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this study compares the histological, cytological and biochemical effects of the cyanobacterial toxins 
microcystin-lr (mcy-lr) and cylindrospermopsin (cyn) in white mustard (Sinapis alba l.) seedlings, 
with special regard to the developing root system. cyanotoxins induced different alterations, indicating 
their different specific biochemical activities. MCY-LR stimulated mitosis of root tip meristematic cells 
at lower concentrations (1 μg ml–1) and inhibited it at higher concentrations, while cyn had only inhibi-
tory effects. Low CYN concentrations (0.01 μg ml–1) stimulated lateral root formation, whereas low 
mcy-lr concentrations increased only the number of lateral root primordia. both inhibited lateral root 
development at higher concentrations. They induced lignifications, abnormal cell swelling and inhibited 
xylem differentiation in roots and shoots. mcy-lr and cyn induced the disruption of metaphase and 
anaphase spindles, causing altered cell divisions. similar alterations could be related to decreased protein 
phosphatase (pp1 and pp2a) activities in shoots and roots. However, in vitro phosphatase assay with 
purified PP1 catalytic subunit proved that CYN in contrast to MCY-LR, decreased phosphatase activities 
of mustard in a non-specific way. this study intends to contribute to the understanding of the mechanisms 
of toxic effects of a protein phosphatase (mcy-lr) and a protein synthesis (cyn) inhibitory cyanotoxin 
in vascular plants.
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introduction

cyanotoxins are produced at relatively high concentrations during cyanobacterial 
overproduction in fresh- and seawaters. they are known to affect animal and human 
health and induce significant hazards in tropical and temperate aquatic environ-
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ments [7]. microcystins (mcy) and cylindrospermopsin (cyn) are well-studied 
toxins, their histological, cellular and biochemical effects are well documented in 
human and animal systems [7]. these include liver necrosis as well as genotoxicity 
and tumorigenicity [7, 44]. 

microcystins are cyclic heptapeptides produced by several cyanobacterial genera/
species (e.g. Microcystis aeruginosa). microcystin-lr (mcy-lr) is the most fre-
quently occurring and well studied variant [7, 44]. It is a potent and specific inhibitor 
of eukaryotic serine-threonine protein phosphatases of type 1 and type 2a (pp1 and 
PP2A) [26]. Growth inhibition by MCY has been proven for several aquatic and ter-
restrial vascular plants [1, 21, 23, 27]. the uptake of mcy was demonstrated in 
mustard, rape, rice, alfalfa and wheat [9, 10, 24, 34]. physiological studies on plants 
include the inhibition of photosynthesis [1] and the induction of oxidative stress 
enzyme activities [10, 35, 36]. 

cyn is a water soluble tricyclic guanidine derivative containing a hydroxymethy-
luracil group, an alkaloid toxin produced by several cyanobacterial strains/genera 
(e.g. Cylindrospermopsis raciborskii), with expanding area [33]. although its molec-
ular target is not well known yet, it is clear that cyn inhibits protein synthesis and 
interferes with glutathione metabolism in eukaryotic cells [15, 29, 39]. it disrupts 
cytoskeleton and causes dna damage in mammalian cells [17, 44]. recently, sev-
eral studies have been performed on the biological effects of cyn in plants [5, 21, 
32, 43], but we are still far away from the understanding of cellular and biochemical 
mechanisms related to growth inhibition. 

the toxicity of mcy-lr and cyn has been compared in animal bioassay systems 
at the whole organism, histological and cellular level [17, 30, 41]. the axenic white 
mustard seedling test (blue-green Sinapis test [22]) is a suitable and sensitive assay 
to compare the influences of MCY-LR and CYN in a developing vascular plant [32]. 
The growth inhibitory effect of MCY-LR was first demonstrated for this plant [22]. 
we observed that shoot and mainroot growth was dramatically inhibited in mcy-lr 
treated seedlings [31, 32]. biochemical studies on mustard proved the inhibition of 
protein phosphatases [24] and the increase of single-stranded dnase and peroxidase 
activities [31, 32]. We proved for the first time the growth inhibitory effect of CYN 
in this plant [43], and the altered development, chlorophyll and anthocyanin content 
of cotyledons [32]. 

