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Abstract Allelopathic effects of the submerged
macrophyte Potamogeton malaianus on Scene-
desmus obliquus were assessed using a two-
phase approach under controlled laboratory
conditions. In the co-culture experiment (phase
I), the growth of S. obliquus at two different
initial cell densities was significantly inhibited by
P. malaianus. Moreover, the growth inhibition
was dependent on the biomass density of P.
malaianus. Antioxidant enzymes (SOD, CAT
and POD), MDA, APA, total soluble protein,
protein electrophoretic pattern and morphology
of S. obliquus were determined after the co-
culture experiment was terminated. The activi-
ties of SOD, CAT, POD and APA at the low
initial cell density were stimulated, the contents
of MDA and total soluble protein were in-
creased, and some special protein bands disap-
peared in P. malaianus treatments. The
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macrophyte had no effect on the activities of
SOD and APA at the high initial cell density,
but significantly influenced other physiological
parameters of S. obliquus with the increase of
biomass density. The morphology of S. obliquus
showed no difference in the macrophyte treat-
ments and the controls, and the cultures were
dominated by 4-celled coenobia. The results
indicated P. malaianus had significant allelo-
pathic effects on the growth and physiological
processes of S. obliquus. Moreover, the allelo-
pathic effects depended on initial algal cell
density, biomass density of the macrophyte,
and their interaction. In the experiment of
P. malaianus culture filtrates (phase II), filtrates
from combined culture of plant and S. obliquus
at the low initial cell density exhibited no
apparent growth inhibitory effect on S. obliquus.
The result showed that initial addition of
growth-inhibiting plant filtrates had no allelo-
pathic effect on S. obliquus. We concluded that
the allelopathic effects on S. obliquus were
found in the presence of P. malaianus, but not
in P. malaianus filtrates. However, the absence
of allelopathic effect on S. obliquus might be
due to the very low concentrations of allelo-
chemicals in the filtrates.
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Introduction

Submerged macrophytes play important roles in
material cycling, and in both abiotic and biotic
processes in shallow lakes, many of which are used
as the pioneering species for lake restoration (Qiu
et al., 2001; Lauridsen et al., 2003). Macrophytes
are important primary producers competing for
nutrients and other resources with phytoplankton
and periphyton (Ozimek et al., 1990; Van Donk
et al., 1993). Macrophytes may inhibit sediment
resuspension (Scheffer et al., 1993), and provide
structure and shelter for other organisms (Laurid-
sen & Buenk, 1996). Furthermore, macrophytes
can reduce biomass of epiphyte and phytoplank-
ton by releasing allelopathic compounds (Erhard
& Gross, 2006; Mulderij et al., 2006).

It has been confirmed that many submerged
macrophytes, such as Mpyriophyllum spicatum
(e.g., Gross et al., 1996), Ceratophyllum demer-
sum (e.g., Korner & Nicklisch, 2002), Chara (e.g.,
Mulderij et al., 2003), Najas marina (Gross et al.,
2003), Stratiotes aloides (e.g., Mulderij et al.,
2005a, b) and Elodea (e.g., Erhard & Gross,
2006) may secrete allelochemicals to inhibit algal
growth. Exudates of S. aloides affected cell mor-
phology of Scenedesmus obliquus (Mulderij et al.,
2005b). In addition to effects on algal morphology
and biomass, allelochemicals probably also inter-
fere with many physiological functions of algal
cells (Gross, 2003). For example, the activity of
alkaline phosphatase (APA) in Trichormus was
affected by allelopathic compounds (Gross et al.,
1996). The excretion from root system of Eich-
hornia crassipes decreased total soluble protein
content of Scenedesmus (Tang et al., 2000). Oxi-
dative stress in Chlorella pyrenoidosa and Micro-
cystis aeruginosa was promoted by allelochemicals
isolated from Phragmites communis (Li & Hu,
2005). Reactive oxygen species (ROS) may bring
about lipid peroxidation. To mitigate the oxida-
tive stress caused by ROS, algae have an elaborate
system involving antioxidative enzymes such as
superoxide dismutase (SOD), catalase (CAT) and
peroxidase (POD) (Baranenko, 2001; Roginsky &
Barsukova, 2001).

The submerged macrophyte Potamogeton mal-
aianus, belonging to Potamogetonaceae, is a very
common summer species in Chinese lakes (Sun,
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1992). P. malaianus starts growing in spring and
reaches a biomass maximum in July-August in
temperate regions. Many species of Potamog-
etonaceae showed inhibitory effects on the
growth of algae in laboratorial assays (Chen
et al., 1994; Nakai et al., 1999; Chen et al., 2004;
Xian et al.,, 2005), and several anti-algal com-
pounds were isolated from Potamogetonaceae
(DellaGreca et al., 2000, 2001; Cangiano et al.,
2001, 2002; Waridel et al., 2003, 2004). However,
the inhibition of algae by P. malaianus is seldom
investigated. Intact P. malaianus showed inhibi-
tory effect on the growth of Selenastrum capri-
cornutum (Chen et al., 1994). Only two antiviral
furanoid labdane deterpenes were extracted from
P. malaianus (Kittakoop et al., 2001). Scenedes-
mus, as common genera of freshwater algae
(Trainor, 1998), is expected to occur in the
growth period of P. malaianus.

