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Abstract In the present study, we selected the common
freshwater green alga Scenedesmus obliquus as the candi-
date cyanobacteria-control species by its allelopathic
effect. The most common cyanobacterial species Micro-
cystis aeruginosa was used as the target organism. The
population growth of M. aeruginosa was inhibited by the
green alga-conditioned media significantly. The influence
was stronger when media concentrations increased from
0 to 100 %. In contrast, there was a strong and significant
positive effect of the culture media from M. aeruginosa on
the growth of green alga. Our results are useful and valu-
able as the experimental evidence for producing new
cyanobacterial inhibitors and applying new environmental-
friendly biological control methods in future. For one
thing, we could use the green alga-condition media but not
the green alga itself to inhibit the growth of M. aeruginosa.
For another, although cyanobacteria are harmful for the
environment, the condition media from cyanobacteria
could also be viewed as the resource to stimulate the
growth of S. obliquus, which is advantaged for gaining
more green alga-condition media and food for fish.
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Introduction

Cyanobacterial blooms seem to be increasing in the shallow
lakes world widely due to eutrophication (Collins 1978).
These blooms have severe effects on the quality of water
resources for drinking and agriculture, which can be harmful
to both human and animal health (Collins 1978). Among the
cyanobacterial species, Microcystis aeruginosa is one of the
most common species and have caused disruptions of aquatic
ecosystems (Zhang et al. 2009). Various strategies for the
control of cyanobacterial blooms have been proposed over
the last decades (Paerl et al. 2001), including physical mea-
sures, chemical usage, and biological control. However,
physical methods have been application limited due to the
high cost (Wu et al. 2010), while chemical usages are often
associated with changes in pH values or salinity, which may
threaten life in the lake (Hullebusch et al. 2002).

Biological control is an attractive option. In this strategy,
the food chain and inhabitancy are reconstructed within the
hydro-ecosystem and the biodiversity is recovered by bio-
and microbial-manipulations (Mehner et al. 2004). Although
biological control processes may influence the dynamics of
harmful blooms strongly (Mazzillo et al. 2011), they also
lead other ecological risks. For example, although the
cyanobacterial blooms could be controlled by zooplankton
grazing, they also have the complex interactions with zoo-
plankton, which could affect the grazing and reproduction of
zooplankton (Cohen et al. 2007). The observation that cya-
nobacteria appear to be particularly susceptible to the active
agent released by the barley straw offers a possible method of
cyanobacteria control (Barrett et al. 1996). The indirect
inhibition between interspecies via allelopathic compounds
may have more significant influences on the phytoplankton
activities (Fistarol et al. 2003). Green algae are one of
the important components of the primary production in
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freshwater and the main food for fish (Lurling 2003). Thus,
using the allelopathic effect from green algae species could
be a possible new method to control cyanobacterial blooms.
This research presented the laboratory experiments per-
formed in culture flasks with the aim to observe the inhibition
effect. We used the common freshwater green alga Scene-
desmus obliquus as the candidate cyanobacteria-control
species by its possible allelopathic effect. The whole exper-
iments were carried out from 3 March 2010 to 1 June 2012 in
the lab of Department of Environmental Science, China
Pharmaceutical University, Nanjing, China.

Materials and methods
Test organisms and culture condition

Strains of the cyanobacteria M. aeruginosa (FACHB-1005)
and the green alga S. obliqguus (FACHB-416) were obtained
from the Institute of Hydrobiology of the Chinese Academy
of Sciences and grown as single cell in batch culture in
mixed media (contain the basic ingredient including BG-11
medium and SE medium) in pre-culture time. Culture media
were adjusted to pH 8.0 with 1 mol L~' NaOH and HCL.
The cyanobacteria and the green alga were incubated and
maintained at 26 £ 1 °C under an illumination intensity of
2,000 lux, with a 12/12 h light/dark interval.

