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Abstract

The extracts of three emergent macrophytes (Acorus calamus, Oenanthe javanica, and Sagittaria sagit-
tifolia) were tested to study their allelopathic activities on unicellular Microcystis aeruginosa, Anabaena
flosaquae, Aphanizomenon flosaquae, and natural phytoplankton assemblages. The 72 h ECs, of the most
active extracts were measured. The results demonstrated the obvious species-specific activities of macrophytes
on algae. Anabaena flosaquae and Aphanizomenon flosaquae was sensitive to the three macrophytes extracts,
while unicellular M. aeruginosa was only sensitive to A. calamus and O. javanica extracts under the extracts
concentration of 100 mg-L". Only the extract of A. calamus roots showed high growth inhibition on the nat-
ural phytoplankton assemblages in Dianchi Lake (Microcystis water bloom). The 72 h ECs, of 4. calamus
roots hexane extract on unicellular M. aeruginosa was 13.59 mg-L"', while that on natural phytoplankton
assemblages was 48.75 mg-L". These results demonstrated that the growth inhibitory activities of allelochem-
icals on unicellular M. aeruginosa cannot instead of the efficacies for controlling Microcystis bloom com-
pletely. And according to the different sensitivities of Microcystis species, the colonial Microcystis strains or
natural Microcystis bloom will be proposed as the target organism when searching for Microcystis bloom con-
trol.
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Introduction

Harmful algal bloom (HAB), often cyanobacteria in
fresh water, is a frequent and worldwide occurrence espe-
cially as eutrophication of water supplies increases [1].
Environmental and health problems from these water
blooms, such as deterioration of water quality, potentially
decrease biodiversity [2] and affecting human health
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through food chains [3], have been documented in many
regions due to the production of cyanotoxins [4].
Therefore, control and elimination of cyanobacterial
blooms is crucial in the management and mitigation of
aquatic ecosystems.

A variety of methods have been proposed for removing
and/or inhibiting cyanobacterial blooms, such as allelopa-
thy (allelochemicals) from plants [5-7], chemicals [§],
bioreactors [9], coagulation-magnetic separation method
[10], and microorganism [11]. Among them, allelopathy
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and allelochemicals of macrophytes are gaining increased
concern. Allelopathy may be a useful strategy for macro-
phytes to reduce biomass of epiphytes and phytoplankton in
shallow eutrophic lakes [12, 13]. Allelopathy has been
explored for many aquatic macrophytes and proposed as an
ecological measure to control the growth of undesired phy-
toplankton, which is a threat to aquatic ecosystems [14-16].
Many submerged macrophytes, such as Vallisneria spiralis
L. [17], Myriophyllum spicatum [14, 18, 19], and
Potamogeton species [16] et al., can effectively inhibit the
growth of M. aeruginosa; in addition, some emergent
macrophytes and floating plants can also inhibit the growth
of water-bloom algae. It has been reported that Phragmites
communis can inhibit M. aeruginosa [20]. Zhang et al. [21]
also found that Anabaena flos-aquae and M. aeruginosa
can be suppressed by Thalia dealbata. Emergent macro-
phytes is widely used in water ecological restoration; there-
fore, it is important to find whether emergent macrophytes
can be used to control algal blooms. Acorus calamus,
Oenanthe javanica, and Sagittaria sagittifolia are emergent
macrophytes, usually used in ecological restoration of
eutrophic water bodies. To date, research on the algae-
inhibiting activities of these three macophytes is rare. In
this study, the allelopathic activities of three emergent
macrophyte extracts on Microcystis aeruginosa, Anabaena
flos-aquae, and Aphanizomenon flos-aquae were explored.
The species-specific activities of three macrophyte extracts
on several cyanobacterials are discussed. The antialgal
effect of extracts on phytoplankton assemblages of Dianchi
Lake using a short-term laboratory test was also examined.
These results would help elucidate the allelopathic activi-
ties of A. calamus, O. javanica, and S. sagittifolia, and
eventually provide insight into the feasibility of using
allelopathic activities of macrophytes as algicides for algal
bloom control.

