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Abstract The bioaccumulation and harmful effects of

microcystins (MCs) and the activity of peroxidase (POD)

and superoxide dismutase (SOD) were examined in the apple

(Malus pumila) exposed in vitro with the crude extract of

toxic cyanobacterial blooms from Dianchi Lake in south-

western China. The results showed that the growth and

proliferation of M. pumila shoots in vitro decreased mark-

edly after exposure to microcystins above 0.3 lg/ml.

Recovered microcystins determined by enzyme-linked

immunosorbent assay (ELISA) in M. pumila shoot cultures

increased with exposure time and concentration. After

14 days exposure to the concentration of 3 lg/ml micro-

cystins, M. pumila shoot cultures accumulated microcystins

up to a concentration of 510.23 ± 141.10 ng MC-LR equiv/

g FW (fresh weight), equivalent to an accumulation rate of

36.45 ng/g day. POD activity was significantly increased

after 7 days exposure to 3 lg/ml microcystins. After 14 days

of exposure, microcystins caused POD to increase signifi-

cantly at the concentration of 0.3 and 3 lg/ml. The activity of

SOD was not affected by microcystins at concentrations up

to 3 lg/ml on 7 days. After 14 days exposure to microcys-

tins, SOD activity increased significantly at the concentra-

tion of 0.3 and 3 lg/ml in M. pumila shoot cultures.
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ELISA � Superoxide dismutase � Peroxidase

Introduction

Water blooms of cyanobacteria (blue-green algae) can

present a public safety hazard because of the potential

release of hepatotoxins such as microcystins into water

bodies (Codd et al. 1989; Aranda-Rodriguez et al. 2003).

The reported incidences of animal and human exposure to

microcystins (Carmichael and Falconer 1993; Bell and

Codd 1994; Ueno et al. 1996; Jochimsen et al. 1998)

emphasize the need for a better understanding of the toxic

mechanism of these compounds.

The toxic mechanism of microcystins is the inhibition of

protein phosphatases 1 and 2A (PP1 and PP2A) in animal

and plant cells (MacKintosh et al. 1990; Dawson 1998;

Kurki-Helasmo and Meriluoto 1998). In the last few years,

DNA damage induced by microcystins was also docu-

mented (Rao et al. 1998; Žegura et al. 2003; Brzuzan et al.

2009). Rao et al. (1998) demonstrated that both cell-free

extract of Microcystis aeruginosa and purified toxin micr-

ocystin-LR (MC-LR) induced significant DNA fragmenta-

tion in mouse cells, and the activities of some enzymes (not

PP1 and PP2A) such as lactate dehydrogenase (LDH) and

alkaline phosphatase (ALP) changed significantly following

microcystin poisoning. Recent studies suggest that oxida-

tive stress may play a significant role in the pathogenesis of

microcystin toxicity in animals and humans (Ding et al.

2001; Žegura et al. 2003; Kujbida et al. 2008).

Most of the investigations into the effects of microcystins

on plants indicate that exposure to microcystins may affect

the productivity of crop plants irrigated with contaminated
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water. Kós et al. (1995) reported that a microcystin (prob-

ably MC-LR) and crude extracts of toxic cyanobacteria

were able to inhibit the growth of mustard seedlings. The

phytotoxic effects of microcystins on the growth and

development of potato (Solanum tuberosum) and runner

beans (Phaseolus vulgaris) were also investigated (McElhiney

et al. 2001). At present, some evidence indicates that oxi-

dative stress might be involved in the toxicity of micro-

cystins on plants. Chen et al. (2004) reported that the

activity of peroxidase (POD) and superoxide dismutase

(SOD) changed in rape (Brassica napus) and rice (Oryza

sativa) seedlings following exposure to microcystins. The

oxidative stress induced by microcystins in the aquatic

macrophyte Ceratophyllum demersum (Pflugmacher 2004)

and tobacco cells (Yin et al. 2005) was also reported.

However, the information about microcystins-induced

oxidative stress in plants is still very limited, especially for

the mixture of several microcystin variants which occurs in

natural toxic cyanobacteria contaminated water.

