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The toxic effects of cylindrospermopsin (cyanobacterial toxin) on animals have been examined exten-
sively, but little research has focused on their effects on plants. In this study cylindrospermopsin (CYN) 
caused alterations of growth, soluble protein content and protease enzyme activity were studied on two 
aquatic plants Lemna minor and Wolffia arrhiza in short-term (5 days) experiments. For the treatments we 
used CYN containing crude extracts of Aphanizomenon ovalisporum (BGSD-423) and purified CYN as 
well. The maximal inhibitory effects on fresh weight of L. minor and W. arrhiza caused by crude extract 
were 60% and 54%, respectively, while the maximum inhibitory effects were 30% and 43% in the case 
of purified CYN at 20 μg ml–1 CYN content of culture medium. In CYN-treated plants the concentration 
of soluble protein showed mild increases, especially in W. arrhiza. Protease isoenzyme activity gels 
showed significant alterations of enzyme activities under the influence of CYN. Several isoenzymes were 
far more active and new ones appeared in CYN-treated plants. Treatments with cyanobacterial crude 
extract caused stronger effects than the purified cyanobacterial toxins used in equivalent CYN concentra-
tions.

Keywords: Aphanizomenon ovalisporum – cylindrospermopsin – protease – Wolffia arrhiza – Lemna 
minor

INTRODUCTION

The toxin cylindrospermopsin (CYN) is produced by a variety of cyanobacterial spe-
cies: Cylindrospermopsis raciborskii, Anabaena bergii, Aphanizomenon ovalispo-
rum, Umezakia natans and Raphidiopsis curvata [35], which became prevalent from 
tropical regions towards temperate climatic zones in natural lakes or in newly built 
reservoirs [19]. In an aquatic ecosystem lysis of cyanobacterial blooms leads to the 
release of a mixture of cyanotoxins and other cyanobacterial components into water, 
acting on aquatic organisms. Stability of these blooms, the extent of CYN release 
from cells depends on various environmental factors such as light intensity and water 
temperature, etc. [20, 22]. Photodegradation of CYN seems to be highly dependent 
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on UV-A light and it is very low under natural conditions [38]. CYN was not degrad-
ed by co-occuring natural bacterial communities after 40 days, either [37]. The stabil-
ity of the cyanotoxin could be one of the reasons of high extracellular CYN concen-
tration found in diverse waterbodies.

Cylindrospermopsin is a tricyclic guanidine derivative containing a hydroxymethy-
luracil group [17]. CYN is a highly water-soluble molecule with a relatively low 
molecular mass of 415 Da [27, 28], so its uptake into cells seems to occur by diffusion 
[6, 35]. Cattle mortalities and human poisonings in Queensland have been attributed 
to the occurrence of Cylindrospermopsis raciborskii blooms producing CYN [35]. In 
mammals CYN caused liver, kidney, thymus and heart damage, including hepatic cel-
lular vacuolisation, membrane proliferation and cytotoxicity and in addition, renal 
epithelial necrosis [7, 8, 30]. CYN is a significant and irreversible inhibitor of eucary-
otic protein biosynthesis, although the molecular mechanism is yet to be established 
[8, 30]. CYN inhibited pyrimidine nucleotide synthesis in mouse liver cell-free 
extracts [24], induced DNA adducts formation, DNA strand breaks and disruption of 
the kinetochore spindle leading to chromosome loss (aneuploidy), exhibiting the muta-
genic as well as carcinogenic activity [23]. In natural waterbodies CYN is able to alter 
the diversity of zooplankton (e.g. Crustaceae, mussels) communities [35] as well.