Materials and Methods
Materials

A. calamus, O. javanica, and S. sagittifolia were col-
lected from a small lake in a suburb of Kunming City,
Yunnan Province. O. javanica, S. sagittifolia, and roots of
A. calamus were then washed to remove surface-deposited
and organic materials, dried at normal ambient temperature
in July, then powdered. The cyanobacteria species M.
aeruginosa (FACHB 905), Anabaena flosaquae (FACHB
245), and Aphanizomenon flosaquae (FACHB 1170) were
all obtained from the Freshwater Algae Culture Collection
of the Institute of Hydrobiology, the Chinese Academy of
Sciences. The natural phytoplankton assemblages, which
were dominated by the colonial M. aeruginosa, were col-
lected from Dianchi Lake in Yunnan Province.

Cyanobacteria Cultivation

All three cyanobacteria species were pre-cultivated in
BG-11 medium. Prior to the initiation of the experiments,

the three cyanobacteria species were added to 500 mL ster-
ilized flasks filled with 200 mL BG-11 medium and then
placed in an incubator using a light intensity of 47.5 umol
photons m*s* at 25+2°C and photoperiod 14 L:10 D for
seven days. Some BG-11medium was also added to the
natural phytoplankton assemblages and cultured under the
same conditions for seven days for proper acclimation. The
algae were shaken three times every day and the bacterial
biomass in the cultures was negligible.

Macrophyte Extract Preparation

10 g of powdered plant materials (O. javanica, S. sagit-
tifolia and roots of A. calamus) were placed into a flask
containing 300 mL hexane, ethyl acetate and ethanol solu-
tion, respectively. The flasks were covered to prevent evap-
oration and vibrated for 72 h at room temperature. After 72
h the solvent was filtered with filter paper to remove the
insoluble residue, and then was further removed from the
extract in vacuum to give hexane extracts, EtOAC extracts
and EtOH extracts for each plant.

Individual Macrophyte Extracts
on Monospecific Species Algae

The growth inhibition of three cyanobacterial species
was performed using the ISO 8692 method [22] with some
modifications as described by Xian et al. [17]. Sterilized
100 mL Erlenmeyer flasks were filled with 35 mL BG-11
medium and 5 mL M. aeruginosa, Anabaena flosaquae, or
Aphanizomenon flosaquae, and the initial absorbance of
these three species of microalgae suspension to 0.15 (M.
aeruginosa OD650nm, Anabaena flosaqguae OD750nm,
Aphanizomenon flosaquae OD663nm). Then the extracts of
O. javanica, S. sagittifolia or roots of A. calamus, which
was dissolved into dimethyl sulfoxide (DMSO) firstly,
added in the Erlenmeyer flasks to attain 100 mg-L' for
bioassay of individual macrophyte extracts on monospecif-
ic species and 5, 10, 20, 30, 50, 70 mg-L" extract concen-
trations for the 72 h ECs, experiments. Highest DMSO lev-
els in the test flasks did not exceed 0.20% (v/v). The con-
trol groups were prepared only with DMSO. Each experi-
ment included triplicate treatments and the experiments
were repeated twice. The algac were cultivated for 3 days
at 25°C with irradiance 47.5 pmol photons m™s™* at 14:10
L/D cycle. The growth inhibition percentage for specific
tested substance concentration was calculated compared to
the control group through chlorophyll a measure using the
colorimetric method [23].

Individual Macrophyte Extracts on Natural
Phytoplankton Assemblages

Sterilized flasks were filled with 30 mL of new BG-11
medium and 10 mL of plankton assemblages, then the three
macrophyte extracts (dissolved in DMSO) were added to
make the concentrations 5, 10, 20, 50, 70, 100 mg-L",
respectively. Highest DMSO level in the test flasks did not
exceed 0.20% (v/v). The control groups were prepared only
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with DMSO. All experiments were conducted in triplicate,
and the cultural conditions were the same as those men-
tioned above. During the experiments, a certain amount of
microalgae suspension was collected from each flask every
other day to measure the contents of chlorophyll a using the
colorimetric method.

Statistics

When algal growth was significantly inhibited, the
effective concentration causing a 50% inhibitory response
at 72 hrs (ECs,) was estimated with logistic fitting.

All the control and treatments were replicated thrice.
Statistical differences between the control and treatments
were tested using Independent-Samples T-test and One-way
ANOVA with SPSS software (13.0) (SPSS, USA) at 95%
confidence level. The normality of data in different groups
was tested through Shapiro-Wilk test before statistics.