Dianchi Lake is situated in Yunnan province of China.

In the last 20 years the occurrence of toxic freshwater

blooms of cyanobacteria has been frequently reported. We

have isolated the bloom-forming cyanobacteria M. aeru-

ginosa from the eutrophic lake of Dianchi, and it has been

confirmed that the cyanobacteria can produce hepatotoxin

(Chen et al. 2004). Apple (Malus pumila) is one of the

main fruit trees in China, and may be irrigated with toxic

cyanobacteria-contaminated water, however, there is no

report to study the effects of microcystins on apples.

The objective of this study was to investigate the toxic

mechanism of microcystins in apples in vitro; thus, the

crude extract of toxic cyanobacteria was used to ascertain

the level of microcystins required to inhibit the growth of

M. pumila shoots and the following oxidative stress in

apples growing in medium containing the toxins. Exposed

apple cultures were then extracted to recover microcystins

and the bioaccumulation of microcystins was assessed

using a commercially available ELISA kit.

Materials and methods

Plant material

Sterile apple tree shoots (Malus pumila, ‘Chan Fu II’

variety) were provided by our laboratory at Nanjing Uni-

versity, and maintained on the media described below until

required for assays.

Reagents and animals

Standard MC-LR, -RR, and -YR were purchased from Cal-

biochem (Bad Soden, Germany). M. aeruginosa bloom

material was collected from Dianchi Lake, Kunming in

southwestern China, in August 2001, and was lyophilized and

stored at -20�C prior to use. Anti-microcystin-LR mono-

clonal antibody was kindly provided by Prof. Yoshio Ueno,

Science University of Tokyo, Japan, and ELISA kit by Prof.

Lirong Song, Institute of Hydrobiology, The Chinese Acad-

emy of Sciences. All other reagents, obtained from various

commercial sources, were of analytical or higher grades.

Four-week-old male ICR mice, weighing 21–25 g, were

obtained from the Animal Unit of Qinglongshan (Nanjing,

China; Permit number SCXK SU 2002-0018) and main-

tained on laboratory stock diet with tap water ad libitum.

Preparation of crude aqueous extract of toxic

cyanobacteria

Freeze-dried cyanobacteria were suspended in distilled

water, freeze-thawed eight times and then centrifuged at

20,000g for 30 min. The supernatants were pooled and kept

at -20�C until further use.

Characterization and quantification of microcystins

from the extract

The toxicity of the extract was assessed by intraperitoneal

injection mouse bioassay (Rao et al. 1994). Four-week-old

male ICR mice were used to determine the 50% lethal dose

(LD50) by a dose–response experiment. Determination was

carried out using five dose levels of the extract with groups

of 12 animals for each dose level.

The isolation, characterization and quantification of

microcystins were performed according to the methods

used previously (Oudra et al. 2001; Chen et al. 2004).

Briefly, after the extract was purified by passing through

Sep-pak C18 cartridges (Waters), high-performance liquid

chromatography with diode array detection (HPLC–DAD)

was performed for the detection of toxin composition, and

ELISA was used for the determination of total microcystins

and the results were expressed as microcystin-LR equiva-

lents (MC-LR equiv).

On the basis of concentrations able to cause 50% inhi-

bition of antibodies in a competitive ELISA, the cross-

reactivity of the antibody was demonstrated to be 100% for

microcystin-LR, 109% for microcystin-RR, 44% for

microcystin-YR, 26% for microcystin-LA, 51% for

[D-Asp3] microcystin-LR, 48% for [Dha7] microcystin-

LR, and 20% for nodularin.

Microtiter plates (Costar, USA) were coated with MAB

(4.0 lg/ml) and incubated overnight at 4�C, and then

blocked with 170 ll of blocking buffer containing 0.5%

(w/v) gelatin in phosphate-buffered saline (PBS) for 2 h in

the model 237 microplate incubator (Bio-rad, USA) at

37�C or overnight at 4�C. 70 ll of various concentrations
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of MC-LR was pre-incubated at 37�C for 30 min, and an

equal volume of biotinylated MC-MAB (25 ng/ml) was

then added to the coated wells for 30 min. Plates were

washed thoroughly with PBS-T three times with a model

1,575 immuno-wash apparatus (Bio-rad, USA). HRP-

streptavidin (sigma) diluted by 1:10000 with dilution buf-

fer (PBS containing 0.5% (w/v) gelatin and 0.05% (v/v)

Tween 20) was added and incubated for 30 min at 37�C.