In the present study, the allelopathic effects of
P. malaianus on S. obliquus were tested using a
two-phase approach. In the co-culture experiment
(phase I), in addition to effect of P. malaianus on
the growth of S. obliquus at two different initial
cell densities, effects on some physiological pro-
cesses and morphology were also examined after
the co-culture experiment was terminated. In
order to elucidate the allelopathic effect of plant
culture filtrates (phase II), the response of
S. obliquus to co-culture filtrates was investigated.

Materials and methods
Macrophyte culture

P. malaianus originated from Wuhan botanical
garden, Chinese Academy of Sciences in 2004.
The plants used in the study were derived from
the cement ponds outdoor. The water and the
sediment of the ponds used originated from Lake
Donghu (Wuhan, China).

Three days before the co-culture experiment,
plants were transferred into the laboratory, care-
fully rinsed with tap water to remove adhering
epiphyte and zooplankton, acclimated in 4 1 glass
aquaria filled with modified 10% Hoagland
(Table 1) medium (Reddy & Tucker, 1983) near
windows by natural light at room temperature.
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Table 1 Composition of 10% Hoagland medium (modi-
fied)

Major nutrients (mg 1) Trace elements (mg 1)

Ca(NO;),4H,0 945  H;BO; 0.286
KNO; 60.7 ZnSO,7H,0 0.008
KH,PO, 136  MnClL-4H,0 0.022
MgSO, 493 CuS0,5H,0 0.181
FeSO,-7H,0O 139  Na,MoO,2H,O  0.00242
Na,EDTA 1.865

Alga culture

The axenic strain of S. obliquus was obtained
from the Freshwater Algae Culture Collection,
Institute of Hydrobiology, Chinese Academy of
Sciences. Prior to the initiation of the experi-
ments, short-term batch cultures of S. obliquus
were grown in 2000 ml Erlenmeyer flasks filled
with 1600 ml 10% Hoagland medium and aerated
permanently to provide an optimal concentration
of CO,. Light source was supplied by fluorescent
tubes of one side with a daylight similar emission
spectrum (70 pmol m~2s™") at 12:12 L/D cycle.
The temperature was maintained at 25°C in an
air-conditioned growth chamber. Cells in the
exponential growth phase were collected from
batch cultures and used as the inocula for the
following experiments.

The culture conditions in the following exper-
iments were the same as for the algal culture
unless it is mentioned.

Co-culture experiment

When the experiment started (day 0), the fresh
weight (FW) of P. malaianus was determined
after blotting. Then the plants were placed into
glass aquaria (20 x 20 x 30 cm) containing 8 1 of
10% Hoagland nutrient solution. Different bio-
mass densities of macrophyte were used (2.5 and
3.75 g FW 17! at the low initial algal cell density;
3.75 and 5 g FW 1! at the high initial algal cell
density). Biomass densities of P. malaianus were
set according to Nakai et al. (1999). Aquaria
containing plastic plants were used as controls to
simulate the shading effect. Aquarium aerators
were used for circulation of the water to prevent

sedimentation and provide an optimal concentra-
tion of CO,. S. obliquus was inoculated with two
different cell densities (7 x 107 / 7 x 10°® cells I"")
in aquaria.

Each treatment had three replicates. The high
initial cell density (7 x 10® cells 1"") was chosen in
accordance to ODgsq (0.1) of Scenedesmus in the
coexistence assay, in which the growth of Scene-
desmus was inhibited by E. crassipes (Tang et al.,
2000). The high initial cell density reached the
onset of the stationary phase in 7 days incubation,
while the low initial cell density nearly reached
the onset of the stationary phase in 10 days
incubation in our experiments. Thus, we respec-
tively chose incubation of 7 (7 x 10® cells I"!) and
10 (7 x 107 cells I'') days in the coexistence
experiment.

Experiment of macrophyte culture filtrates

According to the result of growth inhibition in the
co-culture experiment, more strongly inhibitory
co-culture filtrates were chosen. After 10 days of
co-culture, the control and P. malaianus treat-
ments (at 2.5 and 3.75 ¢ FW 1) were filtered
through a glass-fiber filter (pore size 0.22 um,
Jinteng, China) to remove bacteria from the
culture media. The concentrations of nitrate and
phosphate in the filtrates were added in excess to
avoid nutrient limitation during the experiment.
Then homogeneously mixed medium was divided
into three 250 ml Erlenmeyer flasks containing
100 ml filtrate enriched with 6 mg NaHCOs;. In
the experiment, S. obliquus was inoculated in
medium with (filtrates from P. malaianus treat-
ments) and without P. malaianus water (filtered
control). All treatments were performed with the
low initial algal cell density (7 x 10 cells I""). The
incubation time was 10 days.