One of the main objectives of this work is to contribute significantly to the com-
parative analysis of the effects of mcy-lr and cyn using a sensitive seedling test. 
this toxicological study attempts to explain: (i) the histological and cytological 
alterations, mainly in the developing root system, which could be responsible for the 
inhibited growth of mustard plant, and (ii) the biochemical background of similar and 
different histological and cytological effects of mcy-lr and cyn.
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materials and metHods

The purification of cyanotoxins

MCY-LR was purified from Microcystis aeruginosa (strain bgsd 243) isolated from 
Lake Velencei (Hungary) in 1991 according to Kós et al. [22, 31]. CYN was purified 
from the cultures of Aphanizomenon ovalisporum (Forti) strain ilc-164 (isolated 
from Lake Kinneret in 1994, Israel [4]). Its purification from harvested cells was 
described by Vasas et al. [42, 43]. 

Blue-Green sinapis Test and plant material 

blue-green Sinapis test (bgst) was performed as described earlier [32]. throughout 
this study, axenic white mustard (Sinapis alba L. convar. ‘Budakalászi sárga’, 
Budakalász, Hungary) seedlings were used. Axenic, 24 h pre-germinated seeds were 
placed on agar-containing Allen medium [2] supplemented with the given final con-
centrations of toxins, in 24-well microtiter plates (TPP AG, Trasadingen, Switzerland). 
the seedlings were grown under 14/10-hour photoperiod for 4 days [32]. 

Cyanotoxins were used in concentration ranges of 0.01–20 μg ml–1 (0.01–20.1 µm 
for mcy-lr and 0.024–48.19 µm for cyn).

Histological and cytological investigations of white mustard seedlings

the number of emergent lateral roots was determined from 10 seedlings per treat-
ment. main roots of plants were excised and then sectioned serially by hand or cryo-
sectioned with a leica Histoslide 2000 microtome (leica, nussloch, germany). plant 
tissue sections were stained with wiesner reagent (phloroglucin-Hcl, sigma-aldrich, 
budapest, Hungary) for the detection of lignin deposition in cell walls [8]. 
Autofluorescence of cell materials was detected at 450–480 nm excitation and 515 
nm emission wavelenghts. olympus bX50 and olympus provis aX70 microscopes 
(Olympus, Tokyo, Japan) were used for bright field and autofluorescence observa-
tions. the number and diameter of xylem elements and the area of xylem tissue 
stained with Wiesner reagent were studied with image analyzer (DIGITPLAN soft-
ware [13]). concerning histological investigations, we show micrographs and data of 
cross-sections of main roots sectioned beyond the root collar level. 

For cytological analysis, the apical meristems and the zone of lateral root forma-
tion of main roots was used. A 10–15 μm thick sections were made by cryosection-
ing with a leica Histoslide 2000 microtome. Fixation of tissues and labeling of 
β-tubulin and chromatin were performed as previously described [5, 28]. 
Microscopical slides were analyzed with an Olympus Provis AX-70/A fluorescence 
microscope equipped with an Olympus Camedia 4040 digital camera. Mitotic index 
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in mainroot apical meristems was calculated and mitotic cells with altered microtu-
bule/chromatin organization were observed. Throughout the examination of mitotic 
cells, we excluded the quiescent center, root cap lineage and cells giving rise to stele 
of root tip meristems. 

protein phosphatase assays

after 4d of treatment, cell-free extracts were prepared for protein phosphatase activ-
ity assays. the preparation of extracts from shoots and roots and the measurement 
of total pp1 and pp2a activity were performed as described previously for 
phragmites australis [28]. Specific enzyme activities (pmol [32pi] released mg pro-
tein–1) were calculated [14] and the activities in cyanotoxin treated plants are pre-
sented as the percentage of control activities (100%). For the measurement of in 
vitro pp1 activity inhibition (termed as “in vitro pp1 inhibition assay” throughout 
the text), mcy-lr and cyn concentrations were applied between 1–1000 nm. the 
catalytic subunit of protein phosphatase 1 (pp1c) was prepared from rabbit skeletal 
muscle and separated from protein phosphatase 2a catalytic subunit (pp2ac) by 
heparin-Sepharose chromatography [19] and further purified on Mono Q column 
(ge Healthcare, piscataway, nJ, usa). phosphatase activity was assayed with 1 mm 
32P-labelled 20 kDa light chain of turkey gizzard myosin (32p-mlc20). mcy-lr or 
CYN was preincubated with 0.1 μg ml–1 pp1c for 5 min in 20 mm tris pH 7.4 buf-
fer containing 0.1% 2-mercaptoethanol, and then the reaction was initiated by addi-
tion of the substrate. The volume of the enzyme reaction mixture was 30 μl. After 10 
min incubation at 30 °C, the reaction was terminated by the addition of 200 μl of 
100% trichloroacetic acid (TCA, Sigma-Aldrich) and 200 μl of 6 mg ml–1 bovine 
serum albumin (bsa, sigma-aldrich). the precipitated proteins were collected by 
centrifugation and the released 32pi was determined from the supernatant using a 
scintillation counter [14]. the phosphatase activity in the absence of mcy-lr or 
cyn was taken as 100%.