In contrast to animals, there are only a limited number of studies on the effects of 
CYN on plants. Vasas et al. [32] proved that this cyanotoxin inhibits the growth of 
white mustard (Sinapis alba) seedlings, with an 50% inhibitory concentration (IC50) 
of 18.2 μg ml–1. Germination of tobacco pollen was inhibited by CYN between 5 and 
1000 μg ml–1 [14]. Aquatic plants have a potentially increased risk of negative effects 
of cyanotoxins due to their simple anatomical structure and lack of well-developed 
mechanisms to resist toxicity compared with aquatic vertebrates. Plants have a lim-
ited ability to decrease toxin exposure, as dissolved toxins are capable of diffusing 
into almost all macrophyte habitats [11]. Kinnear et al. [11] demonstrated that whole-
cell extracts of C. raciborskii containing 0.4 μg ml–1 CYN induced a general growth 
stimulation and decrease of chlorophyll content of Hydrilla verticillata, an aquatic 
plant. The work of Beyer et al. [4] showed that 0.5–40 μg ml–1 CYN disturbes reed 
(Phragmites australis) growth and anatomy through the alteration of organization of 
microtubule system. CYN-treated common reed roots showed several phenomena of 
general stress responses of plants. In freshwater ecosystems the cosmopolitan species 
Lemna minor and Wolffia arrhiza (Lemnaceae, Monocotyledons) have an important 
role in the food chain since they are primary producers and regulators of oxygen level 
of water. They are sensitive bioindicator species to environmental pollution [9] and 
these species are of use for testing specific biosynthesis inhibitors [2] and hormones 
[21]. Microcystins, cyanobacterial toxins with protein phosphatase inhibitory effect 
caused growth inhibition on Lemna minor and Wolffia arrhiza after 5 days exposure 
at 10–20 μg ml–1 concentration regime [16]. The effects of CYN have not been stud-
ied in these aquatic plants. 

Parallel with protein synthesis, proteolysis is essential for many aspects of plant 
physiology and development. It is responsible for cellular housekeeping and stress 
response by removing abnormal/misfolded proteins for supplying amino acids needed 
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to synthesize new proteins, for assisting in the maturation of zymogens and peptide 
hormones by limited cleavages, for controlling metabolism, homeosis and develop-
ment by reducing the abundance of key enzymes and regulatory proteins, and for the 
programmed cell death of specific plant organs or cells. Protein degradation in plants 
is a complex process involving a multitude of proteolytic pathways organised by 
proteases or sets of protease enzymes [33]. Unlike other enzymes, classification of 
proteases is based on the essential amino acids/metals within their active sites, so they 
can be cysteine-, serine-, aspartic acid-, or metalloproteases. Gelatine containing 
proteinase activity gels, used in our experiments are suitable to detect all of the four 
groups of proteases.

There are two approaches in experiences focusing on the effects of cyanotoxins on 
plants. The first applies purified cyanotoxins for laboratory experiments, while the 
second investigates the “real-life” situation of a cyanobacterial lysis event with crude 
extracts [4, 11]. The comparison of the results of different approaches has been miss-
ing in the literature of CYN and plant relation. This paper presents a study concerning 
the influence of CYN upon the growth, protein content and protease activity of two 
aquatic plant species in short-term (5 d) experiments. Our results allow comparing the 
effects of CYN in cell free extracts of Aphanizomenon ovalisporum (BGSD-423) 
culture to the effects of purified CYN on plants.

MATERIALS AND METHODS

Aphanizomenon ovalisporum (Forti) culture, preparation of crude 
cyanobacterial extract and purification of cylindrospermopsin

Cylindrospermopsin (CYN) producing Aphanizomenon ovalisporum (Forti) strain 
ILC-164 isolated from Lake Kinneret, Israel in 1994 [3] (in our collection BGSD-
423) was grown as described [1, 31, 32] in our laboratory.

For preparation of crude cyanobacterial extract: 14 days old culture of A. ovalispo-
rum was centrifuged (6000×g, 10 min, Beckman Avanti J-25 centrifuge) at 4 °C, then 
cell sediments were freeze-dried and stored at –20 °C until further experiments. The 
freeze-dried cyanobacterial cell mass was resuspended in sterile distilled water; the 
cells were disrupted by freezing and thawing several times (4×). The suspension was 
centrifuged (6000×g, 10 min, 4 °C, Beckman Avanti J-25 centrifuge) and the pellet- 
and cell-free supernatant was used as crude extract for the treatments. The CYN 
content of the supernatant was determined with the help of capillary electrophoresis 
(Fig. 1) as described in our laboratory earlier [31, 32].