Sampling and analysis

Growth was monitored daily by measuring cell
numbers at a set time in the co-culture experi-
ment and the filtrates experiment. Cell numbers
of the algae were counted on a hemocytometer
under a Laboval-4 microscope (Carl Zeiss, Jena,
Germany) after staining sample of 1 ml algae
with Lugol’s Iodine solution.
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Growth rates of the low initial algal cell density
in the co-culture experiment and the filtrates
experiment were calculated from the increase of
cell numbers in 10 days incubation applying a
logistic growth model (Mulderij et al., 2003).

After the co-culture experiment was termi-
nated, the 250-350 ml algae samples were filtered
with glass-fiber filters (pore size 0.45 um, Jinteng,
China). All filters were immediately placed on ice
and quickly transferred to —20°C until analysis
(<4 weeks).

For assays of antioxidant enzymes, the filters
were ground in an ice bath with 1.5 ml of 50 mM
potassium phosphate buffer (pH 7.8) and quartz
sand. The homogenate was centrifuged for 15 min
at 15,000 rpm at 4°C, and the supernatant was
collected for enzyme assays. SOD activity was
determined by NBT test (Giannoplities & Ries,
1977), which was expressed as U mg™' protein.
CAT activity was assayed with a UV 754N
spectrophotometer (Shanghai, China) by measur-
ing the decrease of absorbance at 240 nm due to
H,0O, decomposition (Rao et al., 1996). POD
activity was measured according to the method of
Dias & Costa (1983).

Lipid peroxidation was determined by measur-
ing the content of total malondialdehyde (MDA)
according to the methods reported by Heath &
Parker (1968).

APA was extracted according to Berman
(1970). The filters were ground in ice bath and
extracted with 0.1 M Tris—-HCl (pH 7.4). The
activity was estimated using the reaction mixture:
0.3 M p-Nitrophenyl phosphate and crude enzyme.

Total soluble protein content was determined
according to the method of Bradford (1976),
using bovine serum albumin as the standard, in a
VIS-722 spectrophotometer (Shanghai, China).

The method of sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) was
used as described by Laemmli (1970), for the
determination of protein electrophoretic pattern.
The gels were subjected to a staining solution for
1.5 h, followed by destaining solution overnight.
Finally the destained gels were photographed
while wet.

To check for colony formation, samples from
S. obliquus were subjected to microscopic analysis
at the end of the coexistence experiment. The cell
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numbers were counted at least 100 coenobia
under a Laboval-4 microscope (Carl Zeiss, Jena,
Germany) at a magnification of 640X.

Nitrogen (N) or phosphorus (P) depletion of the
media was prevented by addition of Ca
(NO3),-4H,0 (756 mg), KNO;3 (485.6 mg) and
KH,PO4 (108.8 mg) over the first 3 days of co-
culture. NO3-N and PO4-P concentrations were
measured in the aquaria water at the end of
incubation period according to the Chinese Norms
(SEPA, 1989). The pH was determined by using
the portable pH meter (Shanghai, delta320, China)
at the end of the coexistence assay.

Data analysis and statistics

All experiments were carried out three times.
Mean values and standard deviations were calcu-
lated from the different replicates (n = 3). Statis-
tical analyses of the data were performed using
SPSS 13.0. The growth curves between control
and P. malaianus treatments were compared
using repeated measure ANOVA (RM ANO-
VA). Physiological parameters between control
and P. malaianus treatments were compared by
two-way ANOVA. Growth rates of the low initial
algal cell density in phase I and II were analyzed
by two-way ANOVA, taking p < 0.05 as signifi-
cant. Tukey’s tests (a = 0.05) were used to group
homogeneous means.

Results

Effect on growth of S. obliquus in coexistence
culture

In the co-culture experiment, the investigated
biomass densities of P. malaianus exhibited
obviously inhibitory effects on the growth of
S. obliquus at two different initial cell densities
(Fig. 1). A RM ANOVA on growth of the low
initial algal cell density indicated a significant
time effect (p < 0.01), a significant treatment and
time interaction (p < 0.01), and a significant
treatment effect (p < 0.01). Cell numbers were
decreased respectively by 92.45% and 97.23% of
the control in 2.5 and 3.75 g FW 1! P. malaianus
treatments at the end of the experiment. The RM
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Fig. 1 Growth curves of S. obliquus coexisting with P.
malaianus in control (solid line), 2.5 g FW 1! (dotted line),
3.75 g FW 1! (dashed line), 5 g FW I (dot-dash line).

