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ABSTRACT

To investigate the algicidal allelochemicals from Macleaya microcarpa we
used the activity-guided isolation. Five solvents (petroleum ether, chloroform, acetone,
ethanol and water) were employed for the extraction of M. microcarpa. Among them,
only the ethanol extract was active (7d-ECsp= 95.52 mg L'l) and hence, was subjected
to further isolation and purification using various chromatographic techniques. Two
benzophenanthridine alkaloids with potent algicidal activity, sanguinarine and 6-
methoxy-dihydrochelerythrine were isolated. The algicidal effects of these compounds
were species-specific, both sanguinarine and 6-methoxy-dihydrochelerythrine were
active against Microcystis aeruginosa with 3 d-ECs values of 0.47 and 3.43 mg L',
and the 7 d-ECs values of 0.36 and 2.87 mg Lt respectively. However, sanguinarine
showed low inhibition on Chlorella pyrenoidosa and Scenedesmus obliquus with 3 d-
ECso values of 5.32 and 9.70 mg L™, respectively. 6-Methoxy-dihydrochelerythrine
had little effect on C. pyrenoidosa and S. obliquus. The active compounds could cause
oxidative damage in M. aeruginosa based on the observed malondialdehyde (MDA)
content decrease in superoxide dismutase (SOD) activity and total antioxidant
capacity (T-AOC). These results indicated that M. microcarpa extract and the isolated
allelochemicals may serve as new agents for controlling the growth of toxic M.
aeruginosa in eutrophic water bodies.

Keywords: Acetone, algicidal activity, allelochemical, chloroform, ethanol, fractions,
Macleaya microcarpa, 6-methoxy-dihydrochelerythrine, Microcystis
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INTRODUCTION

In recent years, nutrient inputs, climate changes and the construction of water
barriers have attributed to the development of harmful algal blooms (HABs) that adversely
affects the water supplies, fisheries, transportation and even tourism by causing huge
economic losses (23). Microcystis is most common bloom-forming genera widely
distributed in eutrophic and hypereutrophic lakes and rivers, where they develop dense,
potentially toxic blooms (18). Microcystis aeruginosa produces large number of diverse,
biochemically active secondary metabolites that cause animal or human health hazards and
even death (7). Therefore, control and elimination of cyanobacterial blooms have become
big problem.

“Correspondence author; “College of Animal Science and Technology, Northwest A&F University, Yangling,
712100, China; *Chinese Academy of Fishery Sciences, Beijing, 100141, China.
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Studies to develop effective strategies to control cyanobacterial-bloom have been
done for several years. Many herbicides (e.g., diquat, simazine, and diuron) (20,36) as well
as antibiotics (34) have shown strong inhibitory or killing effects on the growth of the
bloom-forming algae. However, most of these chemical agents were limited due to serious
drawbacks (short-term effect, secondary contamination, and toxicity to other non-target
aquatic organisms). Even a particular compound, selectively affects only cyanobacteria,
but the increase in potential health risks in drinking water supplies limits its application
(11,20). Biological control methods [virus (5) or bacteria (35)] have adverse ecological
consequences. Hence, new environment-friendly methods to control HABs is needed.

Hence, there has been growing interest for the growth inhibition of cyanobacteria
by allelochemicals released by plants and many plants secrete allelopathic substances
phytotoxic to cyanobacteria (13,29). Many bioactive substances have been isolated and
purified successfully. Phenolic acids and polyphenols are most studied (28,42) and other
substances have also been isolated for algicidal activities, including fatty acids from Chara
vulgaris (41), asarone from Acorns tatarinowii (30) and gramine from Arundo donax L.
(16). In our previous study, 5-medicinal plants (Salvia miltiorrhiza, Acorus tatarinowii,
Polygonum cuspidatum, Phellodendron amurense, Crataegus pinnatifida) with algicidal
activity against M. aeruginosa were identified (40). These studies indicates the possibility
of control of harmful algae by using allelochemicals from plants.