Results

Allelopathic Activities of Individual Macrophyte
Extracts on Monospecific Species

Fig. 1 showed that all six extracts of 4. calamus and O.
Javanica inhibited the growth of M. aeruginosa to a certain
extent, the differences in M. aeruginosa Chl-a values
between the control and the treatments were evident
(p<0.05). Compared with the control, all the hexane
extracts, EtOAC extracts, and EtOH extracts of S. sagittifo-
lia did not show obvious inhibitory effects on M. aerugi-
nosa. The maximal growth inhibition was achieved at the
EtOH extracts of all three O. javanica extracts with the
94% ratio. The inhibiting ratio of three 4. calamus extracts
was 90% for both hexane extracts and EtOAC extracts, and
92% for EtOH extracts.

Fig. 2 shows that almost all of the extracts of S. sagit-
tifolia, O. javanica, and A. calamus can inhibit the growth
of Aphanizomenon flosaquae except for the EtOAC
extracts of O. javanica, which simulate the growth of

Microcystis aeruginosa
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Fig. 1. Allelopathic activities of three emergent macrophyte
extracts (S. sagittifolia, O. javanica, and A. calamus) on the
growth of M. aeruginosa under the concentration of 100 mg-L".
*Compared with the control, p<0.05
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Fig. 2. Allelopathic activities of three emergent macrophyte
extracts (S. sagittifolia, O. javanica, and A. calamus) on the
growth of Aphanizomenon flosaquae under the concentration of
100 mg-L".
*Compared with the control, p<0.05

Oenanthe javanica — Acorus calamus

Aphanizomenon flosaquae inversely. Among them, the
inhibition ratio was above 94% for hexane extracts of S.
sagittifolia, which was similar to the hexane and EtOH
extracts of A. calamus. And as Fig. 3 shows, all of the
EtOH extracts of three emergent macrophytes showed
higher inhibitory activities on Anabaena flosaquae. The
hexane extracts of S. sagittifolia and hexane and EtOAC
extracts of A. calamus also achieved a high inhibitory
ratio.

Allelopathic Activities of Individual Macrophyte
Extracts on Natural Phytoplankton
Assemblages

Fig. 4 shows that the extract can inhibit the growth of
phytoplankton assemblages under the concentration of 100
mg-L". Compared with the controls, the chlorophyll a con-
tents of the natural phytoplankton assemblages decreased
significantly after 72 h treatment. The inhibitory ratio of the
four effective extracts reached 28.9% for hexane extracts of
S. sagittifolia, 91.4%, 89.5%, and 92.1% for hexane,
EtOAC, and EtOH extracts of A. calamus roots, respective-

ly.
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Fig. 3. Allelopathic activities of three emergent macrophyte
extracts (S. sagittifolia, O. javanica, and A. calamus) on the
growth of Anabaena flosaquae under the concentration of 100
mg-L". *Compared with the control, p<0.05.
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Fig. 4. Allelopathic activities of three emergent macrophyte
extracts (S. sagittifolia, O. javanica, and A. calamus) on the Hexane | Microcystis aeruginosa | 13.59
growth of natural phytoplankton assemblages from Dianchi Aphanizomenon
Lake under the concentration of 100 mg-L". A cal Hexane flosaquae 14.87
*Compared with the control, p<0.05. - catamus
root Hexane Anabaena flosaquae 19.73
Natural phytoplankton
. Hexane 48.75
Effects of Macrophyte Extract Concentrations on assemblages

Cyanobacteria Species and Natural Phytoplankton
Assemblages

Based on the results of individual macrophyte extracts
on monospecific species and natural phytoplankton assem-
blages, some extracts that have higher algal inhibition
activities were choosed to measure their ECs, for evaluating
the antialgal efficacies. The 72 h 50% growth inhibition
concentration (EC,, mg-L") of macrophyte extracts on three
cyanobacteria species was shown in Table 1. As for M.
aeruginosia, the lowest 72 h ECy, was 9.23 mg-L"' of EtOH
extracts of O. javanica. The maximal inhibition of
Anabaena flosague was achieved in hexane extracts of S.
sagittifolia with the EC,, of 12.38 mgL' As for
Aphanizomenon flosaquae, the ECs; of S. sagittifolia hexa-
ne extract and A. calamus hexane extract was 13.57 and
14.87 mg-L", respectively. The growth of natural phyto-
plankton assemblages was only inhibited by A. calamus
extracts, and the ECs, of hexane extracts was 48.75 mg-L".