ANOVA on growth of the high initial algal cell
density indicated a significant time effect
(p < 0.01), a significant treatment and time inter-
action (p <0.01), and a significant treatment
effect (p < 0.01). Cell numbers were reduced
by 58.09 and 66.98% in 3.75 and 5 g FW 1!
P. malaianus treatments at the end of incubation
period, respectively.

Physiological and morphological changes of
S. obliquus

Physiological parameters (SOD, CAT, POD,
MDA, APA and total soluble protein) of
S. obliquus at the end of the coexistence exper-
iment are shown in Fig. 2.

P. malaianus only stimulated SOD activity at
the low initial cell density (two-way ANOVA,
p < 0.01), but had no effect on SOD activity at
the high initial cell density. SOD activity was not
affected by initial cell density.

CAT activity at the low initial cell density
evidently rose in the macrophyte treatments (two-
way ANOVA, p < 0.01), while CAT activity at the
high initial cell density only showed a slight increase
in the macrophyte treatments (two-way ANOVA,
p < 0.05). Initial cell density significantly influenced
CAT activity as well as the interaction treatment-cell
density (two-way ANOVA, p < 0.001).

POD activity at the low initial cell density was
much higher in the treatments than that in the
control (two-way ANOVA, p < 0.05), while POD
activity at the high initial cell density was only

P. malaianus and High S. obliquus

353 W P wn
(=3 (=3 j=3 (=3
S S S S
T T T T

Cell numbers (x10’ cells I')

S
IS
T

Time (d)

‘Low’ indicates an inoculated cell density of 7 x 107 cells 1!,
whereas ‘High’ stands for 7 x 10® cells I"\. Data represent
means (n = 3) with associated error bars (S.D.)

enhanced by 5 ¢ FW 1! P. malaianus (two-way
ANOVA, p <0.001). POD activity was not
influenced by initial cell density.

MDA content at the low initial cell density was
significantly increased in the macrophyte treat-
ments (two-way ANOVA, p <0.01). Only
5 ¢ FW I"' P. malaianus increased MDA content
at the high initial cell density (two-way ANOVA,
p < 0.05). MDA content was not affected by
initial cell density.

The macrophyte significantly stimulated APA
activity at the low initial cell density (two-way
ANOVA, p < 0.05). No significant difference of
APA activity at the high initial cell density was
found in the macrophyte treatments and the
control. APA activity was significantly affected
by initial cell density (two-way ANOVA,
p < 0.05).

Total soluble protein content at the low
initial cell density was significantly increased in
P. malaianus treatments (two-way ANOVA,
p <0.001). 3.75 ¢ FW 1! P. malaianus signifi-
cantly induced an increase in total soluble
protein content at the high initial cell density
(two-way ANOVA, p < 0.05), while 5 g FW I
P. malaianus had no effect. Initial cell density
did not affect total soluble protein content.

The protein electrophoretic pattern at the low
initial cell density showed the disappearance of
39.8 kDa band in 2.5 gFW 1" P. malaianus
treatment, while the 39.8 kDa and 77.1 kDa
bands disappeared in 3.75 g FW 1! P. malaianus
treatment (Fig. 3). The protein electrophoretic
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Fig. 2 Effects of coexistence culture with P. malaianus on
SOD, CAT, POD, MDA, APA and total soluble protein of
S. obliquus in control (black bars), 2.5 g FW 1 (white
bars), 3.75 g FW 17! (grey bars), 5 g FW 17! (shaded bars).

pattern at the high initial cell density showed that
a band of 39.8 kDa disappeared in 5 g FW 17!
P. malaianus treatment.

Algal cell morphology showed no difference in
the macrophyte treatments and the controls when
observed under the optical microscope. Many
4-celled coenobia (ca. 70%) were observed in the
cultures.

Nutrient concentrations ranged from 0.8 to 3.8
(211 +1.18) mgl!' PO4,P and 123 to 32.7
(23.09 + 8.70 [mean values + S.D.]) mg I NO3-N
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‘Low’ indicates an initial cell density of 7 x 107 cells 17!,
whereas ‘High’ stands for 7 x 10® cells 1!, *significantly
different (p < 0.05) from control

in the controls, and 3.1 to 4.1 (3.19 = 0.91) mg 1"
PO,-Pand 14.2t028.1 (21.14 + 6.09) mg I"' NO3-N
in P. malaianus treatments. The pH value in the
co-culture was 8.20 + 0.07.