M. microcarpa (family Papaveraceae) is distributed widely in North America,
Europe and China, hence, has attracted much attention for containing high concentrations
of bioactive benzophenanthridine and isoquinoline alkaloids. In traditional Chinese
medicine, the aerial part of Macleaya herb is used for its analgesic and anti-inflammatory
properties in humans. M. microcarpa is also successfully used in animal husbandry (19),
veterinary medicine and agriculture (8,9). However, there has not been full evaluation of
antialgal substances from M. microcarpa, which might provide a safe and effective method
for environmental water management. This study on M. microcarpa algae control using
this Chinese medicinal plant was conducted in due to popularity of this medicinal plant, its
low toxicity and the principle of allelopathy.

This study aimed to (i) Determine the algicidal components of M. microcarpa
using various chromatographic techniques by activity-guided isolation, (ii) Evaluate the
algicidal effects of active compounds from M. microcarpa against M. aeruginosa,
Chlorella pyrenoidosa, and Scenedesmus obliquus, and (iii) Investigate the oxidative stress
(lipid peroxidation level, superoxide dismutase activity and total antioxidant capacity) of
M. aeruginosa induced by active compounds.

MATERIALS AND METHODS

I. Plants materials

Aerial parts of M. microcarpa were collected in Shaan'xi province, China, in
September, 2011. The plant was authenticated by Prof. X.L. He (Northwest A&F
University, Shaanxi, China) and a voucher specimen (no.: SZ-1047) has been deposited in
the College of Life Science of the University. The aerial parts were oven-dried at 40 C,
crushed and screened through a 40-mesh stainless steel sieve. The powdered sample was
freeze-dried at - 45°C to ensure a complete removal of water.
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I1. Algal cultures

The algae tested in this study were: M. aeruginosa (FACHB-905), C. pyrenoidosa
(FACHB-9) and S. obliquus (FACHB-416), which were provided by the FACHB
collection (Freshwater Algae Culture of Hydrobiology Collection, Chinese Academy of
Sciences). Before the experiment was done, batch cultures of tested algae were grown in
sterilized BG11 medium at 25°C under a 90 pmol photons m~ s of illumination intensity
with photoperiod of 14:10 (light: dark). New cultures were started approximately every 7-
days and until the concentration of algae reached approximately 10° cells mL.

III. Selection of extraction solvent

Five powdered samples (20.0 g each), were extracted separately under reflux with
200 mL each of petroleum ether, chloroform, acetone, ethanol, and water for 2 h, and this
process was repeated 3 times. The filtrates were then concentrated under vacuum on
reduced pressure to give 5-residues. The 5-residues were then dissolved in dimethyl
sulfoxide (DMSO) or distilled water (for water extract) to prepare the stock solutions of
200 g L' which were used for the algicidal efficacy tests. The control groups without plant
extract were kept under the same conditions like test groups. To discard the possible effects
of DMSO on algae, other controls containing similar percentage of DMSO were included.

IV. Isolation of algicidal compounds

Based on the previous trials, ethanol was used to extract M. microcarpa, to obtain
the most effective constituents. The powdered dry sample (2.0 kg) was extracted with
ethanol (10 Lx3 times) overnight and then filtered through Whatman no. 1 filter paper
(Whatman, Maidstone, England). The ethanol filtrates were combined and evaporated to
dryness under reduced pressure at 50°C yielding 215.7 g of chloroform extract. Part of the
ethanol extract (100.0 g) was eluted with a petroleum ether-ethyl acetate gradient (50:1 to
0:1, v/v) and then with a gradient of ethyl acetate-methanol (1:0 to 0:1, v/v) through silica
gel (silica gel: 100-200 mesh) column chromatography to give six fractions (A-F)
affording 454 fractions (500 mL each). TLC analysis was performed on silica gel using the
same solvent system as the mobile phase. Compounds were visualized under UV light
(254 nm and 365 nm) or by spraying the plates with ethanol-sulphuric acid reagent, and
these fractions were then pooled in five new fractions as follows: Fr.A (1-58, 11.2 g), Fr.B
(59-119, 13.5 g), Fr.C (120-196, 20.3 g), Fr.D (197-280, 11.7 g), Fr.E (281- 454, 17.8 g).
Among them, the Fr.C and Fr.D showed higher activity than the other fractions.

