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Overproduction of toxic cyanobacteria is a type of harmful algal blooms (HABs). The heptapeptide micro-
cystins (MCs) are one of the most common cyanotoxins. There is increasing research concerning the effects
of MCs on growth and physiology of vascular plants, however there is a lack of studies on their direct ef-
fects on aquatic macrophytes in the real environment. Here we report the occurrence of a MC producing HAB
in Lake Bardos, Hungary in 2012 with harmful effects on cytological, histological and biochemical parame-
ters of Ceratophyllum submersum (soft hornwort) plants naturally growing at the blooming site. Blue-Green
Sinapis Test (BGST) showed high toxicity of HAB samples. Cell-free water samples contained a significant
Keywords: amount of MCs (7.31+0.17 ngfl) while C. submersum plants contained 1.01+0.21 pggDW71 MCs. Plants
Microcystins showed significant increases of protein content and decreases of anthocyanin content and carotenoid/chloro-
HAB phyll ratio, indicating physiological stress- as compared to plants from the control (MC free) sampling site of
Real exposure the same water body. Histological and cytological studies showed (i) radial swelling and the abnormal forma-
Ceratophyllum submersum tion of lateral buds at the shoot tip leading to abnormal development; (ii) the fragmentation of nuclei as well
Histone H3 phosphorylation as accumulation of phenolics in the nucleus indicating that the HAB induced cell death and stress reactions at
Cell death the nuclear level. The most relevant effect was the increase of histone H3 phosphorylation in metaphase chro-
mosomes: since MCs are strong inhibitors of protein phosphatases, this alteration is related to the biochemical
targets of these toxins. The HAB decreased peroxidase activity, but increased nuclease and protease activities,
showing the decreased capacity of plants to face biotic stress and as the cytological changes, the induction of
cell death. This study is one of the first to show the complex harmful changes in aquatic plants that co-exist
with HABs.
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1. Introduction living in such water bodies. Among these metabolites, microcystins

(MCs) are one of the most abundant and well studied compounds

Nowadays, one of the main environmental hazards of anthro-
pogenic origin is freshwater eutrophication. This phenomenon is fre-
quently accompanied with severe algal and cyanobacterial overpro-
duction called water blooming (Carmichael, 1992). Many cyanobacte-
rial genera are able of producing a wide range of secondary metabo-
lites with adverse effects on mammals, birds, and fish and even plants.
The potential hazards of cyanotoxins in aquatic ecosystems were al-
ready pointed out at the early stage of relevant research (Carmichael,
1992). These cyanotoxins are a serious risk for human health, be-
cause human organism may be affected by drinking water obtained
from contaminated freshwaters or by consuming organisms
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(Campos and Vasconcelos, 2010). MCs are a family of hepatotoxic
heptapeptides with potent inhibitory effects on type 1 and 2A pro-
tein phosphatases (PP1 and PP2A) (and other, minor serine-threonine
phosphatases). They are also strong inducers of oxidative stress in the
affected organisms (see Mathé et al., 2016 for a review).The variabil-
ity of MC congeners comes from variable amino acids that do not af-
fect significantly their biochemical effects (Campos and Vasconcelos,
2010). MCs are produced by various cyanobacterial genera includ-
ing Microcystis, Anabaena, Lyngbya or Planktothrix (Wiegand and
Pflugmacher, 2005).

Submerged and floating macrophytes play central role in aquatic
ecosystems as the main primary producers. Early studies have already
shown that aquatic macrophytes (for example Ceratophyllum demer-
sum, Elodea canadensis, Vesicularia dubyana and Phragmites aus-
tralis) are able of MC uptake (Pflugmacher et al., 1999, 2001), but
most of these studies were conducted laboratory experiments. A more
recent study shows relatively efficient uptake of MCs for Ceratophy!-
lum inflatum, C. demersum and Potamogeton maackianus naturally
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co-existing with a MC containing bloom (Jia et al., 2016). The ad-
verse effects of MCs on these organisms were studied at histological,
cytological and biochemical levels. Some of the most important ef-
fects are: growth inhibition, root/shoot necrosis, microtubule disorga-
nization, chromatin condensation and fragmentation/programmed cell
death and related to the latter, alterations in the activities of antiox-
idant enzymes, nucleases and proteases (Babica et al., 2006; Mathé
et al., 2013 and many other works). It should be noted however, that
nearly all of these studies used laboratory experiments where plant
growth and cyanotoxin exposure were controlled and showed only in-
directly the real effects of MCs on aquatic plants in the real envi-
ronment. To date, there is still a need for studies on the direct ef-
fects of cyanotoxins on aquatic plant communities in the environ-
ment. For vertebrates (mainly fish species), several real environmen-
tal studies are already available (Tokodi et al., 2018) and it is sug-
gested that MCs found in vertebrate organisms are accumulated via
aquatic plants and invertebrates through the food web (Bownik, 2016).
The importance of real environmental studies on aquatic macrophytes
has been recognized for a long time. K&rner (2001) pointed out that
one of the serious impacts of eutrophication of aquatic ecosystems is
the disappearance of submerged macrophytes and the shift to a phyto-
plankton-dominated state. Pflugmacher (2002) has shown that in sev-
eral of the lakes of Berlin and Brandenburg, Germany, due to the
mass development of cyanobacteria producing varying concentrations
of secondary metabolites or cyanotoxins, none of the higher aquatic
plants such as pondweed (Potamogeton sp.), coontail (Ceratophyllum
demersum), spatterdock (Nuphar luteum), or even the very common
duckweed (Lemna sp.) could be found. He raised the question whether
cyanobacterial toxins could act as allelopathic chemicals in the aquatic
ecosystem.