For CYN purification cyanobacterial filaments were harvested by centrifugation 
and kept at –20 °C until use. The thawed cell pellet was extracted by 90% methanol; 
the methanolic extract was evaporated to dryness and then resuspended in 50% etha-
nol. The extract was loaded onto Toyopearl HW-40 size exclusion column and further 
purified by semi-preparative HPLC (Supercosil TM SPLC-18 column, Supelco, 
Bellefonte, USA) [31, 32].
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Plant material

Experiments were performed on sterile clones of Lemna minor L. and Wolffia arrhiza 
(L.) Horkel (Lemnaceae). Axenic stock monocultures were maintained in our labora-
tory on Allen medium [1]. These test organisms were grown in 25 ml sterile 
Erlenmayer flasks on 21 °C and 14/10 h photoperiod, 60 μE m–2 s–1.

Lemna minor L. and Wolffia arrhiza (L.) Horkel tests

Plant cultures were aseptically transferred to Allen medium [1] into 3-ml sterile well 
container (Titer-Tech® test plate). Nine (3 × 3) fronds of L. minor were placed in test 
plate containing CYN extract or purified CYN with equal CYN concentrations (0.01, 
0.1, 1, 10 and 20 μg ml–1 corresponding to 0.024–96.4 μM, respectively) in Allen 
medium [1]. In the case of W. arrhiza the experiments were carried out in the same 
way as for L. minor, with 20 fronds as an initial number. Three independent experi-
ments were performed and each bioassay was prepared with four replicates for every 
CYN concentration. The plant growth was estimated by counting frond number and 
measuring fresh weight of the initial population and the plant cultures after 5 days of 

Fig. 1. Electropherogram of crude cell free extract of Aphanizomenon ovalisporum culture
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exposure. The significance of differences between growth of controls and CYN treat-
ments was analyzed by one-way ANOVA (Sigma Plot 11.0 software, USA).

Results were presented with the aid of graphical and statistical facilities of Sigma 
Plot 11.0 software (USA).

Enzyme activity measurement/Gelatin-zymography

For the determination of protease activity, control and cyanotoxin treated plants were 
collected, pulverized in liquid nitrogen and homogenized with 100 mM Tris-HCl 
buffer pH 8.0 (Sigma-Aldrich) containing 150 mM NaCl (Reanal, Budapest, 
Hungary) and 1 μl ml–1 2-mercaptoethanol (Sigma-Aldrich). The homogenates were 
sonicated and shaked to disintegrate remaining organelles as described by Schlereth 
et al. [26]. After centrifugation (13,000×g, 2 × 5 min, Biofuge) the supernatants were 
used as crude protein extracts. Protein content was determined by the method of 
Bradford [5], using bovine serum albumin as standard.

Protease activity analysis of crude protein extracts of aquatic plants (10–20 μl of 
10 μg protein) was carried out using gelatine-containing SDS slab gels according to 
Schlereth et al. [26]. Protein samples were dissolved in SDS-probe buffer without 
heating and loaded on 10% SDS-polyacrylamide gels [12] containing 0.04% gelatine. 
The gels were run at 4 °C in dark. To renature proteolytic enzymes, SDS was removed 
from gels by two 10 min washes in 20% (v/v) 2-propanol in reactivating buffer [15, 
26]. The gels were incubated for 5 hours at 37 °C in reactivating buffer (0.1 M sodi-
um phosphate buffer (Reanal, Budapest, Hungary), pH 5.0 or 0.1 M Tris-HCl buffer 
pH 8.0, both with 5 mM β-mercaptoethanol)  in the dark. For characterisation of 
proteases the gels were incubated in absence and presence of β-mercaptoethanol and 
phenylmethanesulfonyl fluoride (PMSF), respectively (data not shown).