Data analysis

at least three independent experiments with 6–10 parallel treatments were per-
formed for all cyanotoxin exposures. Data were analyzed using the statistical and 
graphical functions of sigma plot 10.0 software (systat software inc., chicago, il, 
USA). The mean values ± SE are shown on line figures and for data presented in the 
text. For the number of xylem elements and xylem area, significant differences 
between the mean values of control and cyanotoxin treatments were calculated with 
student’s t-test.
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results

Morphological and histological effects of MCY-LR and CYN 
in sinapis alba seedlings 

mcy-lr (1–20 mg ml–1) and cyn (5–20 mg ml–1) inhibited the formation of fully 
developed (emerged) lateral roots. However, at low mcy-lr concentrations (0.01–1 
µg ml–1) the initiation of lateral root primordia was stimulated and often they were 
fused. this fusion did not occur in cyn-treated plants. low concentration of cyn 
(0.01 µg ml–1) increased the number of emergent lateral roots (data for lateral root 
development are shown in table 1).

Four days old control mustard seedlings had well developed primary roots  
(Fig. 1a). inner cell layer of cortex was a primary, casparian band endodermis. the 
cells of pericycle underwent cell division, indicating the start of secondary thickening 
(Fig. 1b). The stele of young mustard roots was diarch, characterized by the presence 
of central metaxylem elements (Fig. 1a–c). at the root collar level, xylem had a high 
number of vascular elements, due to the development of primary tissues and to the 
activity of vascular cambium already present in four days old roots. control root 
cross-sections did not show extended lignifications of the Casparian band endodermis 
cell walls. Strong lignification observed by phloroglucin–HCl staining and autofluo-
rescence appeared only in xylem (Fig. 1a–c).

MCY-LR induced lignifications in cortical parenchyma, endodermis and pericycle 
of primary roots (Fig. 1d, e, arrows). The increase of autofluorescence in those tissues 
further supported this observation (Fig. 1f). the cyanotoxin inhibited xylem differen-
tiation in primary roots (Fig. 1d–f). this was observed not only for the number of 
xylem elements but also for parameters like xylem area, maximal tracheal diameter 
and the presence or absence of central metaxylem elements (Fig. 1d–e). at 5 µg ml–1 
mcy-lr and above, the broad central metaxylem elements were regularly absent.  
at 1 µg ml–1 mcy-lr and above only a reduced number of vessels were observed 
(Fig. 1e). at the latter concentration, xylem area was 5008 ± 564 mm2, while in con-
trols, it was 13405 ± 1343 mm2 (p < 0.001). the number of xylem vessel elements was 
significantly lower than in controls (21.4 ± 2.4 vs. 33.7 ± 3.0, p < 0.01). at cyanotoxin 
concentrations higher than 1 µg ml–1, xylem area and the number of xylem elements 
decreased progressively. it is worth mentioning that mcy-lr induced the decrease of 
overall stele diameter (Fig. 1b, e). in addition, mcy-lr exposure induced a dedif-
ferentiation in cortical parenchyma, leading to the swelling of cells and formation of 
a callus-like tissue in main roots and at the transit between main root and hypocotyls. 
High cyanotoxin concentrations induced necrosis in roots and shoots (table 1).