In the light of the above statements, our principal aim was to in-
vestigate the real environmental effects of MCs on aquatic macro-
phytes. For this task, we chose a relatively small lake in SE Hun-
gary, where occasional cyanobacterial blooms (harmful algal blooms,
HABs) co-occurring with a large population of Ceratophyllum sub-
mersum (soft hornwort, a submerged vascular plant) were reported
previously by personal communications (thus, both years without and
with blooming occurred). We analyzed possible histological, cytologi-
cal and biochemical changes induced in plants by the toxin-containing
freshwater body, to have a complex picture about the harmful effects
of toxic cyanobacteria. To our best knowledge, this is one of the first
studies reporting real-environment cyanotoxin-plant interaction.

2. Materials and methods
2.1. Site description and sampling-sample collection and analysis

All samples of this study were collected from the Hungarian Lake
Bardos (area: 3ha, average depth: 1.5-2m. GPS: 46.634958,
21.270314 for the blooming site and 46.634626, 21.269220 for the
control site, Fig. 1a). The phytoplankton samples were collected from
the superficial layer, at the sites where Ceratophyllum submersum
plant samples and water samples were collected from the area of
the water bloom and from a distant, control area, each on late sum-
mer-early autumn periods. Phytoplankton and water samples were col-
lected between 2011 and 2013, while C. submersum samples were
collected in 2012. Morphological characteristics of cyanobacterial
species were identified and classified according to Komérek and
Anagnostidis (1998), with light microscopy at a magnification of 250%
(Carl Zeiss Jenamed?2).

The lyophilized phytoplankton (cyanobacterial) samples
(10-10mg DW) from the water blooms were extracted using deion-
ized

ultrapure water, while stirring and sonicating several times at room
temperature for 6h. Water was used, since it is well-known that effi-
ciency of MC extraction is similar for water and methanolic extraction
and water is readily used for the analysis of cyanobacterial MC con-
tent (Kim et al., 2009). Moreover, the ELISA method used in the pre-
sent study requires an aqueous system (see below). Subsequently, the
samples were centrifuged at 13000 rpm for 5min (Heraeus Biofuge).
Supernatant was collected and stock solutions for ELISA and plant
toxicity tests were prepared at a concentration of 0.2mgmLDW .
The lyophilized water samples from the HAB and control site were
dissolved in deionized ultrapure water and a 66.66 mg DW mL " stock
solution for ELISA test was prepared. For the determination of cyan-
otoxin content, plant samples were extracted using 99.8% methanol at
a volume three times the fresh weight of the plant samples. Then sam-
ples were stirred and left at 4°C overnight, subsequently were cen-
trifuged at 5000 rpm for 5 min (Heraeus Biofuge), and the supernatant
was collected. Methanol was added again to pelleted plant material at
a volume one and a half times the fresh weight of the sample. They
were incubated at 4°C for 4h while stirring, then were centrifuged
at 5000rpm for 5min, and supernatants were collected. Methanol is
the standard solvent for efficient extraction of MCs and other sec-
ondary metabolites from fresh (non-lyophilized) plant shoots includ-
ing aquatic plants, since water extraction leaves a large fraction of MC
bound to organic compounds of the plant matrices (Pflugmacher et al.,
1999, 2001; Gutiérrez-Praena et al., 2014; Romero-Oliva et al., 2014;
Jia et al., 2016). This step was repeated once again, and the combined
extracts were concentrated in a rotary evaporator and were dissolved
in 3mL deionized ultrapure water for stock and for ELISA tests.

Quantitative measurement of total microcystin content in water
bloom, water as well as Ceratophyllum submersum plant samples
were carried out by Adda specific Microcystins indirect competitive
ELISA kit (Enzo Life Sciences; ALX-850-319-K101) according to the
manufacturer's instructions. Stock solutions of the plant extracts were
5x, 50 and 500x diluted. From the stock solution (0.2mgDW mL ")
of cyanobacterial extracts 40, 4, 0.4, 0.04 pg mL ™' concentrations were
applied to the ELISA kit, using deionized ultrapure water as solvent
control. Water samples (0.133, 1.33 and 6.66mgDWmL ") of the
stock were prepared from lyophilized water. Samples were analyzed
in three individual measurements. Standards of the kit (0-5 ngfl)
were applied as calibrators. Positive control was included in the kit
at 0.75+0.185 pgmicrocystins L Optical density values were mea-
sured at 450 nm. Microcystins concentrations were calculated manu-
ally by interpolating from linear standard curves plotting the results of
calibrators and the negative control.

For biochemical analyses, collected plant samples were washed
several times in tap water then in sterilized tap water and after blotting
they were frozen in liquid nitrogen and stored at —70°C until analy-
sis. For histological and cytological analyses, the freezing step was
avoided (see below for details).

2.2. Purification and identification of cyanotoxins

In 2012, lyophilized phytoplankton samples dominated by AMi-
crocystis sp. (7.38g) were extracted overnight with 99.8% methanol
(260mL) at room temperature with continuous stirring. After cen-
trifugation (13,000rpm, 20 min, Beckman Avanti J-25 centrifuge),
the pellet was washed once again with SOmL 99.8% methanol for
60min and centrifuged again. The combined supernatant was con-
centrated in a rotary evaporator (Scilogex RE100-Pro) at 40°C. The
residue was dissolved in 10mM Tris-HCI (pH7.5), centrifuged at
13000 rpm for 15min. The supernatant solution was filtered (GF/C,
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Fig. 1. Cyanobacterial bloom occurring at Lake Bardos in August—September 2012 and its toxicity. (a) location of blooming site. (b) Toxicity evaluation of etiolated white mus-
tard (Sinapis alba var. budakalaszi sdrga) seedlings treated with the cyanobacterial water bloom extracts of (A) August 2011, (B) August 2012, and (C) August 2013. Inhibition
of growth was expressed as percentages of control. Data are means+SD from three individual measurements. Differences of % growth between exposed and control groups were
statistically evaluated by one-way ANOVA and P<0.05 (*), P<0.01 (**), P<0.001 (***) and P<0.0001 (****) was considered as statistically significant. (¢) Microcystin (MC)
content measured (A) in the water and (B) in the plant Ceratophyllum submersum. Samples were collected from the bloom forming area and from a distant control area (2012). Data

are means =+ SD from three individual measurements.