Effect of P. malaianus culture filtrates

The growth rate of S. obliquus at the low initial
cell density was not inhibited by P. malaianus
culture filtrates (Fig. 4). The average growth rate
of the low initial algal cell density was 0.65 day™".
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Fig. 3 The SDS-PAGE profile of soluble protein of
S. obliquus. ‘Low’ indicates an inoculated cell density of
7 x 107 cells I"!, whereas ‘High’ stands for 7 x 108 cells 17",
Lane 1: control; lane 2: 2.5 (or 3.75 in High) g FW [
P. malaianus -treated; and lane 3: 3.75 (or 5 in High)
g FW 1! P. malaianus -treated cells. *the disappearance
of protein band

Comparison between phase I and II: the low
initial cell density

Two-way ANOVA of the growth rate of the low
initial algal cell density indicated a significant
difference in phase I and II (p < 0.001), a signif-
icant phase and treatment interaction (p < 0.001),
and a significant treatment effect (p < 0.001).
Significant difference between the two phases was
found for two biomass densities of P. malaianus,
but not for the controls (Fig. 4). The significant
interaction was caused by the obviously reduced
growth in the presence of P. malaianus, but
disappearance of this effect in P. malaianus
culture filtrates. The difference between control
and P. malaianus treatments was only significant
in phase 1.

Discussion

The growth of S. obliquus at two different initial
cell densities was significantly reduced in the
presence of P. malaianus. Although most coexis-
tence studies have demonstrated allelopathic
effects of many macrophytes on algae (Nakai
et al., 1999; Tang et al., 2000; Korner & Nicklisch,
2002; Van Donk & Van de Bund, 2002; Liirling

0.75

0.6

0.45

0.3

Growth rate (day'l)

0.15

Phase 1

Phase 11

Fig. 4 Growth rates of S. obliquus at the low initial cell
density in control (black bars), 2.5 g FW 17 (white bars),
or 3.75 g FW 1! (grey bars). ‘Phase I’ indicates the co-
culture experiment, whereas ‘Phase II’ stands for the
culture filtrates experiment. *significantly different
(p < 0.05) from control

et al., 2006; Mulderij, 2006), in such a system it is
very important to rule out the competition for
nutrients or light between macrophyte and alga.
Sufficient nitrogen and phosphorus remained for
the growth of S. obliquus. 10% Hoagland medium
lacked an inorganic carbon source, but cell
numbers of S. obliquus in the controls showed a
relatively high increase by permanent aeration.
Thus, the carbon was not limiting. During the
experiment P. malaianus and plastic plants were
always at the other side far from the light source,
which excluded shading effects from the macro-
phyte on S. obliquus. Hence, allelochemicals
secreted by P. malaianus might impair normal
growth of co-occurring S. obliquus. The result
also showed that the growth inhibition was
dependent on the biomass density of P. malaianus
(2.5 ¢ FW 1! P. malaianus was not listed because
of an inhibitory rate less than 50% at the high
initial cell density).

Algae may respond by a burst of reactive oxygen
species (ROS) under stress conditions (Kiipper
et al.,, 2001; Choo et al., 2004). Recent studies
suggest that some allelochemicals, which act as
environmental stress, can increase the production
of ROS in algal cells (Vardi et al., 2002; Li & Hu,
2005). In the present study, P. malaianus stimu-
lated SOD, CAT and POD activities and increased
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MDA content of S. obliquus at the low initial cell
density. Higher biomass density of P. malaianus
stimulated CAT and POD activities and increased
MDA content of S. obliquus at the high initial cell
density, while lower biomass density of P. malai-
anus only stimulated CAT activity. The enhance-
ment of antioxidant enzymes activities suggested
that the oxidative stress condition led to an
increased antioxidant capability of algal cells.
However, this increase might not match the pro-
duction of ROS, thus resulting in an increased lipid
peroxidation in algal cells.

APA activity of S. obliquus at the low initial
cell density was increased by P. malaianus. The
result was different from the study of Gross et al.
(1996). Rice (1984) mentioned that certain allel-
ochemicals could stimulate target organisms at
lower concentrations but inhibit at higher con-
centrations. We assume that concentrations of
P. malaianus exudates were below the inhibition
threshold of APA activity.

In the coexistence experiment, total soluble
protein content of S. obliquus at the low initial
cell density was significantly increased by
P. malaianus, but some protein bands disap-
peared. Lower biomass density of P. malaianus
increased total soluble protein content at the
high initial cell density, while higher biomass
density of P. malaianus caused the disappear-
ance of certain protein band. Accumulation of
protein might be one of the ways through which
S. obliquus abolish toxic effects of allelochemi-
cals as reported for algae under heavy metal
stress (Sultan & Fatma, 1999; Mohamed et al.,
2004). However, the absence of protein bands
showed that P. malaianus exudates inhibited the
biosynthesis of distinct proteins.