Similarly to MCY-LR, high concentrations of CYN induced lignification and the 
increase of autofluorescence in endodermis and pericycle, although staining for lignin 
was less intensive (Fig. 1h, i). In contrast, lignifications in cortical parenchyma were 
not detectable. Autofluorescence of phloem and stele parenchymatic tissue indicating 
the presence of compounds containing aromatic rings (lignin, polyphenolics, suberin 
[27]) was detected in cyn treated plants (Fig. 1h, i). the cyanotoxin induced altera-
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Table 1
summary of histological, cytological and biochemical effects of mcy-lr and cyn  

in roots of Sinapis alba seedlings detected in this study

type of cyanotoxin induced alterations
effective cyanotoxin concentration regimes 

(μg ml–1)i Figure

mcy-lr cyn

I. Morphology – lateral roots
1.1.  stimulation of lateral root emergence
1.2.  significant reduction of the number of  

visible (emergent) lateral roots

 
n.d.
 
≥ 1

 
0.01
 

≥ 5ii

II. Histology
1. lateral roots 
 increased number and fusion of primordia
2. Lignification of cell walls 
 2.1.  cortex
    cortical parenchyma
    endodermis
 2.2. stele, pericycle
3. Xylem differentiation
 3.1. significant decrease of xylem area
 3.2.  significant decrease in the number of 

xylem elements
 3.3. lack of central metaxylem elements
 3.4. decrease of maximal tracheal diameter
4.  cell swelling and the development of callus-

like tissue in roots and shoots
 4.1. cortical parenchyma
 4.2. pith tissue
5.  Necrosis in rhizodermis/epidermis and corti-

cal parenchyma of roots and shoots

 
0.01–1

 

≥ 5
≥ 5
≥ 10

≥ 1
≥ 1

≥ 5
≥ 1

≥ 5.0
n.d.

≥ 5.0

 
n.d.

n.d.
≥ 10
≥ 10

≥ 1
≥ 7.5

≥ 5
≥ 5

n.d.
≥ 5

n.d.

1

1

1g–i

III. Cytology in root tips
1.  mitosis, dualistic response (increase of 

mitotic activity at low concentrations and 
decrease at high concentrations)

2. Disorganization of mitotic microtubules

 
stimulation of mitosis at 
1 µg ml–1 and inhibi-

tion of mitosis 
at ≥ 10 µg ml–1

0.05–1

n.d.

≥ 1

2a

2b–i
IV.  Alterations in protein phosphatase (pp1 and 

pp2A) activity
1. decrease of protein phosphatase activity
 1.1. roots
 1.2. shoots

2. inhibition of pp1 activity in vitro

 
 
 

≥ 0.01
below 0.01;

0.01–10
ic50

iii < 1 nm

> 0.01
below 0.01; 

0.01–10
n.d.

3a
3b

3c

i except for in vitro protein phosphatase activity, where effective cyanotoxin concentrations are given 
in nm; ii at 0.01 mg ml–1, cyn stimulated lateral root development; iii ic50: 50% inhibitory concentration; 
n.d.: not detected.
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Fig. 1. mcy-lr and cyn induce histological alterations in the primary root of mustard seedlings (cross-
sections). (a–c) controls; (d–f) mcy-lr treatments; (g–i) cyn treatments. (a) and (b) cross-section of 
control root collar stained with phloroglucin-Hcl. ED: endodermis; asterisk shows the location of peri-
cycle derivatives and the beginning of secondary thickening. (c) autofluorescence in the xylem of a 
control root section. (d) 5 μg ml–1 MCY-LR induces lignification of endodermis (arrow, ED) as well as 
the reduction of xylem tissue as shown by phloroglucin-HCl staining. (e) 10 μg ml–1 mcy-lr induces 
lignifications of cortical parenchyma, endodermis and pericycle cell walls (arrows); decrease in the num-
ber of xylem elements is clearly visible. (f) increased autofluorescence of endodermis (ED) and pericycle 
in the presence of 5 μg ml–1 MCY-LR (arrow). (g) 5 μg ml–1 cyn causes a moderate inhibition of xylem 
differentiation. (h) 10 μg ml–1 CYN induces lignifications in endodermis and pericycle cell walls (arrow) 
as well as the swelling and disorganization of internal stele tissue (arrowheads) and the severe inhibition 
of xylem differentiation. (i) autofluorescence of stele tissues in 10 μg ml–1 cyn treated mustard root, 