Whatman) and loaded onto a DEAE-cellulose ion exchange column
(Whatman) equilibrated with 10mM Tris-HCI (pH7.5). During sep-
aration, the column was eluted with 10mM Tris-HCl containing
0-100% 0.2M NacCl linear gradient and with a 5mL min' flow rate
(Pharmacia FRAC-300 fraction collector), the absorbance was mea-
sured at 240nm (BOECO S-22 UV/VIS). Fractions were concentrated
by evaporation (rotary evaporator). This ion-exchange chromatogra-
phy method proved to be very efficient for the separation of differ-
ent congeners of MC: these cyanotoxin variants eluted at different
NaCl concentrations according to their ionic properties. The interac-
tion of these different congeners on the anion exchanger was weak,
thus only a low ion strength (as for DEAE-cellulose) is appropriate
to eluate these metabolites, moreover MCs usually separated easily
from the other types of metabolites (see Kos et al., 1995; Somdee and
Somdee, 2015 as well). The identification of MC congeners was per-

formed essentially as described previously (Farkas et al., 2014), with
modifications. The samples were examined in positive-ion mode us-
ing a Bruker Biflex MALDI-TOF mass spectrometer equipped with
delayed-ion extraction. A 337nm nitrogen laser was used for des-
orption/ionization of the sample molecules. Spectra from multiple (at
least 100) laser shots were summarized using 19-kV accelerating and
20-kV reflectron voltage. External calibration was applied using the
[M+Na]+peaks of cyclodextrins with DP 6-8 (m/z
995.311157.361319.41 Da). The measurement was performed in
2,5-dihydroxybenzoic acid (DHB) matrix, by mixing 0.5pL of ma-
trix solution with 0.5 pL of sample on the sample target and allowing
it to dry at room temperature. DHB matrix solution was prepared by
dissolving DHB (10mg) in a mixture (0.5mL) of ethanol and water
(1:1, v:v). The compounds were identified on the basis of the m/z of
[M+H]" peaks.
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2.3. Blue Green Sinapis test

The Blue Green Sinapis Test (mustard test, BGST) (Kos et al.,
1995; Vasas et al., 2002) was performed with minor modifications
to measure the inhibition of plant growth caused by cyanobacterial
extracts. Samples were added into sterile 96-well microtiter plates
and complemented with sterile agar to a final concentration of
10mgDW mL L. Dry seeds (Sinapis alba var. Budakalaszi sarga) were
seeded onto agar and grown in the dark at 28°C for 72h in a ster-
ile metal box. The length of etiolated seedlings was measured. Fifty
percent of inhibition of plant growth (ICs,) was calculated when nec-
essary. The concentrations of cyanobacterial (phytoplankton) extracts
applied to measure the inhibition were 0.20, 0.40, 0.80, 1.60, 3.20,
6.40mgDW mL . Sterile ultrapure water was applied as control. In-
dependent experiments were repeated three times. Statistical signif-
icance between treated groups and the control was determined by
one-way analysis of variance (1-way ANOVA) and P<0.05 (*),
P<0.01 (**), P<0.001 (***) were considered as statistically signifi-
cant (GraphPad Prism 6 software, San Diego, California, USA).

2.4. Measurement of pigment content of Ceratophyllum samples

Total chlorophyll and carotenoid contents of 80% acetone ex-
tracts of samples were assayed using the method of Wellburn (1994)
as it was described by Szollési et al. (2010). The total anthocyanin
contents of plants were measured spectrophotometrically (Shimadzu
1601A spectrophotometer) as we described earlier (M-Hamvas et al.,
2003). The total chlorophyll/carotenoid and anthocyanin content of
plants were calculated as pgchlorophyll/carotenoidmg ' fresh weight
and pmoltotal anthocyanin g_1 fresh weight and were expressed in the
percentage of “control” (C. submersum plants collected from control
site).

2.5. Protein content, peroxidase-, nuclease- and protease activities of
cell-free extracts of Ceratophyllum samples

Ceratophyllum samples were pulverized in liquid nitrogen and ho-
mogenized in a buffer containing 150mM NaCl (Reanal, Budapest,
Hungary) and 14.6 mM 2-mercaptoethanol (Sigma-Aldrich, St. Louis,
Mo., USA) in 100mM Tris-HCI (Sigma-Aldrich) pHS8.0 (Schlereth
et al., 2000). To disintegrate remaining organelles, homogenates were
subjected two times to a freezing-thawing procedure, then centrifuged
(15,000 rpm, 10 min, Beckman Avanti J-25 centrifuge) at 4 °C and su-
pernatants were used as crude protein extracts. The protein contents
of cell-free extracts were assayed according to Bradford (1976) using
bovine serum albumin as standard.

For the determination of peroxidase (POD, EC.1.11.1.) activity
the oxidation of pyrogallol (20mM, g4, 2.47mM 'em !, Reanal,
Budapest, Hungary) in the presence of 10mM H,0, (Reanal, Bu-
dapest, Hungary) was measured spectrophotometrically (Shimadzu
1601A spectrophotometer) in a reaction medium containing 50 mM
potassium-phosphate (K,HPO,/KH,PO,) buffer (pH7.5) as we de-
scribed earlier (M-Hamvas et al., 2010). The reaction was initiated by
addition of protein sample (0,5-2 pg protein in 2-5 pl crude extract to
990 ul reaction mixture) and the elevated amount of oxydized pyro-
gallol was measured for 30s. The enzyme activity was calculated as
mM oxidizedpyrogallolmin‘lmg7l protein and was expressed in the
percentage of the control activities. For the analysis of POD isoen-
zyme pattern, 7 pg protein was loaded onto each well of native 7.5%
(w/v) polyacrylamide gels. Electrophoresis was performed at 4°C,
followed by gel washing for 60 min in 50mM potassium-phosphate

buffer pH7.5 and staining in 49 mL potassium-phosphate buffer con-
taining 25 uLL 30% H,0, and 0,126 g pyrogallol dissolved in 1 mL wa-
ter. Bands with enzyme activities became visible due to dark-coloured
oxidized pyrogallol.