Discussion

A. calamus, O. javanica, and S. sagittifolia are emergent
macrophytes usually used in ecological restoration of
eutrophic water bodies. However, the allelopthic activities
of S. sagittifolia, O. javanica, and A. calamus on M. aerug-
inosa, Anabaena flosaquae, and Aphanizomenon flosaquae
are seldom reported. The growth inhibition of M. aerugi-
nosa by the extracts from plants has been reported before.
The extracts with different solvents from three compositae
plants have been demonstrated as having inhibitory effects
on cyanobacterium M. aeruginosa [24]. The Thalia deal-
bata roots aqueous extract can significantly inhibit the
growth of M. aeruginosa [21]. And in our previous studies
the growth of M. aeruginosa was inhibited by the extracts
from Potamogeton species [6]. Our present study found the
allelopathic potential of A. calamus, O. javanica, and S.

sagittifolia on the growth inhibition of cyanobacteria. The
three emergent macrophytes showed obvious growth inhi-
bition on Aphanizomenon flosaquae and Anabaena

flosaquae, while only extracts of A. calamus and O. javan-

ica inhibited the growth of M. aeruginosa under the con-
centration of 100 mg-L".

Compared with M. aeruginosa, the growth inhibition of
Aphanizomenon flosaquae and Anabaena flosaquae by
macrophytes is not reported so much. Zhang et al. [21]
reported that the 7 dealbata roots’ aqueous extract signifi-
cantly inhibited the growth of Anabaena flosaquae, and the
PSIT activity of Aphanizomenon flos-aquae was signifi-
cantly decreased by Ceratophyllum demersum [18]. In this
study, all the extracts from S. sagittifolia, O. javanica, and
A. calamus (except for the Ethyl acetate extracts of S. sagit-
tifolia, and O. javanica) showed obvious growth inhibition
of Anabaena flosaquae and Aphanizomenon flosaquae. The
hexane and ethanol extracts have high antialgal activities,
while the EtOAC extracts of O. javanica increase the Chl-
a content of algae inversely. These results probably indicat-
ed that the antialgal constituents in O. javanica belong to
compounds with no and weak polarity or strong polarity,
and the compounds with mediated polarity extracts own
weaker antialgal ability, which even stimulated the Chl-a
contents of Anabaena flosaquae and Aphanizomenon

flosaquae.

Many studies exhibit the allelopathic effects of macro-
phytes on phytoplankton appear to be species-specific.
Mulderij [25] showed that the sensitivity of cyanobacteria
to Stratiotes water was not higher than that of other phyto-
plankton strains, and within cyanobacteria the toxic strain
was more sensitive than the non-toxic one. Korner and
Nicklisch [18] found that members of the Oscillatoriales
and M. aeruginosa were more sensitive to the allelopathy of
Myriophyllum  spicatum than the cyanobacterium
Aphamzomenon flos-aquae. Planas et al. [26] found that
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Cyanophyta were more sensitive to phenolic extracts of M.
spicatum than chlorophyta. The results of Nakai [14] indi-
cated that in subsequent initial addition of assays using
Potamogeton oxyphyllus, the growth of M. aeruginosa was
inhibited significantly while the growth inhibition of
Aphanizomenon flos-aquae was not observed. Selenastrum
capricornutum and M. aeruginosa have different sensitivi-
ties to exudates from two Potamogeton species [6]. In our
study, the growth of Anabaena flosaquae and
Aphanizomenon flosaquae was inhibited by most of the
extracts of three emergent macrophytes except EtOAC
extracts from O. javanica and S. sagittifolia, which
increased the algal Chl-a contents inversely. Anabaena
flosaquae and Aphanizomenon flosaquae were sensitive to
the three macrophyte extracts while M. aeruginosa was
only sensitive to A. calamus and O. javanica extracts under
the extracts concentration of 100 mg-L™'.

The control of water-bloom organisms has become an
important subject of environmental water management, and
screening of biologically active compounds from macro-
phytes has been paid considerable attention. So far, there has
been much research about algae species in artificial culture,
but little has been reported on the natural phytoplankton
assemblages controlling. In the present study we tested three
aquatic plants for antialgal efficacy. Although some of the
extracts are capable of inhibiting cyanobacteria in experi-
mental conditions, we wanted to test whether they also have
the potential to inhibit natural phytoplankton assemblages in
lake water. As such, we collected the phytoplankton assem-
blages from eutrophic lake water and tested their response to
the 9 extracts from O. javanica, S. sagittifolia, and roots of A.
calamus. As far as we know, it is the first report evaluating
the crude extracts of these three macrophytes against natural
phytoplankton assemblages in Dianchi Lake.

