem. 34, 1630-1638.

Selesi, D., 2006. Voda Ludaskog jezera. Javno preduzece Pali¢—Ludas, Subotica, Srbija.

Silva, C.A., Oba, E.T., Ramsdorf, W.A., Magalhées, V.F., Cestari, M.M., Oliveira Ribeiro, C.A.,
Silva de Assis, H.C., 2011. First report about saxitoxins in freshwater fish Hoplias
malabaricus through trophic exposure. Toxicon 57, 141-147.

Sun, H., Wang, W., Geng, L., Chen, Y., Yang, Z., 2013. In situ studies on growth, oxidative

stress responses, and gene expression of juvenile bighead carp (Hypophthalmichthys
nobilis) to eutrophic lake water dominated by cyanobacterial blooms. Chemosphere 93,

421-427.

31



Sun, H,, Yang, W., Chen, Y., Yang, Z., 2011. Effect of purified microcystin on oxidative stress
of silver carp Hypophthalmichthys molitrix larvae under different ammonia
concentrations. Biochem. Systemat. Ecol. 39, 536-543.

Takada, Y., Noguchi, T., Okabe, T., Kajiyama, M., 1982. Superoxide dismutase in various
tissues from rabbits bearing the VVx-2 carcinoma in the maxillary sinus. Cancer Res. 42,
4233-4235.

Tamura, M., Oshino, N., Chance, B., 1982. Some characteristics of hydrogen- and
alkylhydroperoxides metabolizing systems in cardiac tissue. J. Biochem. 92, 1019-1031.

Tokodi, N., Drobac Backovi¢, D., Luji¢, J., Séekié, L., Simié, S., Pordevié, N., Duli¢, T.,
Miljanovi¢, B., Kitanovi¢, N., Marinovié, Z., Savela, H., Meriluoto, J., Sviréev, Z., 2020.
Protected freshwater ecosystem with incessant cyanobacterial blooming awaiting a
resolution. Water, 12, 129.

Tokodi, N., Drobac, D., Meriluoto, J., Luji¢, J., Marinovié, Z., Vazi¢, T., Nybom, S.,
Simeunovi¢, J., Duli¢, T., Lazi¢, G., Petrovi¢, T., Vukovi¢-Gacié, B., Sunjog, K.,
Kolarevi¢, S., Kracun-Kolarevi¢, M., Subakov-Simi¢, G., Miljanovi¢, B., Codd, G.A.,
Svircev, Z., 2018. Cyanobacterial effects in Lake Ludos, Serbia - Is preservation of a
degraded aquatic ecosystem justified? Sci. Total Environ. 635, 1047-1062.

Ujvarosi, A.Z., Riba, M., Garda, T., Gyémant, G., Vereb, G., M-Hamvas, M., Vasas, G., Méathé,
C., 2019. Attack of Microcystis aeruginosa bloom on a Ceratophyllum submersum field:
Ecotoxicological measurements in real environment with real microcystin exposure. Sci.
Total Environ. 662, 735-745.

Utermohl, H., 1958. Zur Vervollkomnung der quantitativen Phytoplankton-Methodik. Mitt. Int.

Verein. Theor. Angew. Limnol. 9, 1-38.

32



Valon, M., Valbona, A., Fahri, G., Qenan, M., Dhurat, K., Fatmir, C., 2013. Evaluating
environmental pollution by applying oxidative stress biomarkers as bioindicators of water
pollution in fish. Pol. J. Environ. Stud. 22, 1519-1523.

Wang, M., Chan, L.L., Si, M., Hong, H., Wang, D., 2010. Proteomic analysis of hepatic tissue of
zebrafish (Danio rerio) experimentally exposed to chronic microcystin-LR. Toxicol. Sci.
113, 60-69.

Wiegand, C., Pflugmacher, S., 2005. Ecotoxicological effects of selected cyanobacterial
secondary metabolites a short review. Toxicol. Appl. Pharmacol. 203, 201-218.

Wu., Q., Yan, W., Cheng, H., Liu, C., Hung, T.C., Guo, X., Li, G., 2017. Parental transfer of
microcystin-LR induced transgenerational effects of developmental neurotoxicity in
zebrafish offspring. Environ. Pollut. 231, 471-478.

Yasuno, M., Sugaya, Y., Kaya, K., Watanabe, M.M., 1998. Variations in the toxicity of
Microcystis species to Moina macrocopa. Phycol. Res. 46, 31-36.