Local gelatine degradations were visible after Coomassie Blue staining (Coomassie 
Brilliant Blue R250) and revealed the sites of active proteinases [26].

Relative molecular mass and band intensity were evaluated by UVI-TEC® and 
CpAtlas® softwares. All the measured parameters were presented graphical with 
Sigma Plot 11.0 software. Experiments were repeated three times and representative 
gels are presented in the Results section.

RESULTS

Growth inhibition and alteration in protein content

Both extract (containing CYN) and purified CYN induced growth alterations of 
Lemna minor and Wolffia arrhiza (Figs 2, 3). Exposure of L. minor to crude extract 
and purified toxin at 1–20 μg ml–1 CYN concentrations caused significant decreases 
in growth as shown by frond numbers (Figs 2a–c, 3a). In case of purified cyanotoxin 
significant decreases were experienced at 0.01 and 0.1 μg ml–1 concentrations as well. 
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The fresh weight of L. minor appeared to be a more variable parameter, than the 
number of fronds. The crude extracts caused significant differences between fresh 
weights of control and of CYN treated plants at 10 and 20 μg ml–1 CYN concentra-
tions. Purified CYN induced significant decrease in fresh weights at 0.1; 10; 20 μg 
ml–1 concentrations (Fig. 3b). Figure 2d–f and Fig. 3d, e illustrate the CYN caused 

Fig. 3. The effects of CYN treatments on the growth and soluble protein contents of Lemna minor (a, b, 
c) and Wolffia arrhiza (d, e, f) after 5 days of exposure. Bars indicate standard errors, at n >8310. Control 
of each experiment was considered as 100%. Significant differences between controls and treatments are 

indicated by *P < 0.05; **P < 0.01 and ***P < 0.001
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in hibition of W. arrhiza growth. Both frond number and fresh weight were signifi-
cantly reduced only at concentrations of 10 and 20 μg ml–1 when crude extracts were 
used for treatment, but purified CYN caused decreases in fresh weight at 0.01–20 μg 
ml–1 (Fig. 3e) and in frond number at 0.1–20 μg ml–1 (Fig. 3d). The maximal inhibi-
tory effects of CYN were measured on fresh weight of plants. At 20 μg ml–1 CYN  
the inhibition was 60% and 54% for crude extract treated L. minor and W. arrhiza, 
respectively. These values were 30% and 43%, for purified CYN treated plants  
(Fig. 3b, e).

No significant differences in soluble protein contents were observed between the 
two aquatic plant species (Fig. 3c, f). In CYN treated plants the concentration of 
soluble protein did not decrease even mild increases were characteristic in both inves-
tigated plants (Fig. 3c, f).

The effect of CYN on the activity of protease isoenzymes

The effects of crude extracts of A. ovalisporum and purified CYN on the activity of 
protease isoenzymes of L. minor and W. arrhiza can be detected on gelatine zymo-
grams (Figs 4 and 5). Nine bands in L. minor (Fig. 4a and Table 1: signed LI – LIX) 
and eight to ten bands (WI – WVIII and W+, W++) in W. arrhiza protein extracts  
(Fig. 5a, b and Table 2) were detected. The proteases of both plant species could be 
classified as three sets of proteases based on molecular mass of protease isoenzymes 
(see Tables 1 and 2).

Table 1
Protease isoenzyme alterations of Lemna minor exposed to the crude extracts 

of Aphanizomenon ovalisporum and purified CYN

Set Isoenzyme (kDa)
pH 5 pH 8

extract
treated control purified toxin

treated
extract
treated control purified toxin 

treated
1 LI 101±2 ↑ ++ NC ↑ + NC

LII  89±3 ↑ + ↑
[0.01–1]

↑ ++ ↑
[0.01–1]

LIII  83±1 ↑ ++ ↑
[0.01–1]

↑ ++ ↑
[0.01–1]

2 LIV  71±2 ↑ + ↑
[0.01–1]

↑ + ↑
[0.01–1]