Fraction C (15.0 g) was subjected to a silica gel column (350.0 g, 4x80 cm, 300-
400 mesh), eluted with a gradient of petroleum ether/ethyl acetate/methanol (50:1:0 to
1:1:5, v/v/v) yielding 126 fractions (300 mL each), and combined to 2 subfractions: Sfr.C1
(2.5 g) and Sfr.C2 (7.8 g) based on TLC analysis. After applied to a Sephadex LH-20
(Amersham Biosciences) column with chloroform/methanol (1:1) as eluent, repetition of
recrystallization on Sfr.C2 led to the isolation of the active compound sanguinarine (175.0
mg). Similarly, fraction D (8.0 g) was chromatographed on silica gel by eluting with a
petroleum ether/ethyl acetate/methanol gradient (20:1:0 to 0:2:1, v/v/v) and finally eluting
with methanol to give 3 subfractions. Recrystallization on Sfr. D2 gave active compound
6-methoxy-dihydrochelerythrine (68.0 mg). The structures of 2 compounds were found by
NMR data by comparing with literature (30,32) and their structures are presented in Fig. 1.
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Figure 1. Chemical structures of sanguinarine (C,,H;4NO,4) (A) and 6-methoxy-dihydrochelerythrine
(CxH2NO:s) (B).

V. Bioassays

For the bioassays, the pure compounds and the crude extracts were dissolved in
DMSO into a series of concentration gradients and stored at -20°C until further required. A
0.3% (v/v) DMSO solution was used to increase the water solubility of the crude extracts.

The algicidal efficacies of fractions and the pure compounds were studied using
the U.S. Environmental Protection Agency (U.S. EPA) standard method (38) with some
modifications. The active fractions were tested against M. aeruginosa and the active
compounds were tested against M. aeruginosa, C. pyrenoidosa, and S. obliquus in conical
flasks, to which 10° cells mL" of algae were inoculated. The designed concentration
gradients of extracts (50, 100, 200, 400, and 800 mg L'l), fractions (100, 200 and 400 mg
L'l), and pure compounds (0.125, 0.25, 0.5, 1, and 2 mg L' for sanguinarine; 1.25, 2.5, 5,
10, and 20 mg L™ for 6-methoxy-dihydrochelerythrine) were added and negative control
groups containing no plant extract were set up under the same conditions as the test groups.
Algal growth was monitored with a microscope and a hemocytometer by counting the cell
number daily for 7 days. Each experiment included triplicate treatments and the
experiments were repeated twice. The growth inhibition (%) at specific test substance
concentration was calculated compared to control group. The inhibitory ratio (IR) of the
extracts on the algal growth was estimated by inhibition over control as under:

IR(%) =[1-(N / N,)]x100
Where, Ny and N are the cell numbers in control and treatment cultures, respectively.

VI. Oxidative stress in M. aeruginosa caused by allelochemicals

A study of oxidative stress effects in M. aeruginosa caused by allelopathically
active compounds (purity: 98.2% for sanguinarine and 97.3% for 6-methoxy-
dihydrochelerythrine) was carried out. Active fractions were added into algal medium at
designed concentrations and the algae were then inoculated to give the cell density of
approximately 10° cells mL™". The algae were incubated under the same conditions
described above for 3 d. The malondialdehyde (MDA) content, superoxide dismutase
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(SOD) activity, and total antioxidant capacity (T-AOC) were analyzed at 12, 24, and 48 h.
Each experiment included triplicate treatments and was conducted in duplicate.