The results showed the Chl-a contents of phytoplankton
assemblages from Dianchi Lake decreased significantly
when treated with the three extracts from A. calamus roots,
which indicated that 4. calamus root extracts stress led to a
decrease in the phytoplankton biomass. This result is accor-
dance with the findings of natural phytoplankton assem-
blages from Chaohu Lake in Anhui Province, which were
dominated by the genera Microcystis and Anabaena, and
were inhibited by the 7. dealbata roots aqueous extracts
[21]. Colonial M. aeruginosa is the main bloom species in
the phytoplankton assemblages from Dianchi Lake in sum-
mer [27]. The growth of M. aeruginosa (unicellular) was
inhibited by the extracts from O. javanica and A. calamus
roots (Fig. 1), while the growth of natural phytoplankton
assemblages from Dianchi Lake was only inhibited by the
extracts from A. calamus roots (Fig. 1). That is to say both
the unicellular and colonial Microcystis strains were inhib-
ited by the extracts from A4. calamus roots, and unicellular
M. aeruginosa was more sensitive than the colonial strain.
This result is consistent with the results of Park et al. [5],
who reported that growth inhibition of unicellular M.
aeruginosa was much higher than that of colonial M.
aeruginosa (prevalent in Microcystis water bloom) when
treated with rice hull crude extract. It has been reported that
colonial Microcystis strains have strong resistance to stress

[28] and endure stress better than the unicellular strains
[29]. Based on these findings, the different sensitivities of
M. aeruginosa and nature phytoplankton assemblages to
the extracts from O. javanica may correlates positively with
the colony size of Microcystis strains.

In previous studies, the 72 h ECs, of many allelochem-
icals have been measured, such as ethyl-2-methylacetoac-
etate (0.5 mg-L") [20], pyrogallic acid (2.97 mg-L") [19],
gallic acid (5.5 mg'L") [30], the ethyl acetate extract from
Hydrilla verticillata (1,280 mg-L") [7], and the chloroform
extracts from extracts of Phellodendron amurense (173.3
mg-L") [31]. Among them, most of the solo compound
exhibits the lower EC;,, while the EC;, of crude extracts are
higher. Compared with the H. verticillata [7], the extracts
from O. javanica, S. sagittifolia, and A. calamus showed
lower ECy, values (Table 1) on Anabaena flosaquae. And
although the 72 h EC;, of hexane extract from A. calamus
roots on M. aeruginosa was 13.59 mg-L"', the ECs, on nat-
ural phytoplankton assemblages was 48.75 mg-L"'. The
result demonstrated that the growth inhibitory activities of
allelochemicals on unicellular M. aeruginosa could not
instead of the efficacies for controlling Microcystis bloom
completely. And according to the different sensitivities of
Microcystis species, the colonial Microcystis strains or nat-
ural Microcystis bloom will be considered as the target
organism when studing allelpoathy between macrophytes
and Microcystis strains or searching algicides for
Microcystis bloom control.

Our results show that the extracts from three emergent
macrophytes (4. calamus, O. javanica, and S. sagittifolia)
can inhibit the growth of cyanobacteria. And the effect of
extracts on algae exhibit species-specific activities obvious-
ly. As for M. aeruginosia, the lowest 72 h ECy, was 9.23 mg
/L of EtOH extracts of O. jacanica. The maximal inhibition
of Anabaena flosaque was achieved in hexane extracts of S.
sagittifolia with the ECs, of 12.38 mg/L. As for
Aphanizomenon flosaquae, the ECs of S. sagittifolia hexa-
ne extract and 4. calamus hexane extract was 13.57 and
14.87 mg/L, respectively. The growth of natural phyto-
plankton assemblages was only inhibited by A. calamus root
extracts, and the ECy, of hexane extracts was 48.75 mg/L.
These results demonstrated that the growth inhibitory activ-
ities of allelochemicals on unicellular M. aeruginosa cannot
instead of the efficacies for controlling Microcystis bloom
completely. And according to the different sensitivities of
Microcystis species, the colonial Microcystis strains or nat-
ural Microcystis bloom will be proposed as the target organ-
ism when s for Microcystis bloom control.
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