arrow shows the location of phloem. Bars: 200 μm
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tions in xylem differentiation resembled those detected in the presence of mcy-lr. 
it reduced the average diameter of stele and xylem area as well (Fig. 1g–i). at 1 µg 
ml–1 CYN, xylem area was reduced from 13405 ± 1343 μm2 characteristic for controls 
to 7534 ± 333 (p < 0.001). The number of xylem elements was reduced significantly 
at high CYN concentrations: at 10 μg ml–1 it decreased from 33.7 ± 3.0 characteristic 
for controls to 22.0 ± 1.1 (p < 0.001). additionally, in the centre of stele thin walled 
and swollen cells were present instead of metaxylem elements. cell swelling did not 
occur in cortical parenchyma (Fig. 1g, h). cyn did not induce tissue necrosis in 
mustard.

Fig. 2. alterations of mitosis, microtubular system and chromatin structure of mcy-lr and cyn 
exposed mustard mainroot tip meristems. (a) mcy-lr and cyn concentration dependent changes of 
mitotic activity. (b) the organization of microtubules in control metaphase (M) and anaphase (A) cells.  
(c) chromatin organization of control metaphase (M) and anaphase (A) cells as shown by DAPI staining. 
(d) alteration of mitotic spindle organization (arrow) of an anaphase cell in mustard root induced by 0.5 
μg ml–1 mcy-lr as shown by labeling for microtubules. (e) alteration of chromatid segregation (arrow) 
of an anaphase cell induced by 0.5 μg ml–1 mcy-lr as shown by dapi staining. (f) alteration of mitot-
ic spindle organization (arrow) of a metaphase cell in mustard root induced by 1.0 μg ml–1 mcy-lr.  
(g) chromatin organization of a metaphase cell treated with 1.0 μg ml–1 mcy-lr. altered chromosome 
alignment is observed. (h, i) top-view of a metaphase cell treated with 20 μg ml–1 cyn: (h) disorganiza-

tion of mitotic microtubules (arrow) and (i) normal chromatin structure (arrow). Bars for b–i: 15 μm
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Cyanotoxin induced alterations of mitosis in mustard root tip meristems

the effect of mcy-lr on mitotic activity of main root meristematic cells was con-
centration dependent. at lower concentration (1 µg ml–1) MCY-LR increased signifi-
cantly mitotic index, while at higher concentrations (10–20 µg ml–1) decreased it  
(Fig. 2a). the microtubular system and chromatin structure of dividing control cells 
were normal: metaphase and anaphase cells had bipolar mitotic spindles and charac-
teristic chromatin structure (Fig. 2b, c). mcy-lr induced the formation of multipolar 
spindles in metaphase and anaphase, leading to altered sister chromatid separation in 
anaphase (Fig. 2d–g). cyn induced a moderate decrease of mitotic index, without 
any transient increase (Fig. 2a). It induced the disorganization of microtubular system 
in metaphase cells, while chromatin organization seemed to be normal (Fig. 2h, i).

Fig. 3. the effect of 4d exposure to mcy-lr and cyn on total protein phosphatase (pp1 and pp2a) 
activity of roots (a) and shoots (b) of S. alba seedlings. (c) the effect of mcy-lr and cyn on in vitro 

pp1 activity
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The effects of MCY-LR and CYN on protein phosphatase activities

total pp1 and pp2a activity of seedlings treated for 4d with mcy-lr was decreased 
in a concentration dependent way. in roots, the 50% inhibitory concentration (ic50) 
was 0.5 µg ml–1 mcy-lr, while in shoots ic50 was below 0.01 µg ml–1 (Fig. 3a, b). 
In vitro pp1 inhibition assay showed the potent inhibition of pp1c activity by mcy-
lr, ic50 was below 1 nm (Fig. 3c). cyn also decreased pp1 and pp2a activities of 
plants from treatments with 0.01 µg ml–1. ic50 for cyn was 3 µg ml–1 for roots and 
0.02 µg ml–1 for shoots (Fig. 3a, b). But CYN did not inhibit significantly in vitro 
pp1c activity (Fig. 3c). all results concerning the comparative analysis of mcy-lr 
and CYN effects are summarized in Table 1.