Lipid peroxidation was determined by measuring the amount of total
malondialdehyde (MDA) (24). For each 2-mL aliquot, 2.5 mL of TCA 0.1% was added as
an extracting agent and followed by centrifugation at 10,000 rpm for 15 min at 4°C. A
mixture was made with 1 mL of supernatant and 4 mL of 0.5% TBA (in 20% TCA) and
incubated at 95°C for 30 min. The reaction was stopped under an ice bath and again
centrifuged at 10,000 rpm for 15 min. The absorbance of the supernatant at 532 nm was
recorded and corrected for unspecific turbidity by subtracting the value at 600 nm. The
concentration of total MDA was calculated using an extinction coefficient of 155 mM™cm™.

The crude enzymes were extracted in 50 mM phosphate buffer, pH 7.0, containing
1 mM EDTA, 0.05% (v/v) TritonX-100, 2% (w/v) polyvinyl pyrrolidone and 1 mM
ascorbic acid. SOD activity of M. aeruginosa was determined by measuring the inhibition
of photochemical reduction of nitroblue tetrazolium (NBT) at 560 nm as suggested by
Beauchamp and Fridovich (4). One unit of SOD was defined as the amount causing 50%
inhibition of the photochemical reduction of NBT.

Total antioxidant capacity (T-AOC) was analyzed by the Ferric-reducing
antioxidant power (FRAP) assay according to the procedure of Benzie and Strain (3) with
slight modification. Briefly, the FRAP reagent was prepared from acetate buffer (pH 3.6),
10 mmol tripyridyltriazine solution in 40 mmol HCI and 20 mmol Fe** chloride solution in
proportions of 10:1:1 (v/v), respectively. The FRAP reagent was prepared fresh daily. 100
pL of sample were added to 2 mL of the FRAP reagent, and the absorbance of the reaction
mixture were then recorded at 593 nm after warmed to 37 C in a water bath. One unit of
T-AOC was defined as causing a 0.01 increase of absorbance of the reaction mixture.

All enzymatic activities were calculated per mg of protein. Total soluble protein
content was determined by coomassie blue-dye binding assay (2) using bovine serum
albumin as a standard protein.

Statistical analysis: When algal growth was inhibited, the median effective concentration
(ECsp) was calculated using probit analysis. The data were analyzed by one-way ANOVA
and expressed as the arithmetic mean + standard deviation (SD).

RESULTS

Selection of extraction solvent

The ethanol extract proved most active against the tested alga M. aeruginosa with
the inhibitory ratio (IR) of 98.6 % (at 800 mg L'l) and ECs, of 95.52 mg L after 7 d of
treatment. The chloroform extract was the next most effective, with IR of 76.5% and ECs
of 234.46 mg L', followed by the acetone extract with algicidal efficacies of 62.6% and
ECs of 302.25 mg L™, respectively. The petroleum ether and water extracts were least
active. The solvent control DMSO had only weak algicidal activity (Table 1, Fig. 2). The
ethanol extract showed quick inhibitory effects on algal growth after just 1 d (Figure 2).
Thus, its inhibitory fractions and potential allelochemicals need to be isolated.
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Table 1. Algicidal effects of M. microcarpa extracts on M. aeruginosa 7-days after exposure

Extract solvent IR% ECsy (mg LY
Petroleum ether 22.6£3.7 >800
Chloroform 76.5+4.5 23446 +194
Acetone 62.6£3.9 302.25 +£23.7
Ethanol 98.6 3.2 95.52+10.9
Water 433 +£2.7 >800
DMSO (0.3%) 51+1.2 -

All values were expressed as mean =+ standard deviation of three replicates.
9

—e— petroleum ether
8 [ —a— chloroform
7 L —o— acetone

—a— ethanol

—X— water
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—o— solvent control

Cell density (10° cell mL")

Time (d)

Figure 2. Effect of extracts (at 800 mg L") of M. microcarpa on growth of M. aeruginosa. All error
bars indicate standard deviations of three replications.