Experiment design

All the experiments were performed in two parts. First, we
tested the possible inhibition effect of the green alga-condi-
tioned media on the growth of cyanobacteria (Part I).
M. aeruginosa were cultivated for 1 week before experiment.
An inoculum was prepared for each experiment from fresh
culture stocks sampled during the exponential growth phase.
The cultivated cells were inoculated into the culture vessels at
densities of 1 x 10° cell mL™". The green alga-conditioned
media used in the study were prepared from unispecies culture
of S. obliquus before experiment. To avoid the nutrient level or
starvation effect, the green alga was cultured in SE media with
nitrogen and phosphorus in normal concentrations. After
growing to the maximum density, the green alga with the
conditioned media was 0.45 pm filtered (Millex-GP, Milli-
pore Co.) and the appropriate volumes of BG-11 media were
added to each group providing the nominal concentrations in
5, 10, 20, 50, and 100 %. In Part II, we tested how the cya-
nobacteria-conditioned media affect the growth of S. obli-
quus. All the steps were as the same treatments as those in part
I, while M. aeruginosa was cultured in BG-11 media in
unispecies culture before experiment and the appropriate
volumes of SE media were added to each group to provide
the nominal concentrations in 5, 10, 20, 50, and 100 %.
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Conditioned-free media was used as the control. Samples in
any part were removed from the culture vessels at the prede-
termined times every day. Cells in the fixed samples were
counted under microscope (BM-1000, China). The population
growth rate (r) was calculated from the formula: r = 1/
t (InN, — InNy); where N, and N, are population sizes at day
0—t, and 7 is the time in days when the population size is
maximum. Each experiment had three replications per treat-
ment. All the experimental treatments were run under the same
light and temperature conditions as the pre-culture conditions.

Statistical analyses

All the data analyses were carried out with the SPSS
analytic package 16.0. Data were first tested for homoge-
neity (Levene’s test). Results in the treatment groups were
compared to controls by one-way analysis of variance
(ANOVA) to identify the significant differences. Result
were considered significantly different when p < 0.05. All
the figures were produced using Sigmaplot Version 11.0.

Results and discussion

The population growth curves of the cyanobacteria M. aeru-
ginosa under the green alga-conditioned media in varied
concentrations are presented in Fig. 1a. When M. aeruginosa
was cultured under green alga-conditioned media in five
concentrations, the population densities were significantly
lower than that of the control. Although the population
increased during the whole experiment time under any
given concentration, the maximum population sizes were
23.50 £ 0.50, 21.25 £ 1.25, 14.25 £ 1.75, 14.23 £+ 0.75,
and 8.75 & 1.25 x 10°cell mL_l, respectively, which were
only 74.60, 67.46, 45.24, 45.17, and 27.78 % of that of the
control (31.50 £ 5.50 x 106). The inhibition effect of the
green alga-conditioned media was significantly correlated.
In contrast, the population growth curve of the green alga
S. obliquus under the cyanobacteria-conditioned media in
varied concentrations during 12 days are presented in Fig. 1b.
In general, the population under any concentration of the
conditioned media increased during 12 days. The green alga
population grew slowly in the first 4 days but then increased
faster until the end of the experiment. When S. obliquus was
cultured under the cyanobacteria-conditioned media in five
concentrations (5, 10, 20, 50, and 100 %), the population
densities were significantly higher than that of the control
(Fig. 1b). The maximum population sizes were 5.30 £ 0.50,
5.65 £ 0.35,9.60 £ 0.60,10.50 £ 0.50,and 8.55 £ 0.25 x
10° cell mL~}, respectively, which were 23.26, 31.40,
123.26, 144.19, and 98.84 % more than that of the control
(4.30 £ 0.10 x 10°). The trend in the influence of cyano-
bacteria-conditioned media was significantly correlated.
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Fig. 1 Population growth curve of the cyanobacteria and green alga
under the conditioned media in varied concentrations filtered through
0.45 pm membrane during 12 days. a Microcystis aeruginosa
cultured under green alga-conditioned media, b Scenedesmus obli-
quus cultured under cyanobacteria conditioned media

The population growth rates in varied concentrations
media filtered through 0.45 pm membrane are presented in
Fig. 2, respectively. Under filtering treatment, when con-
centrations increased from O to 100 %, the population
growth rates of M. aeruginosa declined from 0.29 + 0.01
to 0.18 £+ 0.01 (day_l) (Fig. 2, blue points). Statistical
analysis showed that the filtered media concentration had
significant effect on the population growth (F5 7 = 50.37,
p < 0.01, F test). The concentration—response relationship
was observed clearly: the regression equation of population
growth rate and filtered media concentration was linear
(y = 0.31-0.02x, R? = 0.95). In contrast, when the con-
centrations increased from 0 to 100 %, the population
growth rate of S. obliquus increased from 0.12 £ 0.002 to
0.18 + 0.002 (day ") (Fig. 2, red points). Statistical anal-
ysis showed that the filtered media concentration had sig-
nificant effect on the population growth (Fs 7 = 117.40,
p < 0.01, F test). The regression equation of the population
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Fig. 2 Population growth rate of Microcystis aeruginosa and Scene-
desmus obliquus in varied concentrations media filtered through
0.45 pm membrane

growth rate and the filtered media concentration was linear
(y = 0.11 4+ 0.01x, R* = 0.78).