LV  60±2 ↑ + ↓ NC ++ NC
LVI  50±2 ↑ + ↓ NC ++ NC

3 LVII  41±2 NC ++ NC NC + NC
LVIII  35±2 ↑ ++ ↓ NC + NC
LIX  32±1 ↑ – – – – –

+ detectable; ++ high enzyme activity; – not detectable; ↑ CYN caused increase in enzyme activity in 
0.01–20 μg ml–1 concentration regime; ↓ CYN caused decrease in enzyme activity in 0.01–20 μg ml–1 
concentration regime; [0.01–1] it is characteristic in 0.01–1 μg ml–1 concentration regime; NC not 
changed as compared to control.



CYN alters protease enzymes of  Lemna and Wolffia 85

Acta Biologica Hungarica 61, 2010

In case of L. minor a set of high molecular mass (>75) proteases (set1) were com-
mon on gels incubated at acidic and basic pH as well. In control L. minor three pro-
teases were separated (LI – LIII) in this set (Fig. 4a). The treatment with CYN caused 
increase in their activity, the inductive effect of purified CYN was transient, the high-
est activity was measured for plants treated with crude extract containing 20 μg ml–1 
CYN (Fig. 4b, c, e, f and Table 1). Proteases with molecular mass between 50 and 70 
kDa (set2) had high activity and it seemed that they have alkaline pH optimum. 
Isoenzyme LIV was sensitive to CYN, its activity changed similarly to enzymes of 
set1. The activities of the two other bands (LV, LVI) were elevated only by crude 
extracts. Proteases of set3 all were acidic proteases with molecular masses of <45 
kDa. On gels incubated at pH 5.0, proteases signed LVII and LVIII were very active in 
control and in CYN-treated plants. These were sensitive to CYN, especially enzyme 
LVIII. Its activity was increased by the crude extract, but did not change or slightly 
decreased by purified CYN, consequently their activity was not depended of CYN. 
The treatment with crude extract induced appearance of a new isoenzyme at pH 5.0 
(Fig. 4a, b; Table 1, signed LIX) as well. In case of L. minor, crude extract (containing 
CYN) induced increase of total protease activity at pH 5.0 and at pH 8.0 incubated 
gels as well, while purified CYN caused only transient elevation of total protease 
activity at pH 8.0 (Fig. 4d, g).

In case of control W. arrhiza, set1 of high molecular mass (>75) proteases included 
only one or two enzyme(s) depending on pH and treatment (Fig. 5a and Table 2). At 

Table 2
Protease isoenzyme alterations of Wolffia arrhiza exposed to the crude extracts 

of Aphanizomenon ovalisporum and purified CYN

Set Isoenzyme Mw 
(kDa)