Algicidal effects of active fractions

To determine the active compounds in ethanol extract, it was fractioned by silica
gel column chromatography and five fractions (A - E) were obtained. Of the 5-fractions, Fr.
C and Fr. D possessed algicidal activity, with strong inhibition (92.4% and 89.1% at 400
mg L', respectively) in M. aeruginosa (Figure 3A). Hence, these two fractions were
further purified. Rechromatography of Fr. C afforded two major subfractions Sfr. C1 and
Sfr. C2. Sfr. C2 had algicidal efficacy of 95.3% at 400 mg L™ and has the potential for
further separation. The active Fr. D was subjected to open column chromatography and
finally yielded three subfractions : Sfr. D1, Sfr. D2, and Sfr.D3. The Sfr.D2 possessed the
highest algicidal efficacy of 92.0 % at 400 mg L™ concentration (Fig. 3B). Fractions and
subfractions with the IR < 50% were not studied further.

Algicidal effects of pure compounds

The two isolated compounds (sanguinarine and 6-methoxy-dihydrochelerythrine)
inhibited the growth of M. aeruginosa (Fig. 4). However, sanguinarine showed higher
algicidal efficacy than 6-methoxy-dihydrochelerythrine. The inhibitory effects of
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Figure 3. Inhibitory effects of concentrations of fractions (A) and subfractions (B) from ethanol
extract of M. microcarpa on M. aeruginosa 7- days after exposure. All error bars indicate
standard deviation of the three replications.

these compounds were concentration dependent and the algal growth was moderately
stimulated at low concentrations, but was remarkably inhibited at higher concentrations.

Sanguinarine exhibited strong inhibitory effect on M. aeruginosa with 3-d and 7-d
ECs, values of 0.47 and 0.36 mg L', respectively, whereas it was less inhibitory to
C. pyrenoidosa and S. obliquus with 3-d and 7-d ECsj of 5.32, 9.70, 4.74, and 4.24 mg L’l,
respectively (Table 2). In 6-methoxy-dihydrochelerythrine, the 3-d and 7-d ECs, values
against M. aeruginosa were 3.43 and 2.87 mg L, respectively. 6-Methoxy-dihydrochele-
rythrine was only slightly inhibitory to C. pyrenoidosa and S. obliquus and the 3-d ECs
values were over 20 mg L', and 7-d ECs, were 9.75 and 11.02 mg L™, respectively.

Table 2. Algicidal effects of sanguinarine and 6-methoxy-dihydrochelerythrine isolated from
M. microcarpa on M. aeruginosa, C. pyrenoidosa and S. obliquus on ECsy (mg LY 3-days
and 7-days after exposure

Algae spp. Sanguinarine 6-Methoxy-dihydrochelerythrine
3d- ECso (mg L")  7d-ECso (mgL")  3d-ECsy(mgL!) 7d-ECs (mgLh)

M. aeruginosa 0.47 £0.21 0.36 +£0.27 343 +0.61 2.87 £0.56

C. pyrenoidosa 5.32 £0.62 4.74 £0.54 >20.0 9.75 £ 1.77

S. obliquus 9.70 + 1.89 4.24 £0.48 >20.0 11.02 £2.76

All values were expressed as mean =+ standard deviation of three replicates.

Oxidative stress in M. aeruginosa
The MDA production in M. aeruginosa was decreased slightly (P < 0.05) 12 h
after exposure to 0.5 and 1 mg L' of sanguinarine (Fig. 5A). With time extension, the
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Figure 4. Effect of concentrations of sanguinarine (A) and 6-methoxy-dihydrochelerythrine (B) on
growth curves of M. aeruginosa. All error bars indicate standard deviation of the three
replications.

MDA content increased greatly at 24 and 48 h (P < 0.01). The application of sanguinarine
at 2 mg L™ after 48 h increased the MDA content 2.3-folds higher than control (P < 0.01).
The applied 6-methoxy-dihydrochelerythrine, increased the MDA content by no difference
(P < 0.05) at 12 h to a remarkable increase (P < 0.01) 24 and 48 h after treatments, relative
to control (Fig. 5B). In both sanguinarine and 6-methoxy-dihydrochelerythrine treatments,
the MDA production was positively correlated with these compounds’ applied
concentrations and increased with exposure time.