The detection of single-strand preferring nuclease (SSP nuclease,
ssDNase: EC 3.1.30.1) activities was performed as we described ear-
lier (M-Hamvas et al., 2003; Jambrik et al., 2011). Protein samples
were dissolved in the sample buffer described by Laemmli (1970) and
they were incubated at room temperature for 10 min and loaded with-
out boiling to polyacrylamide gels containing 10 pg mL ! heat dena-
tured (for ssDNase activities) or intact chicken blood DNA (for ds-
DNase activities). 18 pg protein was loaded onto each well of 10%
and 7.5-12.5% linear sodium dodecyl sulfate gradient gels. Plant
samples were loaded together with a molecular weight marker
(ProSieve® QuadColor™ Protein Marker, 4.6kDa-300kDa, Lonza
Rockland, Inc. USA). Gel electrophoresis was performed according
to Laemmli (1970). After electrophoresis, enzymes were renatured for
30min in water, then by three washes in a buffer containing 10 mM
Tris—HCI, pH 6.8 and 20% (v/v) 2-propanol, followed by washing in
Tris—HCI, pH 6.8. For the detection of nuclease isoenzymes, gels were
incubated (generally for 14-24h, 39°C) in Tris—HCI, pH 6.8.

Incubated gels were stained in ethidium bromide solution
0.5pg mL ™, Sigma—Aldrich) and observed in UV light. Nuclease
isoenzymes were detected as clear, unstained bands, due to DNA
hydrolysis. Their molecular weight was estimated with the aid of
UVI-TEC® software and the activities of isoenzymes of three gels
were quantified with the CpAtlas® software that calculates the num-
ber of square pixels of a given protein band, as we described earlier
(Jambrik et al., 2011). The results are presented in % of controls.

Protease activity (E.C.3.4.11-19; 3.4.21-25; 3.4.99) analysis of
crude protein extracts of C. submersum samples (10-20 pl of 9 pg pro-
tein/well) was carried out using gelatine-containing SDS slab gels ac-
cording to Schlereth et al. (2000) as we described earlier (Jambrik et
al., 2010). Protein samples were dissolved in SDS-probe buffer with-
out heating and loaded on 10% SDS-polyacrylamide gels containing
0.04% gelatine. The gels were run at 4°C in dark. To renature prote-
olytic enzymes, SDS was removed as it was shown previously (see nu-
clease activity gels). The gels were incubated for 4 h at 38 °C in reacti-
vating buffer (0.1 M sodium phosphate buffer, Reanal, Budapest, Hun-
gary), pH5.5 with and without 5mM p-mercaptoethanol in the dark.
Local gelatine degradations were visible after Coomassie blue staining
(Coomassie Brilliant Blue R250) and revealed the sites of active pro-
teinases. Relative molecular mass and band intensity were evaluated
by UVI-TEC® and CpAtlas® softwares as we shown earlier (Jambrik
et al., 2010). Measured parameters were presented in % of control.

For pigment and protein contents as well as enzyme activities, data
were analyzed using the statistical and graphical functions of Sigma
Plot 11.0 (USA). In data sets the significant differences (P<0.05) be-
tween controls and treatment's means were calculated with Student's
t-test. The mean values+ SE are reported in the figures.

2.6. Histological and cytological investigations in C. submersum

C. submersum shoot tips were carefully washed with PBS (phos-
phate buffered saline), fixed for 16h in 4% (v/v) formaldehyde (Re-
anal, Budapest, Hungary) in PBS. Sections of 20-25um thickness
were obtained by cryosectioning with a Leica Jung Histoslide 2000
microtome. Autofluorescence of samples was analyzed with an Olym-
pus Provis AX-70/A Olympus, Tokyo, Japan) conventional fluores-
cence microscope at an excitation wavelength range of 540-
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580nm. Labeling of chromatin with 4’,6’-diamidino-2-phenylindole
(DAPI) and immunohistochemical labeling of phospho-Ser10-histone
(p-H3 Ser10) were performed as described previously (Szigeti et al.,
2009; Beyer et al., 2012). The secondary antibody used for p-H3 Ser10
detection was Alexa 488 (Molecular Probes, Eugene, Oregon, USA).
After labeling, microscopical examinations were performed by con-
ventional fluorescence microscopy as well as confocal microscopy
(Zeiss LSM 510 confocal microscope, Carl Zeiss Microscopy GmbH,
Jena, Germany). For conventional fluorescence microscopy, excita-
tion wavelength was 320-360nm (DAPI). For confocal microscopy,
excitation wavelengths were 351/364nm (DAPI) and 488nm (Alexa
488). Images of p-H3 Ser 10 labeling were quantified by using the fa-
cilities of ImageJ software and labeling intensities were expressed as
area integrated optical density (AIOD).

For the quantification of histone H3 phosphorylation, data were an-
alyzed using the statistical and graphical functions of Sigma Plot 11.0
(USA). In data sets the significant differences (P<0.05) between con-
trols and treatment's means were calculated with Student's #-test. The
mean values=+ SE are reported in the figure.

3. Results
3.1. Composition of water blooms

Overall, the phytoplankton was composed of several cyanobacter-
ial species in each period, from which the main bloom forming species
were Planktothrix agardhii and Microcystis sp. However, Anabaena
spiroides, Anabaena circinalis, and Anabaenopsis hungarica species
were observed with low abundance as well. During summer and early
autumn of 2011, the dominant bloom forming species was Plank-
tothrix agardhii, although Microcystis, Anabaena and Anabaenopsis
species also appeared in the water bloom. We observed difference
with the massive presence of Microcystis sp. in the summer-early au-
tumn period of 2012. During summer of 2013 Planktothrix agardhii
was again the dominant species with low abundance of Anabaena sp.,
while during autumn we also observed the presence of Microcystis sp.
in the water bloom.