Zegura, B., Straser, A., Filipi¢, M., 2011. Genotoxicity and potential carcinogenicity of
cyanobacterial toxins — a review. Mutat. Res. 727, 16-41.

Zhang, D., Xie, P., Liu, Y., Qiu, T., 2009. Transfer, distribution and bioaccumulation of
microcystins in the aquatic food web in Lake Taihu, China, with potential risks to human
health. Sci. Total Environ. 407, 2191-21909.

Zhang, H., Cai, C., Fang, W., Wang, J., Zhang, Y., Liu, J., Jia, X., 2013a. Oxidative damage and
apoptosis induced by microcystin-LR in the liver of Rana nigromaculata in vivo. Aquat.
Toxicol. 140-141, 11-18.

Zhang, H., Cai, C., Wu, Y., Shao, D., Ye, B., Zhang, Y., Liu, J., Wang, J., Jia, X., 2013b.

Mitochondrial and endoplasmic reticulum pathways involved in microcystin-LR-induced

33



apoptosis of the testes of male frog (Rana nigromaculata) in vivo. J. Hazard. Mater. 252—
253, 382-389.

Zhang, H., Cai, C., Wu, Y., Ye, B., Han, L., Shou, X., Wang, M., Wang, J., Jia, X., 2013c. Toxic
effects of microcystin-LR on the reproductive system of male Rana nigromaculata in
vitro. Aquat. Toxicol. 126, 283-290.

Zhao, Y., Xie, P., Zhang, X., 2009. Oxidative stress response after prolonged exposure of
domestic rabbit to a lower dosage of extracted microcystins. Environ. Toxicol.
Pharmacol. 27, 195-199.

Zikova, A., Lorenz, C., Lutz, 1., Pflugmacher, S., Kloas, W., 2013. Physiological responses of
Xenopus laevis tadpoles exposed to cyanobacterial biomass containing microcystin-LR.

Agquat. Toxicol. 128-129, 25-33.

34



Figure captions
Fig. 1. Map of Lake Ludas (Serbia) with the southern (S) and northern (N) sampling sites

marked.

Fig. 2. Biochemical parameters in the liver of P. kl. esculentus frogs from the southern (S) and
northern (N) sites at Lake Ludas, obtained at three time points (N1, N2 and N3). A — superoxide
dismutase (SOD), B — catalase (CAT), C — glutathione peroxidase (GPx), D — glutathione
reductase (GR), E — glutathione-S-transferase (GST), F — glutathione (GSH), G — protein
sulfhydryl (~SH) groups, H — lipid peroxidation (LPO) and I — cholinesterase (ChE). The data
are expressed as the mean + SE. Different letters indicate significant differences between the

groups (Tukey’s HSD for unequal N, p < 0.05).

Fig. 3. Principal component analyses (PCA) of the biochemical parameters (SOD, CAT, GPx,
GR, GST, GSH, protein —SH groups, LPO and ChE) in the liver of P. kl. esculentus frogs from
the southern (S) and northern (N) sites at Lake Luda$, obtained at three time points (N1, N2 and
N3). A — projection of the cases on the PC-plane, B — projection of the variables on the PC-

plane.

Fig. 4. Integrated biomarker response (IBR) in the liver of P. kl. esculentus frogs from the
southern (S) and northern (N) sites at Lake Ludas, obtained at three time points (N1, N2 and N3).
The antioxidant parameters (SOD, CAT, GPx, GR, GST and GSH) were selected to calculate

IBR.
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Fig. 5. Schematic representation of the relationship between GSH-based antioxidant machinery
(GPx, GST and GSH) and lipid peroxidation (LPO) in the liver of P. kl. esculentus frogs from
the northern (N) site at Lake Ludas, obtained at three time points (N1, N2 and N3). 1 indicates
significantly higher value with respect to the southern (S) site; | indicates significantly lower

value with respect to the S site; — indicates no significant difference with respect to the S site.
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Table 1

Water-quality parameters and concentration of microcystin forms (MC-LR, MC-RR and MC-YR) in

water samples from the southern (S) and northern (N) sites at Lake Ludas, obtained at three time points

(N1, N2 and N3) (nd — not detected).