The enzyme reaction was started by adding the substrate

solution (0.1 M sodium acetate buffer (pH 5.0) containing

100 lg/ml of TMBZ and 0.005% (v/v) H2O2) and stopped

with 1 M H2SO4. The absorbance at 450 nm was measured

with a model 550 microtiter plate reader (Bio-Rad, USA).

Microcystins exposure

M. pumila shoots were established on solid MS medium

(Murashige and Skoog 1962) supplemented with 1.0 mg/l

6-benzyladenine (BA) and 0.5 mg/l a-naphthaleneacetic

acid (NAA). The crude aqueous extract of toxic cyano-

bacteria was filter sterilized and added to the sterilized

medium to give a range of doses of the extract (equivalent

to 0, 0.03, 0.3 and 3 lg MC-LR/ml). M. pumila shoot

cultures were maintained at 25 ± 2�C under a 12-h pho-

toperiod provided by cool white fluorescent lamps at

50 lmol/m2 s as measured at culture level. After 7 and

14 days of culture, M. pumila shoots were sampled triply

for each treatment for the examination of accumulation of

microcystins and enzymes.

Determination of microcystins in exposed apple tissues

using ELISA

In order to study the accumulation of microcystins, 0.5 g of

M. pumila shoots was ground to a slurry with a mortar and

pestle with 2 ml of distilled water, and the slurry centri-

fuged at 20,000g for 2 min. The supernatants were purified

by passing through Sep-pak C18 cartridges (Waters) and

total microcystins were measured by immunoassay

according to the aforementioned method.

Enzyme activity determination

0.5 g of M. pumila shoots was ground to a slurry with a

mortar and pestle with 4 ml of phosphate buffer (pH 7.0)

containing 1% (w/v) of insoluble polyvinylpyrrolidone

(PVPP) under external cooling condition (ice bath). The

homogenates were centrifuged at 14,000g at 4�C for

10 min, and the supernatants were kept at 4�C prior to use

for SOD and POD assay.

SOD activity was determined by the ferricytochrome-c

assay method using xanthine/xanthine oxidase as the

source of superoxide radicals (McCord and Fridovich

1969). The activity of SOD was expressed in terms of

protein content of tissue extracts. Protein content was

determined by the method of Lowry (Lowry et al. 1951),

slightly modified by Peterson (1977), using bovine serum

albumin as the standard.

POD activity was determined by measuring the rate of

increase in absorbance at 460 nm (DOD460) of a mixture

containing 4 ml of 0.1 M acetate buffer (pH 5.0), 2 ml of

0.25% 2-methoxyphenol, 400 ll of enzyme extract or dis-

tilled water for control and 200 ll of 0.75% hydrogen per-

oxide (total reaction volume = 6.6 ml; Chen et al. 2004).

Statistical analysis

Results are expressed as mean ± SD. Significant differ-

ences between data sets were detected by one-way analysis

of variance (ANOVA). A confidence level of \0.05 was

considered significant. Correlation coefficients (r) were

calculated by linear regression analyses of correlations

between microcystins accumulation and enzyme activity.

Results

Characterization and quantification of microcystins

from M. aeruginosa bloom in Dianchi Lake

In order to study the effects of microcystins on apples, the

crude aqueous extract of the toxic bloom from Dianchi Lake

was used. For ascertaining the toxicity of the crude extract,

it was subjected to the mouse bioassay test. Intraperitoneal

injection (i.p.) of crude aqueous extract to test mice caused

death of the animals with a median LD50 of 83 mg/kg body

weight. Reversed-phase HPLC analysis showed that the

crude extract had at least three microcystin variants: micr-

ocystin-RR, -LR and -YR, in the proportion of 62, 35 and

3%, respectively (Fig. 1). The three microcystin variants in

Fig. 1 High-performance liquid chromatograms of microcystins

from algal bloom of Dianchi Lake
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the crude extract accounted for 89% of total microcystins

determined by ELISA. The total microcystins level of the

toxic bloom sample was 0.4 lg of microcystin-LR equiv-

alents per mg dry wt of bloom.