3.2. Analysis of cyanobacterial extracts. Microcystin concentration of
water and water bloom phytoplankton samples. Biaccumulation of
microcystins in Ceratophyllum submersum

Four different variants of microcystins were detected in the pu-
rified cyanobacterial/phytoplankton samples by MALDI-TOF mass
spectrometry in 2012. The identified MC congeners were MC-LR,
MC-YR, [Dha’] MC-RR and MC-LY (Table 1).

In August 2012, microcystins were practically not detected in the
water samples of control area, while from the area of the water bloom
(HAB site) their concentration was 7.31+0.17 ngf1 (Fig. 1c/A). The
cyanobacterial extract from August 2012 contained 4.959 pgmg DW!
microcystins, and from August 2013 0.449pgmgDW '. On other
sampling dates microcystins content was not detected. In August
2012, when MC content of waterbody

Table 1
Microcystin (MC) congeners identified by MALDI-TOF MS in the water bloom of Au-
gust 2012,

Peptide Molecular weight (M +H)
MC-LR 995.62

MC-YR 1046.29

[Dha’] MC-RR 1024.27

MC-LY 1002.28

reached the maximum value at the HAB site, we measured the fol-
lowing water parameters - conductivity: 647 uScm ', pH: 7.9, temper-
ature: 26.4°C. For the control site, these parameters were - conduc-
tivity: 628 uS cem’ pH: 7.9, temperature: 25.2 °C. Thus, the measure-
ment of the above three parameters showed similar values in the con-
trol and HAB sites.

Concentration of microcystins in Ceratophyllum submersum plant
sample from the area of the water bloom was 1.01+0.21 pggDWfl,
while from the control area it was 0.05+0.03 uggDWf1 (Fig. 1¢/B).

3.3. Growth inhibition of Sinapis alba seedlings

The etiolated seedlings were measured after 72h of exposure.
Cyanobacterial extracts from August 2012 and August 2013 signif-
icantly inhibited the growth at 3.2 and 6.4 mgmL7l concentrations,
respectively, while the extract from August 2011 (used as negative
control, since no MC content in water, phytoplankton or plant was
detected in this year) did not affect it at tested concentrations com-
pared to the (water-only)control (Fig. 1b). The sample from August
2012 resulted to be more toxic, where the ICs, was calculated as
2.145mg mL ", The growth of seedlings treated with the extract from
August 2013 was less inhibited, which resulted a 5.678 mgmL_l of
ICs (Fig. 1b/B, C).

3.4. Alteration of biochemical markers in C. submersum - pigment
and protein contents

There were no significant differences in spectrophotometrically
analyzed concentrations of photosynthetic pigments of samples (Fig.
2c¢); the total chlorophyll content was 63.5+8.8 pgmgFW71 in HAB
site plants and 59.6+7.1 pgmg FW ! in control site plants. The ratio of
chlorophyll a to chlorophyll » was practically the same - 0,461+0.05
and 0,463+0,04. Although the concentration of total carotenoids was
by about 27% lower in HAB site plants compared to control ones, this
difference was statistically not significant (Fig. 2d). It seems notewor-
thy, that due to the lower carotenoid content, the ratio of carotenoids to
chlorophyll was 0,08+0,03 contrarily to 0,46+0,05 characteristic for
control plants. In contrast to photosynthetic pigments, the anthocyanin
concentration of plants in the blooming site was significantly lower
(P<0,001) than in plants of the control site (Fig. 2b). The decrease
was >80% as compared to controls. Soluble protein contents of crude
extracts of HAB site's plants were significantly higher (P<0,001) than
of the control ones (Fig. 2a).

3.5. Alteration of histological and cytological markers in C.
submersum

Morphological analysis of control C. submersum samples revealed
normal shoot tip morphology with nearly equal internode lengths at
the shoot dome. This was accompanied by normal chromatin organi-
zation in meristematic tissue (Fig. 3a, b). In contrast, samples taken
from the HAB site showed altered cell and in consequence, shoot
tip swelling and premature development of lateral meristems giving
rise to adventitious buds near the shoot tip. Internodes were short-
ened at the shoot dome (Fig. 3c). Microcystin containing blooms
induced the degradation of chromatin leading to nuclear fragmen-
tation in meristematic tissues: these tissues were characterized by
healthy and apparently necrotic cells as well. The fragmentation of
nuclei was accompanied by increased autofluorescence of cell walls
(Fig. 3d). Using an excitation wavelength range of 540-580nm we

detected normal background autofluorescence of  meris-
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Fig. 2. Analyses of extracts of Ceratophyllum submersum collected in control and blooming sites of lake Bardos (Hungary) in 2012 - for protein (a), anthocyanin (b), total chlorophyll
(¢) and total carotenoid (d) contents. These compounds were assayed by spectrophotometry (see Materials and methods).

tematic cell walls of control plant samples. Additional autofluores-
cence of nuclei could be detected for plants collected from the HAB
site (Fig. 3e-h).

Concerning the distribution of p-H3 Ser10 along control chromo-
somes of shoot tip meristematic cells, histone H3 phosphorylation
could not be detected in interphase nuclei (data not shown). Phospho-
rylation started in prophase at the pericentromeric region of chromo-
somes, increased in prometaphase, then p-H3 Ser10 label culminated
in metaphase: strong label was detected at the pericentromeric regions
and slightly weaker label in chromosome arms. There was a gradual
decrease of label at the end of mitosis (Fig. 4a, control site). For shoot
tip meristems of plants collected from the HAB site, the pattern of his-
tone H3 phosphorylation at Ser 10 was apparently similar in the sense
that label culminated in metaphase. However at this stage of mitosis,
p-H3 Ser10 label was visibly stronger than in controls (Fig. 4a, b). The
AIOD value was 26.95+4.06 for the control site and 38.02+4.06 for
the HAB site and the difference between these two values proved to be
significant (P<0.05). Moreover, strong label was uniform along chro-
mosomes, that is, pericentromeric regions and chromosome arms con-
tained phosphorylated histone H3 in similar amounts (Fig. 4a, bloom-
ing site).