discussion

mcy-lr and cyn are cyanotoxins thought to alter the development of eukaryotic 
organisms by different biochemical mechanisms. mcy-lr is a potent inhibitor of 
type 1 and type 2a serine-threonine protein phosphatases, while cyn is believed to 
inhibit general protein synthesis [15, 18, 26, 29]. table 1 of this study points out that 
the two toxins have distinct histological and cytological effects, but they cause simi-
lar alterations as well. in spite of the different biochemical targets of cyanotoxins, 
similarities can indicate partially common cellular mechanisms. both cyanotoxins 
induce cell wall lignifications, the inhibition of xylem differentiation and abnormal 
cell swelling/proliferation in main roots and shoots (Fig. 1 and table 1). these 
alterations are not specific for cyanotoxins. Except for xylem differentiation, they are 
thought to be general defence responses to biotic or abiotic stresses [3, 12, 27] with 
complex biochemical background. However, all of them can be related to signal 
transduction pathways involving protein phosphorylation/dephosphorylation [16, 
38]. the inhibition of protein phosphatases induces changes in signal transduction 
pathways leading to the elevation of ros, e.g. H2o2 content of lignifying Zinnia 
xylem. this H2o2 is probably used for lignin biosynthesis [38]. the mcy induced 
accumulation of ros has been reported for animal and plant cells [6, 20, 35].  
a recent study has shown that cyn increased the activity of glutathione peroxidase 
in plants, indicating that it can induce oxidative stress as well [36]. 

Both cyanotoxins induce altered microtubule organization in dividing meris-
tematic cells of mustard roots (Fig. 2b–i). Disorganization of spindles can be 
related to changes in the phosphorylation state of microtubule associated proteins 
(MAPs), leading to destabilization of microtubules or alterations of their bundling 
[5, 28, 40]. interestingly, not only mcy-lr, but cyn decreased total pp1 and 
pp2a activity (Fig. 3a, b). therefore it is possible, that one of the reasons for 
similar histological and cytological effects of cyanotoxins is related to the reduced 
in vivo protein phosphatase activity, which was characteristic for both mcy-lr and 
CYN treated seedling organs. For CYN, this is the first report for such biochemical 
alteration in eukaryotic cells. It should be noted that CYN induced disorganization 
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of plant cell microtubules could be related to its protein synthesis inhibitory effect 
as well [5].

both mcy-lr and cyn inhibited lateral root development at concentration 
ranges of 0.1–20 μg ml–1 (for significant inhibitions see Table 1). Lignifications of 
pericycle cell walls could inhibit their ability to divide, leading to the inhibition of 
lateral root development and secondary tissue formation (Fig. 1e, h). lower cyano-
toxin concentrations (0.01–1 μg ml–1 MCY-LR and 0.01 μg ml–1 cyn) had partially 
similar stimulatory effects (table 1). mcy-lr stimulated the development and fusion 
of lateral root primordia, but did not promote further growth of laterals. cyn 
increased the number of emergent laterals. 

investigations of mcy-lr-induced inhibition in reed and rice roots proved the 
sensitivity of lateral root formation to toxin action [9, 27]. chen et al. [9] supposed 
that mcy-lr inhibited lateral root development can be related to increased levels of 
ROS and decreased levels of NO as well. The whole cell extracts with low (≤400 μg 
l–1) cyn concentration had root growth stimulatory effects in Hydrilla verticillata 
[21]. Root system from reed plantlets treated with higher (10 μg ml–1) cyn concen-
trations showed reduced root length and increased root number [5]. cyn increased 
the activities of GPx and GST enzymes of rice root [36]. The interest for the relation 
between the cyn caused root alterations and the production of ros, alterations in 
glutathione levels, and activities of gpx and gst in plant systems is increasing. ros 
can be produced not only by the biotransformation of cyanotoxin [6, 35], but by the 
inhibition of PP1/PP2A enzymes involving dephosphorylation of regulatory proteins 
of ros formation, as well [6]. 

Besides similarities, there are significant differences in the histological and cyto-
logical effects of mcy-lr and cyn as well (table 1). these differences are as fol-
lows. (i) mcy-lr induces necrosis in mustard seedlings, while cyn has no such 
effect; (ii) mcy-lr has a characteristic dualistic effect on cell division capacity of 
root tip meristems, while cyn induces a slight inhibition of mitotic activity (Fig. 2a).

