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ABSTRACT

In the present study, the biocontrol of harmful algae by an algicidal bacterium Aeromonas sp.
strain FM was examined. The threshold concentration of FM for its algicidal activity against
the exponentially growing Microcystis aeruginosa was 2.1 x 10® cfumL . The influence of tem-
perature on algae removal was tested, and the result indicated that the summer temperature
30°C favored the algicidal activity of the bacterium strain when compared to 20°C, the repre-
sentative temperature of spring or autumn. A strong algicidal effect of strain FM was
observed against M. aeruginosa, M. flos-aquae, Anabaena cylindrica, A. flos-aquae, and Nodularia
spumigena. Based on these tests, the removal of M. aeruginosa treated by Aeromonas sp. strain
FM harboring in Aquamats was carried out. After 7d treatment, M. aeruginosa at
7.5 x 10° cellsmL ™! with a total volume of 10L decreased 85% of its biomass, following with
a decay of the inoculated algicidal strain FM. The electron microscope images demonstrated
that the strain severely damaged the cell wall of M. aeruginosa. The results of the present
study indicated the application potential of the biocontrol of harmful algae by algicidal bac-

teria.
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1. Introduction

Algal blooms occur widespread in eutrophic
water bodies, which intensely affect aquatic
ecosystems, resulting in a light-level reduction, water
deoxygenation, odor production, and water-quality
deterioration. Many species of cyanobacteria produce
cyanotoxins [1-4], and as a result, such blooms create
serious threats to animal and human health. In partic-
ular, Microcystis aeruginosa is one of the most common
freshwater bloom-forming species of cyanobacteria. It
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attracts the concern for its ability to produce microcys-
tins and an odour, which significantly impair the
water quality.

A variety of approaches have been performed to
control the harmful algal blooms, among which, much
attention has been devoted to the biological control
method owing to its ecological benefits in nature. As
reported, microorganisms, such as algal viruses [5-7],
algicidal bacteria [8-12], protozoan grazers [13,14],
and eukaryotic parasites including fungi [15] and cer-
tain flagellates [16,17], all have the potential to exert
controlling effects on the species of blooming cyano-
bacteria. Biological controls using bacteria against
harmful algal blooms are of particular interest in
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freshwater and marine systems. Up to the present
time, many algicidal bacteria have been isolated to
control algae-blooming [18-21], and most of the stud-
ies on freshwater have targeted the toxin-synthesis
cyanobacteria [22-26].

In the present study, the removal of cyanobacteria
by an Aeromonas sp. harboring in Aquamats was stud-
ied. The influence of algicidal bacteria density, tem-
perature, and algal species on algal removal was
tested, and the changes of algal cells during treatment
were confirmed by an electron microscope observa-
tion. The purpose of the present study was to explore
the biocontrol of harmful algae by an algicidal bacte-
rium.

2. Materials and methods
2.1. Cyanobacteria strains and algicidal bacterium

The axenic strains of cyanobacteria used in this
study were obtained from the Freshwater Algae Cul-
ture Collection of the Institute of Hydrobiology, Chi-
nese Academy of Sciences (FACHB-Collection;
Wuhan, China), including M. aeruginosa FACHB 927,
M. aeruginosa FACHB 975, M. flos-aquae FACHB
1,028, Anabaena cylindrica FACHB 170, A. cylindrica
FACHB 243, A. flos-aquae FACHB 245, and Nodularia
spumigena FACHB 377. The algicidal bacterium strain
FM used in the present study was isolated from a
eutrophic reservoir (Jinan, China), which was
obtained by screening on the algal plate, as
described by Sakata [27]. The algicidal bacterium
was identified as Aeromonas sp. based on its 165
rRNA gene sequence available under the GenBank
Accession No HM560619.

2.2. The algae removal tests for the effects of bacteria
density, temperature, and algae species

To test algae removal with a bacterial strain FM, a
colony of strain FM was inoculated into a nutrient
broth and cultured for 20h at 30°C, shaking at
150rpm reciprocally and then spreading onto the
Nutrient Agar plates to form lawns for 2d. The cells
of lawns were collected and suspended with sterilized
BG11 medium and mixed with cyanobacteria of expo-
nential growth in 250mL flasks. The mixed systems
were incubated at 30°C under 20pmol(photons)
m 25! in a 12:12 light-dark cycle.