3.6. Peroxidase, nuclease and protease activities of plant samples

Using a spectrophotometric method, the highest peroxidase activi-
ties were measured at pH 7.5 (the activities were lower at pH4.2 and
the lowest at pH 8.0, data not shown). In the extracts of the plants
of control site high POD activity (32784196 mM oxydized pyrogal-
lolmin ' mg ! protein) was measured at pH7.5. In plants of HAB site
significantly (P<0.5) lower enzyme activities were measured than of
control site, the decrease measured at pH7.5 was 40% (Fig. 5b). Na-
tive gels revealed a single main peroxidase activity band for plants of

both sampling areas with higher activity in the plants from the control
area (Fig. 5a) (see Table 2).

We detected characteristic nuclease isoenzymes of about
300-150kDa (Fig. 5c, d). The rationale of using pH6.8 for the de-
tection of nucleases throughout this study was that in former experi-
ments we could detect the highest activities at this pH in Ceratophyl-
lum demersum, the closest relative species of Ceratophyllum submer-
sum (Jambrik, 2010). Furthermore it is generally known that the best
studies on vascular plant nucleases can be performed at or around neu-
tral pH (for example, see Yen and Green, 1991; Desai and Shankar,
2003; Jambrik et al., 2011). Based on zymographies and their analy-
sis we found that both ssDNase and dsDNase activities were signifi-
cantly (P<0.05) higher in plants of HAB site than in control site (Fig.
Se, ). The isoenzyme of high ssDNase activity was a protein of about
250kDa, while protein detected on gels containing dsDNA was about
300kDa (Fig. 5c¢, d).

The activities of protease isoenzymes of C. submersum samples
could be detected on gelatine zymograms (Fig. 5g, h). The most isoen-
zymes were detected by using an incubation buffer of pH5.5. 12-15
bands with gelatinase activities with molecular weights situating be-
tween 300 and 30kDa were detected in crude protein extracts of C.
submersum samples and their detection depended on the presence of
2-mercaptoethanol (2-ME) (Fig. 5g). According to the measured band
intensities, there were enzymes with lower activities in plants stressed
by MCs than of control samples, these was for example the protein
with 55kDa relative molecular mass (Fig. 5g; Table 1.). However,
there were at least six enzymes with higher activities in plants of HAB
site (see Fig. 5g; bands of about 205, 130, 110, 80, 65, 43kDa; Table
1) than plants of control area. Overall, the total protease activities of
these samples were significantly (P<0.05) higher than the samples of
control site (Fig. Sh).
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Fig. 3. Histological and cytological alterations induced by Microcystis blooming in C.
submersum plants. (a) Shoot tip, control site; (b) section of young shoot, control site; (¢)
shoot tip, bloom (HAB) site: note swelling of shoot dome and early formation of lateral
buds (arrow); (d) section of young shoot, HAB site: the formation of necrotic tissue.
Note abnormal cell wall thickening (arrow), nuclear degradation in prenecrotic cells,
and complete absence of DNA in necrotic cells (n). (e) Shoot tip section, control site
showing DAPI stained nuclei; (f) same section, no autofluorescence of nuclei. (g) Shoot
tip section, bloom site showing DAPI stained nuclei; (h) same section, autofluorescence
of nuclei indicating the accumulation of oxidated aromatic (phenolic) compounds and
nuclear localization of oxidative stress processes. Scalebars: 1 mm (a, ¢), 50 pm (b, d-h).

4. Discussion

For Lake Bardos, MC contents were relatively high both in the
water body and in C. submersum plants at the HAB (blooming) site
in 2012 and the highest as compared to water toxin contents in 2011
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Fig. 4. Results of pH 3-Ser10 labeling. (a) Representative confocal microscopy images
of labels for mitotic phases in C. submersum shoot apical meristems, upper row - control
site, lower row - blooming (HAB) site. Scalebars: 5um. (b) Quantification of labeling
revealed histone H3 hyperphosphorylation in metaphase chromosomes of plant samples
taken from blooming (HAB) site.