Accumulation of microcystins in exposed M. pumila

shoots using ELISA

After 2 months exposure to microcystins, the amplification

coefficients of in vitro M. pumila shoots showed a gradual

decrease with the concentration of microcystins; there were

significant differences in amplification coefficients between

the treatments and the control (P\ 0.05 for 0.03 lg MCs/ml,

P \ 0.01 for 0.3 and 3 lg MCs/ml; Table 1). When the

concentration of exposure microcystins was above 0.3 lg/ml,

the growth of apple explants was noticeably inhibited and

M. pumila shoots were abnormal (Fig. 2).

By ELISA total microcystins concentration in the

extracts of exposed and control M. pumila shoots was

determined. The results (Table 2) showed that the con-

centration of determined microcystins in M. pumila shoots

varied with the exposure concentration, and was greater

after 2-week exposure than 1-week exposure except

M. pumila shoots treated at a concentration of 0.03 lg/ml.

Average total microcystins concentration was greatest after

exposure to 3 lg/ml microcystins, and was 8- and 14-fold

greater than 0.3 and 0.03 lg/ml treatments on 7 days,

respectively. On 14 days, the total recovered microcystins

concentration of M. pumila shoots exposed to 3 lg/ml

microcystins reached more than 510 ng MC-LR equiv/g

FW and was 12- and 35-fold greater than 0.3 and 0.03 lg/ml,

respectively. No microcystin was detected in the extracts of

control M. pumila shoots (Table 2).

Measured activity of POD and SOD during exposure to

microcystins

Compared with controls, apple plants after 7 days of

exposure to 3 lg/ml microcystins exhibited a significant

increase in POD (P \ 0.05). No significant difference in

POD activity was found between the control and the plants

exposed to 0.03 and 0.3 lg/ml microcystins (Fig. 3). After

14 days of exposure to microcystins, POD activity at the

concentration of 0.3 and 3 lg/ml was significantly higher

than that of the control (P \ 0.01). POD of in vitro apple

exposed to 0.03 lg/ml microcystins was also elevated,

although not significantly (Fig. 3).

In contrast, after 7 days exposure to microcystins SOD

activity of in vitro apple did not differ significantly among

treatments. However, the activity of SOD was increased

after 14 days of exposure, and the activity at the concen-

tration of 0.3 and 3 lg/ml was significantly higher

(P \ 0.01) than that of the control (Fig. 4).

Table 1 Amplification coefficients of M. pumila in vitro 2 months

after exposure to microcystins

Exposure concentration of microcystins

(lg MCs/ml)

Amplification

coefficient

0 8.70 ± 1.45

0.03 6.57 ± 1.51*

0.3 3.23 ± 0.79**

3 2.26 ± 0.63**

Significant differences from the control (0 lg MCs/ml) are shown as:

* P \ 0.05, ** P \ 0.01

Values are the means ± SD (n = 6)

Fig. 2 M. pumila shoot cultures

2 months after exposure to

microcystins. From left to right
the concentrations of

microcystins in the media are 0,

0.03, 0.3, 3 lg/ml

Table 2 Determination of microcystins in exposed M. pumila shoots

Days after

treatment (d)

MCs treatments

(lg MCs/ml)

MCs concentrations in

exposed M. pumila shoots

(ng MC-LR equiv/g FW)

0 0 0

7 0 0

0.03 16.20 ± 0.73

0.3 27.50 ± 3.54

3 225 ± 25.62

14 0 0

0.03 14.76 ± 4.22

0.3 43.94 ± 9.83

3 510.23 ± 141.10

Values are the means ± SD (n = 3)
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By correlation analysis (Table 3), the activities of POD

and SOD in exposed M. pumila shoots were found to be

significantly and positively correlated with tissue concen-

trations of recovered microcystins on 7 and 14 days,

respectively. The results suggest that microcystins from

crude aqueous extract of toxic cyanobacteria cause an

oxidative stress in apples.