pH 5 pH 8
extract
treated control purified toxin

treated
extract
treated control purified toxin

treated
1 WI 94±4 ↑ + NC ↑ ++ NC

WII 84±3 ↑ – – ↑ – –
WIII 78±2 ↑ – ↑ ↑ ++ NC

2 W+ 72±3 – – – NC + NC
WIV 63±3 ↑ ++ NC ↑ + ↓

[10–20]
WV 56±4 ↑ – – ↑ ++ ↓

[10–20]
WVI 53±2 ↑

[0–1]
+ ↓ – – –

WVII 49±1 + – – ↑ ++ ↓
3 W++ 44±1 – – – ↑ – –

WVIII 41±1 NC + NC – – –

+ detectable; ++ high enzyme activity; – not detectable; ↑ CYN caused increase in enzyme activity in 
0.01–20 μg ml–1 concentration regime; ↓ CYN caused decrease in enzyme activity in 0.01–20 μg ml–1 
concentration regime; [0.01–1] it is characteristic in 0.01–1 μg ml–1 concentration regime; NC not 
changed as compared to control.
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10–20 μg ml–1 CYN we detected three isoenzymes in crude extract treated plants and 
two isoenzymes in purified toxin treated ones (Fig. 5b and Table 2). The zymograms 
of proteases with molecular masses between 47 and 70 kDa (set2) are variable 
depending on pH and treatments. The most conspicuous changes were on the gels 
incubated at pH 5.0 (Fig. 5c). There was an enzyme band (WVI), which was charac-
teristic in control, purified cyanotoxin and crude extract treated plants, but for the 
latter one only at 0.01–1 μg ml–1 CYN concentration regime (Fig. 5c; Table 2). In the 
crude extract (containing 10–20 μg ml–1 CYN) treated plants it was not detected and 
two new bands (WV, WVII) were observed. Band (WIV) increased in crude extracts 
treated plants as well (Fig. 5c). In contrast to crude extract, purified CYN did not 
influence the enzyme pattern on gels pH 5.0 (Fig. 5d). There was an enzyme with 
alkaline pH optimum (signed “W+” on Table 2), which was not recognised on acidic 
gel and CYN did not influence its activity (Fig. 5f). It is worth mentioning, that bands 
WV and WVII were similarly inducible under both acid and alkaline conditions in 
crude extract treated plants. Proteases with molecular mass of <45 kDa (set3) includ-
ed only two enzymes, one is an acidic protease with high activity (WVIII), was not 
influenced by CYN. At alkaline pH a new protease isoenzyme activity was induced 
by 10 and 20 μg ml–1 CYN in crude extract (Fig. 5f and Table 2, signed “W++”). The 
total protease activity (sum of the activity of isoenzymes) of crude extract treated W. 
arrhiza showed an increase at the highest concentrations (10 and 20 μg ml–1 CYN), 
while purified cyanotoxin increased only transiently the activity of enzymes at pH 8.0 
(in 0.01–0.1 μg ml–1 CYN; Fig. 5e, h). However, this transient increase could be 
attributed to the increase in the activities of isoenzymes WIV and WV at 0.01 and 0.1 
μg ml–1 CYN only. The activities of these isoenzymes decreased at higher cyanoto-
xin concentrations (10–20 μg ml–1 CYN, Fig. 5e, h, Table 2).

DISCUSSION

Macrophytes from the Lemnaceae family in freshwater bodies are widespread and 
fast-growing plants with doubling times of 1–4 days. They can be good indicators of 
environmental pollution [13, 18] and metabolits of other organisms for example algal 
species living together [29]. In the present work the toxic effects of purified CYN and 
a CYN containing cyanobacterial extracts were examined on Lemna minor and 
Wolffia arrhiza. Significant reduction in fresh weight and frond-number were 
observed in both treatments on the fifth day of the treatment. There was not a large 
difference between the toxic effects of crude extract and purified cyanotoxin. Twenty 
μg ml–1 CYN in crude extract decreased the fresh weight of plants by 60–55%. The 
inhibitory effect of purified CYN was a bit weaker (30–40%). Vasas et al. [32] 
described that CYN inhibited the growth of Sinapis alba seedlings grown in dark. The 
IC50 for Sinapis alba was in good agreement with our results. Hydrilla verticillata, a 
rooted, submersed aquatic plants was exposed to whole-cell extracts of Cylindro-
spermopsis raciborskii containing nominal treatment concentrations of 25–400 μg l–1 

extracellular CYN over 14 days. Plants were able to uptake CYN in a concentration 
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dependent manner and accumulated CYN at a maximum of 176 ng g–1 freeze-dried 
concentration [11], which is below the exposure concentration. In spite the lack of 
bioaccumulation Hydrilla showed alterations in growth, chlorophyll components, and 
root production without chlorosis or necrosis [11, 34]. Phragmites australis plantlets 
originated from tissue cultures were sensitive to CYN applied in 0.5–40 μg ml–1 con-
centration regime [4]. As general stress responses of plants to cyanotoxins, CYN 
increased root numbers, induced the formation of callus-like tissue and necrosis, cor-
related with alterations in orientation of microtubules. We confirmed the growth 
inhibitory effects of CYN on aquatic plants, but without necrosis and plant death at a 
short exposition time.