and 2013 (Fig. 1c and text/Results section). Indeed, the Blue-Green
Sinapis Test (BGST) showed that the HAB formed in 2012 was the
most toxic (Fig. 1b). It should be noted that the MC contents assayed
in 2012 did not reach maximal values reported previously. These val-
ues were up to 35 ug gf1 dry weight for submergent, floating and emer-
gent aquatic plants (Romero-Oliva et al., 2014; Pham and Utsumi,
2018), while freshwaters exhibiting HABs contain MCs in the pg L'
range with rare cases of higher orders of magnitude (mgL ' range)
(Corbel et al., 2014). For the above reasons, for the following studies,
we concentrated on the C. submersum samples collected in 2012.
Pflugmacher (2002) grew Ceratophyllum demersum samples un-
der laboratory conditions and treated with high, a “non environmen-
tally relevant” concentration of MC-LR (5mg LY and after 24h in-
cubation plants became from dark green to pale yellow, lost their
leaves and died. When they used lower, environmentally relevant MCs
concentrations (1.0 ngfl) the significant reduction in growth was
measured only after 6 weeks of exposure without pigment bleaching.
However, after 24h in >0.5 ng_1 MC-LR treated plants a switch
in the ratio of Chl a to Chl 4 was measured accompanied with the
decrease in photosynthethic oxygen production. For the same
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Fig. 5. Biochemical/enzymological parameters of C. submersum plants as naturally affected by a cyanobacterial bloom. (a, b) Peroxidase (POD) activity analysis of extracts of Cer-
atophyllum submersum collected in control and blooming sites of lake Bardos (Hungary). (a) dark bands on bright background indicate sites of proteins with pyrogallol peroxidase
activities on the native 10% gel (7 pg protein/sample). (b) spectrophotometrically measured pyrogallol peroxidase activities (mM oxidized pirogallolmin ' mg ™" protein, mean=SE,
n>9) shown in the percentage of control. (¢c—f) Nuclease activity analysis of extracts of Ceratophyllum submersum collected in control and blooming (HAB) sites of lake Bardos
(Hungary). Dark bands on bright background indicate sites of single stranded DNA (c¢) and double stranded DNA (d) degradation (chicken blood DNA was incorporated into
7,5-12,5% polyacrylamide gradient,18 pg protein samples were loaded, gels were incubated in buffer pH:6.8, at 39 °C, for 14h). ssDNase (e) and dsDNase (f) activities represented
by relative band intensities as measured with Cp Atlas software (mean=+SE, n=3). (g, h) Protease activity analysis of extracts of Ceratophyllum submersum collected in control and
blooming (HAB) sites of lake Bardos (Hungary). (g) bright bands on dark background indicate sites of gelatin degradation in the presence or absence of f-mercapto-ethanol. Two
representative gels are shown: 10% polyacrylamide with incorporated gelatin, 9 pg protein/sample, incubation in buffer pH:5.5, at 38 °C, for 4h). c=control site; bl=blooming site.
Bands with characteristic intensity increases from the extract of plants from blooming site are indicated by arrows. (h) total band intensities of protease isoenzymes detected on
zymographies of samples of control and blooming (HAB) site. Zymography band intensities were calculated with CP Atlas software for four gels summarized as total band intensities
and shown as % of controls (mean+SE).

species, Szigeti et al. (2010) proved a time- and dose-dependent MC concentration in both water and plant samples, concentrations of
growth inhibitory effect of purified MC-LR in a concentration range chlorophylls and relative ratios of chlorophyll a and chlorophyll b did

of 0.01-20 pgmL ' (0.01-20.1 uM) at exposure times of 2—16d. Con- not show significant decrease/alteration as compared to controls. Re-
comitantly with developmental and growth changes MC-LR de- sults of laboratory experiments proved that in general, MC-LR treated
creased protein and chlorophyll content at 16d of exposure: at plants became chlorotic, the concentration of total chlorophyll de-
20pg mL ' of cyanotoxin, protein content was reduced to 53.3+£2.8%, creased in them (see a review of Mathé et al., 2013), but this effect
while total chlorophyll content to 46.53+2.7% of controls. The pre- depends on incubation time, concentration of MCs and sensitivities

sent study shows that despite the relatively high total of different plant species used in experiments (Pflugmacher, 2002;
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Table 2

Isoenzymes detected in the protease activity gels of extracts of plants from control and
blooming site. + presence of the isoenzyme; 1 increase of intensity as compared to con-
trol; | decrease in intensity as compared to control.

Protease kDa Plants of the control site Plants of the blooming site

>205 + 1
130 + 1
110-120° + 1
90-100° + +
80-85 + 1
65 + 1
55 + !
50 + !
43 + 1
40 + +
37 + 1

# Double.

® Triple bands on the overrunning gels.

Pflugmacher et al., 2007; Jarvenpédi et al. 2007; Saqrane et al., 2009).
Pflugmacher (2002) established that the sensitivity of Ceratophyllum
demersum to MC-LR is higher than of macroalgae (Cladophora sp.)
or the emergent macrophyte P. australis measured by their photo-
synthetic oxygen production during a 24-h exposure. However, after
3 days in the time-course experiment a 50% recovery in photosynthetic
oxygen production was detected, and after 6 days a near complete re-
covery to the original level was found despite the high/measurable
MC-LR concentration in the tissues of C. demersum plants.

Anthocyanin concentration showed the greatest alterations among
the studied pigments, its concentration in plants of the HAB site was
significantly - by >80% lower than in plants of the control site. An-
thocyanin synthesis and accumulation in cotyledons is a character-
istic process of Sinapis alba (mustard seedling) photomorphogene-
sis (Mohr, 1983; M-Hamvas et al., 2003, 2010). In our earlier work
we demonstrated that >1 ugmL_l MC-LR significantly reduced the
anthocyanin content in the cotyledons on the 4th and the 8th day
of treatments, which was opposite to the effects induced by envi-
ronmental stress, like lack of phosphorous, nitrogen, sulfur, effect
of UV-B, heavy metals or pathogen attack (Hodges and Nozzolillo,
1996; Wharton and Nicholson, 2000; Hale et al., 2001).

In plants of HAB site we measured higher soluble protein con-
tent than in plants of the control area. Similarly, lettuce plants experi-
mentally irrigated with microcystin containing water showed slight in-
creases of protein content (Bittencourt-Oliveira et al., 2016).

Since increases of protein content as well as decreases in antho-
cyanin content and the carotenoid/chlorophyll ratio are clear indicators
of (both biotic and abiotic) stress reactions in vascular plants (Guy,
1990; M-Hamvas et al., 2003; Gunes et al., 2007), we can state that the
toxic cyanobacterial bloom induced significant changes in the general
state of C. submersum plants collected in the HAB site. These results
anticipated that MC content in the water sample will induce histologi-
cal, cytological and biochemical changes as well.