Discussion

The majority of investigations into the effects of cyano-

bacterial toxins on plants to date have focused on indi-

vidual microcystin variants (Abe et al. 1996; McElhiney

et al. 2001; Máthé et al. 2009). However, there is signifi-

cant difference in the toxicities of MC-RR, -LR, and -LF

on the growth of mustard (Synapis alba) seedlings

(McElhiney et al. 2001). Generally, naturally occurring

microcystin is also a mixture of several variants, for

example, in toxic cyanobacteria contaminated water

intended for irrigation use. In order to study the effects of

toxin mixture on plants, the crude extract from natural

bloom with mixture of MC-RR, -LR and -YR was used in

the present study. To a great extent, the situation of this

bioassay was representative of the exposure experienced by

plants in the environment. Cousins et al. (1996) demon-

strated that the aseptic technique could minimize the risk of

toxin degradation by bacteria. Accordingly, the plant tissue

culture assay used in this study ensured that the symptoms

observed in treated M. pumila shoot cultures were attrib-

utable to the toxins although the sterile condition was not

representative of the exposure experienced by plants in the

environment.

Effects of microcystins on terrestrial plants

The exposure of terrestrial plants to microcystins via irri-

gation water taken from a source which has experienced a

bloom has far reaching consequences for both economic

and health reasons (Codd et al. 1999; McElhiney et al.

2001). Growth inhibition of seedlings of a variety of ter-

restrial plants by cyanotoxins (Kós et al. 1995; Kurki-

Helasmo and Meriluoto 1998; McElhiney et al. 2001;

Hamvas et al. 2002; Chen et al. 2004; Järvenpää et al.

2007), and the inhibition of protein phosphatases (Siegel

et al. 1990; Kurki-Helasmo and Meriluoto 1998) and

photosynthesis in leaves of terrestrial plants (Abe et al.

1996) have been reported. This study revealed that

microcystins concentrations of 0.3 and 3 lg/ml have toxic

effects on the growth of M. pumila shoots (Fig. 2) and in

vitro propagation of apples (Table 1). The microcystin

concentrations that cause adverse effects in the present

study are similar to those reported for several other ter-

restrial plants (McElhiney et al. 2001; Chen et al. 2004).

The growth and development of rape (B. napus) seedlings

is inhibited at microcystins concentrations of 0.12–3 lg/ml

(Chen et al. 2004). Microcystins-LR, -RR, and -LF inhib-

ited the growth of S. alba seedlings, with GI50 (50% growth

inhibition) values of 1.9, 1.6 and 7.7 lg/ml, respectively

(McElhiney et al. 2001). The growth of potato shoot

explants exposed to microcystin-LR concentrations of

0.5–5 lg/ml is completely inhibited (McElhiney et al. 2001).
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for control and treatments. Values are means of three replicates ±

SD. ** Indicates significant difference from the control, P \ 0.01

Table 3 Correlation between microcystins accumulation and enzyme

activity in exposed M. pumila shoots

7 days after treatment 14 days after treatment

POD SOD POD SOD

MCs accumulation

r 0.872 0.878 0.953 0.681

P 0.039 \0.001 0.048 0.013
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Although these cyanotoxin concentrations exhibiting

noticeably adverse effect on terrestrial plants can not well

represent the toxin levels examined in lake water (Lawton

et al. 1995) and reservoir water (Cousins et al. 1996) during

cyanobacterial blooms, the microcystin concentration in

soil may grow high under some circumstances as micro-

cystins are considered quite resistant to degradation

(Harada 1996). Further, as high as 1.3–1.8 lg/ml of

microcystins can be found in a lake treated with an algicide

(Jones and Orr 1994).