Soluble protein content is a good parameter for the characterization of key proc-
esses in plant life, like senescence or responses to environmental stress conditions. In 
these processes the elevation of soluble protein content parallel with the increase of 
stress induced enzymes (e.g. catalase, superoxide dismutase, peroxidase) activity is 
characteristic [10, 21]. CYN is a protein-synthesis inhibitor in animals and plants [8, 
14, 30]. In our experiments the maximum exposure concentrations was 20 μg ml–1 
and it did not cause decrease in soluble protein content per unit fresh weight. We can 
suppose, that the synthesis of certain proteins may be inhibited by CYN, while the 
synthesis of others does not change or it can even increase (e.g. in case of stress pro-
teins). Beyer et al. [4] showed that CYN induces increases of tubulin content in 
Phragmites australis roots. We recognized that the relative amount of active protease 
enzymes in the protein pool of cells increased in consequence of 10 and 20 μg ml–1 
CYN treatments. Crude extract (containing CYN) induced an increase of total pro-
tease activity of both L. minor and W. arrhiza plants on gels incubated at pH 5 and 
pH 8 (Figs 4 and 5). In case of purified CYN treated plants the increase in total 
enzyme activity appeared at lower concentration regimes (0.01–1 μg ml–1), but this 
increase did not exceed the effect of extract containing 10 and 20 μg ml–1 CYN (Figs 
4 and 5). It is known that crude extracts of toxic cyanobacteria contain several sub-
stances [35], which could contribute to the harmful effects of cyanotoxins. This was 
established by comparing the effects of purified microcystin-LR with the effects of 
cyanobacterial extract on Spirodela oligorrhiza [25]. The CYN treatments induced 
new isoenzyme activities on gelatine containing gels: in case of L. minor at pH 5 (Fig. 
4b; Table 1, signed LIX). It seemed that isoenzyme LIX together with isoenzymes LVII 
and LVIII require, β-mercaptoethanol (5 mM) in the incubation buffer and are inhib-
ited by PMSF (10 mM in incubation buffer, data not shown) and are most active at 
acidic pH, so they may be cysteine-proteases. In case of crude extract treated W. 
arrhiza a new band appeared at gel pH 8 (Fig. 5f; Table 2, signed W++). Bands with 
high activity were characteristic on gels of crude extract treated plants (Fig. 5c, f; 
Table 2, signed WII, WIII, WVII). Their activity was decreased by PMSF. Band WVII 
required β-mercaptoethanol, in opposite to izoenzymes WII and WIII, which were 
active in the absence of it (data not shown). PMSF has inhibitory effect to serine 
proteinases and several cysteine proteinases, so partially could suppress cell death, 
for example in pathogen infected tobacco leaves and menadione-induced protoplasts 
[36]. Cysteine and serine proteases are very important enzymes in processes such as 
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hypersensitive response, signal transduction, programmed cell death [33, 36]. They 
exist in different plant organs and as vacuolar proteases they are very important in 
protein turnover. It is worth mentioning, that vacuolar proteases account for most of 
the proteolytic activity measured in plant extracts [26, 33]. β-Mercaptoethanol (for 
reducing conditions) could be more important for cysteine proteases, because they 
have cysteine (with thiol residue) within their active sites [26]. The increased amount 
and altered pattern of these enzymes in CYN-treated plants proved that despite the 
temperate effect on growth, CYN, a cyanobacterial cyanotoxin can disturb such a key 
process as proteolysis. Proteolysis of cellular proteins is a constant and ongoing proc-
ess in plant cells. Abnormal proteins arise in cells as a result of stresses. We can sup-
pose that such protein alterations can be induced by cyanotoxins and those proteins 
are subjects of proteolytic processes. The changes of L. minor and W. arrhiza protease 
patterns after CYN exposure support this idea and they may be important in regulat-
ing numerous biological processes in cyanotoxin exposed plants.
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