Application of sanguinarine (Fig. 5C) increased the SOD activity in M.
aeruginosa Cells 12 h after exposure. However, when the exposure time was extended to
24 h, the SOD activity decreased (P < 0.01). After 48 h exposure to 0.5, 1 of sanguinarine,
the activity decreased 26.2, 36.1, and 57.9 % than control, respectively. Contrarily the
increase in concentration of 6-methoxy-dihydrochelerythrine (Fig. 5D), decreased the
SOD activity. After 24 h exposure, 2.5 and 5 mg L' 6-methoxy-dihydrochelerythrine
significantly decreased the SOD activity to decrease (P < 0.05) and after 48 h, the decrease
became more pronounced (P < 0.01).

When the algal cells were exposed to concentration series of sanguinarine (Fig.
SE), the antioxidant activity did not change 12 h after exposure. After 24 h, exposure to 0.5
and 2 mg L of sanguinarine the T-AOC increased (P < 0.05). However, 48 h after
treatment with 0.5, 1, and 2 mg L! sanguinarine the T-AOC decreased by 23.8, 42.8, and
38.9%, respectively, than control (P < 0.01). While 6-Methoxy-dihydrochelerythrine
increased the T-AOC with increasing concentration after 12 and 24 h (Figure 5F). However,
the effect was less with exposure time of 48 h (P < 0.01).
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Figure 5. Effects of active compounds on Malondialdehyde contents (A and B), Superoxide
dismutase activity (C and D), and Total antioxidant capacity (E and F) of M. aeruginosa
at various durations of exposure. All error bars indicate standard deviation of the three
replications.. Statistical differences from the control group are indicated by asterisks (* P

<0.05, ** P <0.01).
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DISCUSSION

Water resource management is challenged worldwide to reduce the vulnerability
of threats of harmful cyanobacterial blooms and the occurrences of HABs which damage
other species in aquatic environment, especially commercially cultivated animals. The
studies to search effective algicides for water-bloom controls have been done for several
years, but recently, much effort has been made to find alternative agents from different
organisms (14,17). Allelochemicals from medicinal plants are attractive sources for their
huge biodiversity and safety. Although many medicinal plants possess antiviral and
antibacterial activities (26,37), little information is available on medicinal plants
processing algicidal activity.

In this study, the ethanolic extract proved effective than other four extracts (Table
1), thereby indicating that the active constituents were mainly concentrated in the ethanol
extract. The other extracts or fractions with lower algicidal activity were not further
isolated even though they might contain compounds with high activity, but present in low
concentrations. The two active compounds (sanguinarine and 6-methoxy-
dihydrochelerythrine) showed much higher activities than original ethanolic extract, this
indicated that these two compounds may be responsible for the algicidal properties of
ethanol extract.

M. microcarpa has been widely used in traditional medicine in China for
hundreds of years. Currently, the extracts from this medicinal plant are components of
veterinary or human phyto-preparations and of oral-hygiene agents such as dentifrices and
chewing gums. M. microcarpa was on the European Food Safety Authority (EFSA) list of
plants exploited free use as a component in feed additives in animal production (10). The
powdered rhizomes or herbs of M. microcarpa or Chelidonium majus with a standardized
amount of sanguinarine (commercial name Sangrovit®) has been recommended as feed
additives in pork industry and in aquaculture (19,33). Thus it should be especially suitable
for use in aquaculture farms, lakes or drinking water reservoir as an algicide with low
toxicity and being economical. Thus, it is worthy of further research as botanical algicide.

Both the ethanol extracts of M. microcarpa and its active components showed
quick deterimental allelopathic effects on the bloom-forming algae. Following the activity-
guided fractionation, the ethanol extract was further isolated and purified yielding two
active compounds: sanguinarine and 6-methoxy-dihydrochelerythrine. Both these
compounds have algicidal efficacies against M. aeruginosa with the 3 d- ECs, value of
0.47 mg L™ for sanguinarine and 3.43 mg L' for 6-methoxy-dihydrochelerythrine (Table
2). Thus, it may be suitable in an emergency to control algal blooms.