S N1 N2 N3
Temperature (°C) 27.40+£0.76 26.03+x0.41 26.23+0.15 26.47 £ 0.42
pH 9.30+0.05 9.42 +£0.07 9.00 £ 0.04 9.67 £0.04
0 (mg L™ 8.86+0.83  1548+0.68 14.39+0.49  13.35+0.50
Conductivity (uS cm™) 1795+7.09 898+6.35  921+1.76 936 + 7.77
Transparency (cm) 64.00+252 16.00+0.29 16.50+0.29 16.33 £ 0.33
Ammonia, NHs-N (mg L) 056 +0.03 0.41+0.02  0.66+0.01 0.27 +0.01
Nitrite, NO2-N (mg L™) <0.002 0.012+0.001 0.019+0.001 <0.002
Nitrate, NOs-N (mg L) <0.1 0.45+0.03  7.00+0.49 <0.1
Orthophosphates, PO4-P (mg L™) 0.013+0.001 0.03+0.003 0.02 £ 0.002 0.04 £ 0.004
Total phosphorous, P (mg L™) 0.19+£0.01 0.57 £0.02 0.07£0.01 0.70£0.03
MC-LR (ug L™) nd 0.50+0.11 0.40 +£0.08 0.60 +£0.13
MC-LL (ug L™ nd 0.25+0.05 0.40 +£0.08 0.41 +0.09
MC-YR (ug L) nd nd 0.20 + 0.04 nd
MC-Total (ug L) nd 0.75+0.16  1.00+0.20 1.01 +0.22
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Table 2

Densities (cell mL™) of total phytoplankton, total cyanobacteria and cyanobacterial species in
water samples from the southern (S) and northern (N) sites at Lake Ludas, obtained at three time
points (N1, N2 and N3); the most numerous and blooming cyanobacterial species are in bold (the

counting error for dominant taxa was <1%).

S N1 N2 N3
Phytoplankton 42,742 2,242,076 1,758,639 1,179,073
Cyanobacteria 37,324 2,182,173 1,707,413 1,160,141
Anabaena sp. 420 0 20,012 11,086
Aphanizomenon sp. 0 3,675 0 0
Dolichospermum flos-aquae 0 0 885 0
Anabaenopsis circularis 0 885 0 531
Anabaenopsis cunningtonii 136 3,276 2,347 496
Anabaenopsis elenkinii 0 9,209 8,147 549
Aphanocapsa sp. 0 0 5,224 72,274
Chroococcus sp. 27,840 89 13,415 0
Raphidiopsis raciborskii 60 8,678 33,870 19,658
Cuspidothrix sp. 0 1,860 1,240 6,075
Gloeocapsa sp. 0 0 3,188 0
Komvophoron sp. 0 1,771 2,037 638
Merismopedia sp. 1 0 0 2,125 4,959
Merismopedia sp. 2 0 0 0 5,419

38



Microcystis wesenbergii
Microcystis flos-aquae
Oscillatoria sp. 1
Oscillatoria sp. 2
Oscillatoria sp. 3
Phormidium sp.
Planktolyngbia limnetica
Jaaginema subtilissimum
Limnothrix sp.
Geitlerinema amphibium
Planktothrix agardhii

Pseudanabaena limnetica

1,878

1,350
840
1,518
1,000
48
1,998

152

84

112,547
1,560,200
0

0

0

0
34,402
93,685
39,316
20,898
279,064

12,618

180,021
4,516

0

0

0

0
13,814
167,359
47,108
50,650
1,117,585

33,870

665,610
62,126
0

0

0

0
10,201
37,775
6,730

0
253,641

2,373
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Table 3

The total snout-vent length (SVL), body mass (BM), condition factor (CF) and hepatosomatic

index (HSI) of P. Kkl. esculentus frogs from the southern (S) and northern (N) sites at Lake Ludas,

obtained at three time points (N1, N2 and N3). The data are expressed as the mean + SE.

Different letters indicate significant differences between the groups (Tukey’s HSD for unequal

N, p <0.05).

S N1 N2 N3
SVL (cm) 6.12+0.152 5.83+0.132 5.95+0.162 6.11+0.22°2
BM (g) 3212 £1.732 23.28 £ 1.77° 25.51 + 1.49% 29.45 + 2.09%
CF 13.99 +0.51°2 11.51 +0.24° 12.11 +0.53°2 13.26 +1.22°
HSI 2.01+0.112 1.86+0.172 1.97 £0.102 1.74 +0.12°2
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Highlights

Long-term in situ exposure to a cyanobacterial bloom affects biomarkers in frogs.
An MC-producing bloom induces oxidative damage of hepatic proteins and lipids.
The bloom impairs cholinergic homeostasis through a decrease in ChE activity.
Complex environmental factors can modify the toxicity of blooms.

Further studies of prolonged, real-life ecotoxicity of blooms are warranted.
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