Increased nuclease and decreased peroxidase activities observed
for C. submersum plants from the HAB site suggest a phenome-
non generally occurring in plants exposed to biotic or abiotic stress.
That is, the capacity of scavenging reactive oxygen (ROS) species
decreases, leading to increased nuclease activities involved in the
formation of single- and double stranded DNA breaks. Such nucle-
ases may have two main functions: they are involved in DNA repair
and/or the induction of programmed cell death (PCD) (Reddy et al.,
2004; Jambrik et al., 2011). Our cytological data are well related to
the above biochemical changes. MC bloom induced the formation of
necrotic cells in C. submersum shoot tips characterized by chromatin
disorganization and DNA fragmentation. Excessive cell wall thicken-

ing was also observed in the cells with fragmenting nuclei (Fig. 3d).
Alterations at the nucleus level are characteristic for PCD and necro-
sis and it is induced by the concerted increase of certain protease and
nuclease activities (Kusaka et al., 2004) observed in this study as well
(Figs. 3, 5). Moreover, MC bloom induced nuclear autofluorescence
(Fig. 3h). Autofluorescence of plant subcellular structures is believed
to be caused by the accumulation of phenolic compounds causing ox-
idative damage (Kosslak et al., 1997). This is in agreement with the
possible decrease of ROS scavenging capacity of these MC exposed
plants (Fig. Sa, b). PCD, necrosis and the cease of normal cell growth
is accompanied by microtubule depolymerization or reorientation as
well (Bagniewska-Zadworna, 2008; Jambrik et al., 2011). Plants of the
HAB site were characterized by deformations of shoot tip morphol-
ogy (radial swelling) leading to shortening of internodes and prema-
ture development of lateral buds (Fig. 3c). We have detected similar
alterations in C. demersum plants exposed to purified MC-LR under
laboratory conditions. These morphological changes were attributed
to microtubule reorientations (Szigeti et al., 2010). Thus, we raise the
possibility that cytoskeletal damage could be the reason for plant mor-
phological changes under field conditions, too.

The pattern of histone H3 phosphorylation at Ser10 in control C.
submersum meristematic cells followed the general rule for plant cells
(Manzanero et al., 2002; Houben et al., 2007). That is, chromatin of in-
terphase cells showed no detectable p-H3 Ser10 label. Prophase cells
were characterized by weak signal that gradually increased with a
maximum in the pericentromeric regions of metaphase chromosomes.
Histone H3 phosphorylation decreased gradually at late mitosis (Fig.
4). For plants from the HAB site, hypercondensation and strong/uni-
form labeling of whole metaphase chromosomes could be observed
(Fig. 4). This indicates histone H3 hyperphosphorylation induced by
MC, a potent protein phosphatase inhibitor. In general, the proper
phosphorylation of histone H3 is required for chromosome cohesion at
early mitosis and normal sister chromatid segregation at late mitosis.
Its hyperphosphorylation may lead to altered segregation and in con-
sequence, aneuploidy (Zhang et al., 2005) as observed in plant cells
treated with MC-LR under laboratory conditions (Beyer et al., 2012).
We can state that histone H3 hyperphosphorylation is at least partially
caused by the inhibition of its dephosphorylation by MC and can be
used as a marker of specific effects of this cyanotoxin under field con-
ditions. Thus, the change in the phosphorylation state of histone H3
represents a key finding of this study, because it can be related directly
to the presence of MCs in the water body and plants.

With the aid of activity gels, we detected higher ssDNase, dsD-
Nase and protease activities in plants of HAB area than of control one.
Under laboratory conditions, we detected elevated ssDNase, dsDNase
and protease activities in MC-LR treated Wolffia arrhiza, Lemna mi-
nor, Phragmites australis and Ceratophyllum demersum (M-Hamvas
et al., 2008; Jambrik et al., 2010, 2011). C. submersum DNases with
increased activity at the HAB site are of high MW. We suggest this
high MW nuclease activity band results from a multimeric complex,
because such complexes are frequently described for nucleases (see
Desai and Shankar, 2003 for a review).

Between 300 and 30kDa molecular mass 12—15 bands with
gelatinase activities were detected in crude protein extracts of C. sub-
mersum at pHS5.5 (Fig. 5g). Overall, the total protease activities of
these samples were much higher than the samples of control site (Fig.
Sh). High MW (above 80kDa) proteases are of particular interest.
Under laboratory conditions, these proteases were induced in C. de-
mersum cultures treated with 20 ug mL ™" MC-LR for 5 days (Jambrik,
2010). Solomon et al. (1999) points out that activation of high MW
proteases can be related to plant programmed cell death. However (as
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for nucleases) we cannot exclude the possibility of the presence of
high MW multimeric protease complexes in the C. submersum sam-
ples. Such complexes were previously described in higher plants
(Piechota et al., 2010).

To sum up data on nuclease and protease activities, it is proba-
ble that the activity of enzymes related to cell death was increased
in plants growing at the HAB site, which explains the direct or indi-
rect cytological alterations observed and that can also be related to cell
death: chromatin fragmentation, increase of autofluorescence in nuclei
and possible microtubule depolymerization.

As a conclusion, the MC containing HAB site of Lake Bardos,
Hungary, affected C. submersum plants living at this site in 2012,
at several levels. In this year significant total MC content was ob-
served both in water body and in plants at the HAB site. Decreases
of pigment levels (carotenoid-carotenoid/chlorophyll ratio and antho-
cyanin content) and of pyrogallol peroxidase activity indicated de-
creased stress defence capacity of the plants. The above parameters,
together with the increase of protein level are clear indicators of biotic
stress induction. The radial swelling of shoot tips and abnormal lat-
eral bud formation at the shoot apex probably indicated alterations in
cytoskeletal organization. This phenomenon, together with chromatin
fragmentation and increased autofluorescence of nuclei as well as ab-
normal secondary cell wall thickenings and increased nuclease/pro-
tease activities indicated clearly that MC content of water body could
induce cell death in this plant. One of the most relevant alterations ob-
served was hyperphosphorylation of histone H3 in metaphase cells of
plants from the HAB site, because this can be related directly to the
potent protein phosphatase inhibitory effect of MC. Thus, hyperphos-
phorylation of histone H3 might be an indicator of the presence of a
protein phosphatase inhibitory toxin in a given natural water body. To
our knowledge, to date this is one of the first complex studies showing
natural effects of cyanobacterial toxins on vascular plants under real
environmental conditions.
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