Allelopathic effects are characterized by the release of
allelopathic compounds (allelochemicals) into the sur-
rounding medium, eliciting either a positive or deleterious
response in the target organism (Mulderij et al. 2005). In
aquatic ecosystems, allelopathic effect is regarded as an
important process influencing the shaping of microbial
communities (Gross 2003; Hay 2009). Recent research
showed that the main factor controlling allelochemical
activity was the growth stage of the alga (Ledoa et al. 2010).
Direct cell—cell interactions offer a possible transmission
mechanism for allelopathic compounds (Jonsson et al.
2009). Dinoflagellate compound karlotoxin exerts its effect
after cell encounters, suggesting this mechanism (Adolf et al.
2007). The important aspect of cell—cell interaction is that
the allelopathic effect depends on the local concentration of a
compound during encounters between susceptible and the
allelopathic cells. Compared with the results, our experi-
ments were performed using single species conditioned
media from cultures of possible allelopathic species without
cell—cell interaction driving, which could discriminate the
indirect chemically mediated effects like allelochemicals
from the direct contact. The population growth of the cya-
nobacteria M. aeruginosa was inhibited significantly by the
chemical substances, which produced by the green alga
S. obliquus itself in the preculture phase. The influence was
stronger within the concentrations increased from 0 to 100 %
(concentration—response relationship). These results indi-
cated that the chemical substances with allelopathic effect
could occur at pre-culture conditions without two species
cell—cell interaction. It has been proposed that the possible
allelopathy might be explained a competitive advantage
among cyanobacteria and green alga by their own chemical
information naturally without interaction inducing. In
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contrast, there was a strong and significant positive effect of
culture media from M. aeruginosa on the growth of green alga.
Although similar results have not reported before and some
biologists consider that only direct negative biochemical
interaction should be included in allelopathy (Legrand et al.
2003), our study indicated that this definition should include
not only inhibitory but also stimulatory effects.

Although the indirect chemical communication is a well-
known ecological phenomenon mediating interactions
between zooplankton via conditioned media without
encounter (Guo et al. 2011), similar studies were less
reported in the interspecies relation between cyanobacteria
and green alga. Different ecological roles have been attrib-
uted to the production of the allelochemicals by cyanobac-
teria, including phytoplankton succession, bloom formation,
resource and interference competition and invasive fitness
(Figueredo et al. 2007). However, the influence of the alle-
lochemicals by other species on cyanobacteria has been
overlooked in the past study. Our study may provide a
possible method for cyanobacterial controlling. For one
thing, we could use the green alga-condition media but not
the green alga directly to inhibit M. aeruginosa growth. For
another, although cyanobacteria are harmful for the envi-
ronment, the condition media from cyanobacteria also could
be viewed as the resource and used to stimulate the growth of
S. obliquus, which is advantaged for gaining more green
alga-condition media and food for fish. Clearly, we foresee a
future in the additional experimental work as follows: (1)
identify and isolate the chemical substances with allelo-
pathic effect in the conditioned media, (2) produce several
cyanobacterial inhibitors based on these substances. (3)
point out a new environmental friendly biological control
measures by three steps: cyanobacterial inhibition by green
alga, while green alga growth stimulation by cyanobacteria
and green alga grazing by fish.

Conclusion

In this study, we used the common freshwater green alga S.
obliquus as the candidate cyanobacteria-control species by its
allelopathic effect. The population growth of the cyanobac-
teria M. aeruginosa was inhibited significantly by the green
alga-conditioned media while there was a strong and sig-
nificant positive effect of culture media from M. aeruginosa
on the growth of green alga. Our results are useful and
valuable for producing new possible cyanobacterial inhibi-
tors and applying a new environmental friendly biological
control method in future as the experimental evidence.
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