Scenedesmus 1is characterized by coenobia
formation of four and eight cells. Phenotypic
plasticity in Scenedesmus was found in response
to a wide variety of ecological conditions
(Trainor, 1998). However, studies on the allel-
opathic effect on morphology of Scenedesmus
are very limited. Mulderij et al. (2005b) ob-
served that exudates of S. aloides affected cell
morphology of S. obliquus, whereas Liirling
et al. (2006) found exudates of Chara, Elodea
and Myriophyllum had no morphological effect
on S. obliquus. At the end of the co-culture
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experiment, 4-celled coenobia were found in the
controls and the treatment groups. Therefore,
the morphology of S. obliquus was not signifi-
cantly affected by P. malaianus exudates.

The coexistence culture was not completely
free of epiphytes or bacteria. Careful rinsing
followed by microscopical checks proved that the
amount of epiphytes on P. malaianus was consid-
ered negligible. However, it was observed in
previous studies (Keating, 1978; Schagerl et al.,
2001), that allelopathic effects were lower when
bacteria were present. This could be partly
explained by possible degradation process of the
allelopathic compounds by bacteria in the co-
culture experiment.

P. malaianus obviously inhibited the growth of
S. obliquus at the low initial cell density in phase
I, but the macrophyte culture filtrates had no
growth inhibitory effect. Van Donk & Van de
Bund (2002) and Liirling et al. (2006) made
similar observations for Chara. Liirling et al.
(2006) listed several possible causes for the
absence of allelopathic effect of filtrates. How-
ever, Nakai et al. (1999) found that ECsy of
M. spicatum on M. aeruginosa was much higher in
the filtrate assay than that in the coexistence
assay. Thus, the disappearance of negative effect
on S. obliquus might be due to the very low
concentrations of allelochemicals in the filtrates.

In conclusion, coexistence assay supported the
existence of allelopathic effects of P. malaianus
on the growth and physiological processes of S.
obliquus, whereas initial addition of plant culture
filtrates showed no allelopathic effect on growth
of S. obliquus. Further laboratory studies are
needed to gain more information on allelopathic
effects of P. malaianus on growth and physiolog-
ical processes of algae, identification of allelo-
chemicals and allelopathic mechanisms.

Acknowledgements This work was kindly supported by
National Science Fund for Distinguished Young Scholars
(39925007), the China ‘863’ High-Tech Program
(2002AA601021) and the ‘Knowledge Innovation
Program’ Key Project of CAS (KSCX2-SW-102). We
thank Prof. Yongyuan Zhang and Dr. Wei Liang for good
advices on revising this manuscript, as well as other
laboratory colleagues for help during the work. We are
especially grateful to Dr Gabi Mulderij and another
anonymous reviewer for improving an earlier version of
this paper.



Hydrobiologia (2007) 592:465-474

473

References

Baranenko, V. V., 2001. Pea chloroplasts under clino-
rotation: lipid peroxidation and superoxide dismutase
activity. Advances in Space Research 27: 973-976.

Berman, T., 1970. Alkaline phosphatases and phosphorus
availability in Lake Kinneret. Limnology and
Oceanography 15: 663-674.

Bradford, M. M., 1976. A rapid and sensitive method for
the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Ana-
Iytical Biochemistry 72: 248-254.

Cangiano, T., M. DellaGreca, A. Fiorentino, M. Isidori,
P. Monaco & A. Zarrelli, 2001. Lactone diterpenes
from the aquatic plant Potamogeton natans. Phyto-
chemistry 56: 469—473.

Cangiano, T., M. DellaGreca, A. Fiorentino, M. Isidori,
P. Monaco & A. Zarrelli, 2002. Effect of ent-labdane
diterpenes from Potamogetonaceae on Selenastrum
capricornutum and other aquatic organisms. Journal
of Chemical Ecology 28: 1091-1102.

Chen, J., L. D. Gu, Z. S. Zhang & W. H. Chen, 1994.
Inhibition effects of Potamogeton malaianus on algal
growth and the calculation of inhibitory parameter.
Journal of Shanghai teachers University 23: 69-73.

Chen, D. H., Y. D. Liu & L. R. Song, 2004. The allelopathy
of macrophyte Potamogeton pectinatus L. on chloro-
phyta (Scenedesmus obliquus) and cyanobacteria
(Microcystis aeruginosa) and calculation of allelo-
pathic parameter. Acta Hydrobiologica Sinica 28:
163-168.

Choo, K., P. Snoeijs & M. Pedersén, 2004. Oxidative stress
tolerance in the filamentous green algae Cladophora
glomerata and Enteromorpha ahlneriana. Journal of
Experimental Marine Biology and Ecology 298: 111-
123.

DellaGreca, M., A. Fiorentino, M. Isidori, P. Monaco &
A. Zarrelli, 2000. Antialgal ent-labdane diterpenes
from Ruppia maritime. Phytochemistry 55: 909-913.