MCY-LR induced necrosis in the epidermis (rhizodermis) and cortical tissue of 
mustard roots, hypocotyls and cotyledons (m-Hamvas et al. [31, 32] and table 1 of 
this study). plant tissue necrosis might be induced by biotic and abiotic stresses such 
as anoxia, phytotoxins/cyanotoxins or plant pathogens [3, 27]. as mentioned before, 
the alteration of protein phosphorylation status may lead to an increase of ros con-
centrations, which is known to induce programmed cell death (pcd) and necrosis 
[20]. therefore, the pp1 and pp2a inhibitory effect of mcy-lr might be responsible 
for the induction of necrosis. cyn did not induce necrosis in mustard, which does not 
exclude the possibility of pcd induction in this plant. therefore, cyn seems not to 
influence protein phosphatase activity related to the development of necrosis. It is 
known that the distinct functions of pp1 and pp2a are related to different subcellular 
localization and activities of their regulatory subunits [25]. In contrast, CYN did 
induce necrosis in a monocot, phragmites australis [5], browning of rice leaves [36] 
and it is known that it causes dna damage in certain animal systems [44].

lower concentrations of mcy-lr stimulated mitotic activity of main root tip 
meristematic cells, while higher concentrations inhibited cell division (Fig. 2a). this 
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differential effect of mcy-lr has been reported for animal cells and was termed as 
“dualistic response” [18]. according to this, low concentrations of protein phos-
phatase inhibitors activate mitosis by the hyperactivation of mitogen activated protein 
kinases, whereas the severe decrease of phosphatase activity caused by high concen-
trations of inhibitors, leads to cell death. mainly metaphase changes were responsable 
for this dualistic effect in mustard (data not shown). meanwhile, at certain concentra-
tions, mcy-lr increased the number of cells in early and late mitosis (data not 
shown). it had similar effects on mitotic capacity and on certain mitotic phases in 
meristematic cells of phragmites australis roots after long-term exposure [28]. cyn 
treatment caused a slight decrease of mitotic capacity in roots (Fig. 2a) with no sig-
nificant influence on certain mitotic phases (data not shown). In contrast, it induced a 
slight increase of mitotic index with significant increase of prophase and decrease of 
metaphase indices in the monocot p. australis roots [5]. these observations indicate 
not only that the two cyanotoxins exert distinct influences on plant mitosis, but the 
toxins can affect differently cell division in different plants as well.

In vitro PP1 inhibition assay proved that MCY-LR is a potent and specific inhibitor 
of serine-threonine protein phosphatases and the ic50 value for pp1 inhibition is less 
than 1 nM (Fig. 3c). This result is in agreement with previous findings [26]. In con-
trast, cyn did not inhibit pp1 under in vitro conditions (Fig. 3c). In vitro assay did 
not show any significant effect of CYN on PP2A activity either [11]. Therefore this 
toxin is not a specific inhibitor of PP1 and/or PP2A, but it does decrease protein 
phosphatase activity in vivo (Fig. 3a, b). It is known that CYN is a specific inhibitor 
of eukaryotic protein synthesis [15, 29], thus, the decrease of pp1 and pp2a activities 
could be the result of the suppression of the synthesis of these proteins in mustard. 
However-in spite of the inhibition of general protein synthesis, the amount of certain 
proteins can be increased by cyn in animal and plant cells [5, 37]. all these results 
suggest that the understanding of cyn induced decrease of protein phosphatase 
activities needs further investigation.

in conclusion, the differences in histological and cytological alterations of cyano-
toxin treated S. alba seedlings confirmed that MCY-LR and CYN exert their influ-
ences via distinct cellular mechanisms. However, they induce similar histological and 
cytological alterations and these can be related to the decrease of total serine-threo-
nine protein phosphatase activities in vivo. this is true even for general stress 
responses like lignification and cell swelling. The decreased mitotic activity accom-
panied by the disorganization of microtubular system in root tip meristematic cells, 
the inhibited xylem differentiation in the stele of main roots and the hindered lateral 
root development can cause the reduced growth and development of cyn and mcy-
LR treated seedlings. To our knowledge, this is the first report on the decrease of PP1 
and pp2a activity by cyn in a vascular plant in vivo. 
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