Effects of microcystins on antioxidant enzymes

of plants

Plants possess the antioxidative enzymes, such as POD,

SOD, catalase (CAT), and glutathione peroxidase (GPX),

to scavenge reactive oxygen species (ROS) and to avoid

oxidative damage. Oxygen radicals are generated during

plant metabolism, especially in the plants exposed to

environmental stresses. Microcystins contaminated water

may be one of abiotic stresses for terrestrial plants via

irrigation techniques (Chen et al. 2004). It has been shown

that oxidative damage involves in the toxicity of micro-

cystins on fish (Cazenave et al. 2006; Prieto et al. 2006),

rats (Kujbida et al. 2008), humans (Kujbida et al. 2008),

and some plants (Chen et al. 2004; Pflugmacher 2004;

Mitrovic et al. 2005; Yin et al. 2005; Huang et al. 2008).

This study investigated the activity of POD and SOD in

M. pumila shoots after exposure to microcystins for the first

time. The results showed that POD and SOD activity of

M. pumila shoots was significantly increased after 14 days

exposure to 0.3 and 3 lg/ml microcystins (Figs. 3, 4),

which agreed with the observed significant increase in POD

in B. napus seedlings (Chen et al. 2004), SOD in the

aquatic plant C. demersum (Pflugmacher 2004), and POD,

SOD, and GPX in tobacco BY-2 cells after 48 h exposure

to microcystin-RR (Yin et al. 2005). The microcystins-

induced decrease in SOD activity in rice (O. sativa)

seedlings noted by Chen et al. (2004) was not confirmed by

this study. Similarly, Mitrovic et al. (2005) demonstrated

that POD activity of Lemna minor was significantly

increased after 5 days exposure to concentrations of 10 and

20 lg/ml microcystin-LR, while POD of Chladophora

fracta was not affected by microcystin-LR at concentra-

tions up to 10 lg/ml. It is therefore likely that the response

on antioxidant enzymes of plants after exposure to

cyanobacterial toxins depends on plant species, microcy-

stin variants, exposure time and time period, etc.

Potential for bioaccumulation of microcystins

The ELISA assay employed in the present study demon-

strated that there was a positive relationship between

treatment concentrations and bioaccumulation of micro-

cystins in M. pumila shoot cultures (Table 2). Recently,

several studies have indicated that microcystins could be

recovered from the tissues of exposed terrestrial plants

(Kurki-Helasmo and Meriluoto 1998; McElhiney et al.

2001; Chen et al. 2004; Järvenpää et al. 2007) and aquatic

plants (Pflugmacher et al. 1998; Chen et al. 2004;

Mitrovic et al. 2005). Pflugmacher et al. (1998) revealed

that a detoxification mechanism might occur in aquatic

plant C. demersum. This suggests that lower level of

microcystins in the extract of exposed aquatic plants should

be checked than in terrestrial plants, which is in agreement

with a previous study in which much lower level of

microcystins in the extract of exposed O. sativa seedlings

was determined than in B. napus seedlings (Chen et al.

2004). The present study also confirmed the suggestion. In

this study, M. pumila shoot cultures accumulated micro-

cystins up to a concentration of 510.23 ± 141.10 ng

MC-LR equiv/g FW after 14 days exposure to 3 lg/ml

microcystins (Table 2). The concentration of recovered

microcystins is close to the concentration of 651.00 ±

78.71 ng MC-LR equiv/g FW taken up by B. napus seed-

lings after 10 days exposure to the same concentration of

microcystins (Chen et al. 2004). The higher concentration

of total microcystins recovered in exposed terrestrial plants

than aquatic plants suggests that terrestrial plants appear to

exhibit more serious toxic effects on human health in the

food web by biomagnification or accumulation of micro-

cystins when irrigation practices with water containing

microcystins are used. Our future research will concentrate

on the possibility of transferring of microcystins into apple

fruits and the metabolism of microcystins during the plant

growth.

In conclusion, this study provides an evidence for the

first time that microcystins are manifested as an oxidative

stress in apples and exposure to microcystins via irrigation

route poses a threat to the yield and quality of fruit trees.
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