DellaGreca, M., A. Fiorentino, M. Isidori, P. Monaco,
F. Temussi & A. Zarrelli, 2001. Antialgal furano-dit-
erpenes from Potamogeton natans L. Phytochemistry
58: 299-304.

Dias, M. A & M. M. Costa, 1983. Effect of low salt con-
centrations on nitrate reductase and peroxidase of
sugar beet leaves. Journal of Experimental Botany 34:
537-543.

Erhard, D. & E. M. Gross, 2006. Allelopathic activity of
Elodea canadensis and Elodea nuttallii against epiphytes
and phytoplankton. Aquatic Botany 85: 203-211.

Giannoplities, C. N. & S. K. Ries, 1977. Superoxide
dismutase purification and quantitative relationship
with water soluble protein in seedling. Plant Physiol-
ogy 59: 315-318.

Gross, E. M., H. Meyer & G. Schilling, 1996. Release and
ecological impact of algicidal hydrolysable polyphe-
nols in Myriophyllum spicatum. Phytochemistry 41:
133-138.

Gross, E. M., 2003. Allelopathy of aquatic autotrophs.
Critical Reviews in Plant Sciences 22: 313-339.

Gross, E. M., D. Erhard & E. Ivanyi, 2003. Allelopathic
activity of Ceratophyllum demersum L. and Najas
marina ssp. intermedia (Wolfgang) Casper. Hydrobi-
ologia 506-509: 583-589.

Heath, R. L. & L. Parker, 1968. Photoperoxidation in
isolated chloroplasts kinetics and stoichiometry of
fatty acid peroxidation. Archives of Biochemistry and
Biophysics 125: 189-198.

Keating, K. 1., 1978. Blue-green algal inhibition of diatom
growth: transition from mesotrophic to eutrophic
community structure. Science 199: 971-973.

Kittakoop, P., S. Wanasith, P. Watts, J. Kramyu, M.
Tanticharoen & Y. Thebtaranonth, 2001. Potent an-
tiviral potamogetonyde and potamogetonol, new
furanoid labdane diterpenes from Potamogeton mal-
aianus. Journal of Natural Products 64: 385-388.

Korner, S. & A. Nicklisch, 2002. Allelopathic growth
inhibition of selected phytoplankton species by sub-
merged macrophytes. Journal of Phycology 38: 862—
871.

Kiipper, F. C., B. Kolareg, J. Guern & P. Potin, 2001.
Oligoguluronates elicit an oxidative burst in the
brown algal kelp Laminaria digitata. Plant Physiology
125: 278-291.

Laemmli, U. K., 1970. Clevage of the structural proteins
during the assembly of the head of the bacteriophage
T4. Nature 277: 680.

Lauridsen, T. L. & 1. Buenk, 1996. Diel changes in the
horizontal distribution of zooplankton in the littoral
zone of two shallow eutrophic lakes. Archiv fiir Hy-
drobiologie 137: 161-176.

Lauridsen, T. L., J. P. Jensen, E. Jeppesen &
M. Sgndergaard, 2003. Response of submerged mac-
rophytes in Danish lakes to nutrient loading reduc-
tions and biomanipulation. Hydrobiologia 506-509:
641-649.

Li, F. M. & H. Y. Hu, 2005. Isolation and characterization
of novel antialgal allelochemical from Phragmites
communis. Applied and Environmental Microbiology
71: 6545-6553.

Lirling, M., G. Van Geest & M. Scheffer, 2006. Impor-
tance of nutrient competition and allelopathic effects
in suppression of the green alga Scenedesmus obliquus
by the macrophytes Chara, Elodea and Myriophyllum.
Hydrobiologia 556: 209-220.

Mohamed, E. H. O., A. H. El-Naggar, M. M. El-Sheekh &
E. E. El-Mazally, 2004. Differential effects of Co**
and Ni** on protein metabolism in Scenedesmus
obliquus and Nitzschia perminuta. Environmental
Toxicology and Pharmacology 16: 169-178.

Mulderij, G., E. Van Donk & J. G. M. Roelofs, 2003.
Differential sensitivity of green algae to allelopathic
substances from Chara. Hydrobiologia 491: 261-271.

Mulderij, G., W. M. Mooij, A. J. P. Smolders & E. Van
Donk, 2005a. Allelopathic inhibition of phytoplank-
ton by exudates from Stratiotes aloides. Aquatic Bot-
any 82: 284-296.

Mulderij, G., E. Van Donk & J. G. M. Roelofs, 2005b.
Allelopathic growth inhibition and colony formation
of the green alga Scenedesmus obliquus by the aquatic

@ Springer



474

Hydrobiologia (2007) 592:465-474

macrophyte Stratiotes aloides. Aquatic Ecology 39:
11-21.