Generally, algal inhibitors can have two types of toxicity towards cyanobacteria:
(i). Cyanocidal effects (lethal) and (ii). Cyanostatic effects (inhibits new growth). The
toxins may be released from algal blooms, when their cell wall is destroyed especially
those produced by Microcystis species (25,39). Lee et al. (21) studied the effect of
selenium on the growth of cyanobacterium and found that 100 mg L™ SeO, with EDTA
and 50 mg L™ SeO, without EDTA had cyanocidal effects on Anacystis nidulans. In this
study, when the doses of sanguinarine and 6-methoxy-dihydrochelerythrine were < 0.5 mg
L' and 5 mg L™, the cyanostatic effects were observed (Fig. 4). There was no growth in
culture and the M. aeruginosa population was inhibited after exposure.
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The responses of algal cells to effects of allelochemicals vary greatly among
species. Both sanguinarine and 6-methoxy-dihydrochelerythrine have strong algicidal
activity against M. aeruginosa but weak inhibition of C. pyrenoidosa and S. obliquus.
Similar phenomena have been observed in other studies (22,27), The allelochemicals in
Myriophyllum spicatum caused drastic inhibition of M. aeruginosa but weak inhibition in
Anabaena flos-aquae and Phormidium tenue (27), EMA isolated from Phragmites
communis showed strong growth inhibition of C. pyrenoidosa and M. aeruginosa but no
inhibition of Chlorella vulgaris (22). The selective property of these compounds is useful
to develop the novel algicides to control harmful cyanobacteria blooms.

Both sanguinarine and 6-methoxy-dihydrochelerythrine belong to the
benzophenanthridine alkaloids (QBA), which are found in plants in the families
Papaveraceae, Fumariaceae, and Rutaceac. QBA possess various bioactivities
[antibacterial (12), anticarcinogenic (1) and antispasmodic property (15)]. Sanguinarine
can induce cytotoxicity in liver cells through oxidation of protein thiols, thereby resulting
in oxidative stress on the cells and disturbance of mitochondrial function (6). In the present
study, antioxidant responses and lipid damages in M. aeruginosa after exposure to QBA
were found. Lipid peroxidation was evaluated by measuring the formation of
malondialdehyde (MDA) which is the main decomposition product of peroxides derived
from polyunsaturated fatty acids. The increase in MDA levels (Fig. 5A, 5B) indicates that
the cells of M. aeruginosa were under serious oxidative stress. SOD is an important
enzyme in the antioxidant enzymatic defense system and converts the superoxide radical to
H,O,. Sanguinarine exposure may induce the production of reactive oxygen and trigger the
enzymatic antioxidant defense system as indicated by the increase in SOD activity at 12 h
(Figure 5C). The rise of SOD activity in M. aeruginosa was consistent with the decrease in
lipid peroxidation (lower MDA values) and suggests that the microalgae were able to
efficiently scavenge the hydrogen peroxide and avoid excessive oxidative damage in the
early stage of exposure. The decrease in SOD and T-AOC (Fig. 5E, 5F) after 48 h suggests
that the antioxidant defence system might be the site of action of QBA on M. aeruginosa,
thus it cannot alleviate the burden of reactive oxygen at the anaphase of exposure.
However, the mode of action of QBA on M. aeruginosa still needs to be confirmed.

CONCLUSIONS

The sanguinarine and 6-methoxy-dihydrochelerythrine from M. microcarpa
selectively inhibited the growth of M. aeruginosa and the algicidal effect may be due to
oxidative damage and the antioxidant system destruction in the test algae. Therefore,
sanguinarine and 6-methoxy-dihydrochelerythrine may be novel algicides control
cyanobacteria. Also, further investigations related to the ecological risks associated with
field studies need to be considered.
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