The cell concentration of cyanobacteria was moni-
tored by direct count under a light microscope. The
algicidal activity of strain FM was evaluated by the
following equation:

Algicidal activity (%) = (1 — T;/C;) x 100,

where T (treatment) and C (control) are the cell densi-
ties of cyanobacteria with and without inoculation of
strain FM, respectively, and t is the inoculation time.
All the tests were carried out in triplicate and were
followed with FM-uninoculated controls.

2.3. Algicidal tests with strain FM harboring in Aquamats

Algicidal tests against M. aeruginosa were con-
ducted in 12L tanks (20 x 20 x 30 cm) at a natural tem-
perature (about 18-22°C) with a working volume of
10 L. The bacterium strain FM was cultured in a nutri-
ent broth to its early stationary phase (about 36 h) and
incubated with Aquamats (Meridian Applied Technol-
ogy Systems, Calverton, MD, USA) for 24h to facili-
tate strain colonization. The Aquamats (20 x 30cm)
with colonized FM was wrapped with nonwoven
(polyester material, mean pore size 40 um) and was
placed vertically into a glass tank. The experimental
trials were divided into three groups. Each group was
performed in duplicate. Group A was the Aquamats-
nonwoven without colonized FM submerged into the
M. aeruginosa culture in BG11 medium, serving as one
of the controls. Group B was FM colonized and non-
woven wrapped Aquamats submerged into a M. aeru-
ginosa culture in a BG11 medium, serving as the
treatment group. Group C was the M. aeruginosa cul-
ture in a BG11 medium without inoculation of strain
FM and served as the second control (Fig. 1). Artificial
light (10 pmol (photons) m ?s™') was supplied to com-
pensate for insufficient room light with a 12:12 light-
dark cycle. The initial algal concentration was about
7.5 x 10° cellsmL~". The samples from each tank were
monitored for biomass fluctuation of M. aeruginosa by
a direct count, and the biomass of freely suspended
FM was detected by a plate count.

2.4. Electron microscopy observation

The cells of M. aeruginosa treated by strain FM
were observed by a scanning electron microscope
(SEM). The samples for SEM the observation were
prepared as follows: the samples were washed twice
with 0.1 M PBS buffer (pH 7.2) and fixed in 2.5% glu-
taraldehyde at 4°C for 24h, and post-fixed in 1%
osmium tetroxide at 4°C for 60 min, followed by rins-
ing with 0.1M PBS buffer (pH 7.2) after fixation. The
specimens were then dehydrated by an acetonitrile
series (50, 75, 95, and 100%) and dried with Critical-
Point Dryer (HCP-2, Hitachi Electronic Instruments,
Tokyo, Japan). Finally, the specimens were sputter-
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Fig. 1. The reactor used in the algicidal tests with the strain FM harboring in Aquamats.

coated with platinum and examined under an H-8010
SEM (Hitachi, Japan).

3. Results
3.1. The effect of algicidal bacteria density on algal removal

To determine the effective alga-lysis threshold con-
centration of FM against M. aeruginosa FACHB 927, the
alga culture of about 4.6 x 10°cellsmL™" in an early
exponential phase was inoculated with FM at concen-
trations ranging from 7 x 10” to 2.1 x 10° cfumL . Sig-
nificant inhibition of the algal growth took place when
more than 2.1 x 10° cftumL ™' FM was inoculated. When
the FM was inoculated at a concentration of
2.1 x 10° cfumL ™, the algal cell was completely lysed
after 4d (Fig. 2). While the FM inoculated at a concen-
tration below 7 x10”cfumL™" did not inhibit the
growth of M. aeruginosa significantly. M. aeruginosa with
increasing concentration could also be lysed effectively

M. aeruginosa (1 06 cells ml'1)
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Fig. 2. Growth of Microcystis aeruginosa at initial
concentrations of 4.6 x 10°cellsmL ™! when inoculated FM
at the concentration of 0 (O), 7 x 107(A), 2.1 x10% (W),
7x10® (), and 2.1 x10° (W) cfumL™’. Data are means
+standard deviation from at least three independent
assays.

with an extension of time. More than 85% of
1.4 x 107 cellsmL ™" M. aeruginosa was lysed by FM at a
concentration of 2.1 x 10° cfu mL. " within 4d (Fig. 3).