Mulderij, G., A. J. P. Smolders & E. Van Donk, 2006.
Allelopathic effect of the aquatic macrophyte, Strati-
otes aloides, on natural phytoplankton. Freshwater
Biology 51: 554-561.

Mulderij, G., 2006. Chemical warfare in freshwater. PhD
Thesis, Radboud Universiteit Nijmegen: 157-170.
Nakai, S., Y. Inoue, M. Hosomi & A. Murakami, 1999.
Growth inhibition of blue-green algae by allelopathic
effects of macrophytes. Water Science and Technol-

ogy 39: 47-53.

Ozimek, T., R. D. Gulati & E. Van Donk, 1990. Can
macrophytes be useful in biomanipulation of lakes?
The lake Zwemlust example. Hydrobiologia 200-201:
399-407.

Qiu, D. W, Z. B. Wu, B. Y. Liu, J. Q. Deng, G. P. Fu &
F. He, 2001. The restoration of aquatic macrophytes
for improving water quality in a hypertrophic shallow
lake in Hubei Province, China. Ecological Engineer-
ing 18: 147-156.

Rao, M. V., G. Paliyath & D. P. Ormrod, 1996. Ultravio-
let-B and ozone-induced biochemical changes in
antioxidant enzymes of Arabidopsis thaliana. Plant
Physiology 110: 125-136.

Reddy, K. R. & J. C. Tucker, 1983. Productivity and
nutrient uptake of water hyacinth (Eichhornia crass-
ipes L): 1. Effect of nitrogen Source. Economic botany
37:237-247.

Rice, E. L., 1984. Allelopathy. 2nd ed. Academic Press,
Orlando, FL: 422.

Roginsky, V. & T. Barsukova, 2001. Superoxide dismutase
inhibits lipid peroxidation in micelles. Chemistry and
Physics of Lipids 111: 87-91.

Schagerl, M., I. Unterrieder & D. Angeler, 2001. Allelo-
pathic interactions among Anabaena torulosa (Cya-
noprokaryota) and other algae isolated from Lake
Neusiedlersee (Austria). Algological Study 103: 117-
130.

Scheffer, M., S. H. Hosper, M. L. Meijer, B. Moss &
E. Jeppesen, 1993. Alternative equilibria in shallow
lakes. Trends in Ecology and Evolution 8: 275-279.

SEPA, 1989. Standard Methods for the Examination of
Waters and Wastewaters. 3rd ed. China Environ-
mental Science Press, Beijing: 246-285.

@ Springer

Sun, X. Z., 1992. Flora of China. Science Press, Beijing:
60-62.

Sultan, S. & T. Fatma, 1999. Phytotoxicity of heavy metals
on Spirulina platensis. Phykos 38: 87-92.

Tang, P., G. R. Wu, C. M. Lu, C. F. Zhou & J. C. Wei,
2000. Effects of the excretion from root system of
Eichhornia crassipes on the cell structure and
metabolism of Scenedesmus arcuatus. Acta Scientiae
Circumstantiae 20: 355-359.

Trainor, F. R., 1998. Biological aspects of Scenedesmus
(Chlorophyceae)-phenotypic plasticity. Nova
Hedwegia, Beiheft 117: 1-367.

Van Donk, E., R. D. Gulati, A. Iedema & J. Meulemans,
1993. Macrophyte-related shifts in the nitrogen and
phosphorus contents of the different trophic levels in
a biomanipulated shallow lake. Hydrobiologia 251:
19-26.

Van Donk, E. & W. J. Van de Bund, 2002. Impact of
submerged macrophytes including charophytes on
phyto- and zooplankton communities: allelopathy
versus other mechanisms. Aquatic Botany 72: 261-
274.

Vardi, A., D. Schatz, K. Beeri, U. Motro, A. Sukenik,
A. Levine & A. Kaplan, 2002. Dinoflagellate-cyano-
bacterium communication may determine the com-
position of phytoplankton assemblage in a
mesotrophic lake. Current Biology 12: 1767-1772.

Waridel, P., J. L. Wolfender, J. B. Lachavanne &
K. Hostettmann, 2003. ent-Labdane diterpenes from
the aquatic plant Potamogeton pectinatus. Phyto-
chemistry 64: 1309-1317.

Waridel, P., J. L. Wolfender, J. B. Lachavanne &
K. Hostettmann, 2004. ent-Labdane glycosides from
the aquatic plant Potamogeton lucens and analytical
evaluation of the lipophilic extract constituents of
various Potamogeton species. Phytochemistry 65: 945—
954.

Xian, Q. M., H. D. Chen, H. X. Zou, D. Q. Yin, H. J. Gong
& L. J. Qu, 2005. Allelopathic effects of four sub-
merged macrophytes on Microcystis aeruginosa.
Journal of Lake Sciences 17: 75-80.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