3.2. The effect of temperature on algal removal

To test the effect of temperature on the algae
removal by algicidal bacteria, algicidal tests to M.
aeruginosa by strain FM were carried out at 20 and
30°C, respectively, the former of which represents
the temperatures of spring and autumn, and the lat-
ter of which represents that of summer. As shown
in Fig. 4, the cells of M. aeruginosa were completely
removed during the 5-d treatment by the strain FM
at 30°C, and the removal rate was relatively slow
for the treatment by FM at 20°C. The result indi-
cated that a high temperature favored the algicidal
activity of bacteria.
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Fig. 3. The growth of Microcystis aeruginosa at an initial
concentration of 1.4 x10”cellsmL~'. (0J) represents the
density of M. aeruginosa in untreatment control; (H)
represents the density of M. aeruginosa treated with
Aeromonas sp. strain FM. Data are means +standard
deviation from at least three independent assays.
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Fig. 4. The effect of temperature on the algicidal activity.

3.3. Cyanobactericidal range of strain FM

To test whether the antialgal activity of strain FM
was specific to M. aeruginosa FACHB 927, the antialgal
activity of strain FM against other cyanobacterial
strains was tested. As shown in Table 1, after co-cul-
ture for 7d, the growth of all the tested cyanobacteria
strains was significantly inhibited.

Table 1
Cyanobactericidal activity of strain FM on different
cyanobacteria

Tested Final cell density of  Algicidal activity
cyanobacteria FM-uninoculated after FM
control treatment
(x10°cellsmL ™) for 6d (%)
A. flos-aquae  3.13 100
FACHB
245
A. cylindrica  3.65 100
FACHB
170
N. spumigena  0.58 87.9
FACHB
377
A. cylindrica  2.53 100
FACHB
243
M. flos-aquae  4.23 100
FACHB
1,028
M. aeruginosa  5.88 91.2
FACHB
975
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3.4. The removal of M. aeruginosa by the strain FM
harboring in Aquamats

To explore the field application of algicidal
bacteria, artificial substrate Aquamats was used for
bacterium harboring, and algicidal tests against M.
aeruginosa with strain FM harboring in Aquamats
were performed. As shown in Fig. 5, the biomass of
M. aeruginosa with a total volume of 10L and the
concentration of 7.5x 10°cellsmL™' decreased about
85% after 7d treatment. During the treatment, the
FM cells harboring in Aquamats gradually released
to be freely suspended cells and attained the highest
concentration of about 6.6 x 10°cfumL ™" in the tank
at the second day (Fig. 6). Then as expected, freely
suspended FM cells gradually decreased to be
<10*cfumL™' with the decrease of algal biomass.
Two kinds of controls designed as M. aeruginosa cul-
tured in BG11 medium or with uninoculated Aqua-
mats-nonwoven showed an increase in M. aeruginosa
density, indicating that the algicidal effect was
exerted by strain FM and unrelated to the harboring
substrate Aquamats.

3.5. Morphological changes in M. aeruginosa cells during
treatment

The cells of M. aeruginosa varied morphologically
during the treatment with FM were observed by SEM.
Typical scanning electron micrographs are shown in
Fig. 7, Fig. 7(A) shows that the untreated cells were
smooth and regular, and Fig. 7(B) shows that cells of
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Fig. 5. Algicidal tests against Microcystis aeruginosa with
strain FM harboring in Aquamats. Bars represent the
density of M. aeruginosa in an untreatment control, density
of M. aeruginosa with uninoculated Aquamats, and density
of M. aeruginosa with inoculated Aquamats, respectively.
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Fig. 6. The biomass of suspended Aeromonas sp. strain FM

(M) in the reactor during algicidal tests against M.
aeruginosa.
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Fig. 7. Scanning electron micrographs of Microcystis
aeruginosa treated with Aeromonas sp. strain FM. The
untreated cells of M. aeruginosa control are shown in A
and treated cells within 96 h are shown in B.

M. aeruginosa under treatment presented irregular out-
lines, deflated surface, and distinct holes, and were
wrapped and stuck together.

4. Discussion

The biocontrol of harmful algae is a promising
approach in aquatic environment, especially, using
algicidal bacteria. Up to the present time, the algae
removal by some algicidal bacterial strains has been
reported, including Xanthobacter autotrophicus [26],
Pseudomonas fluorescens [28], Pseudoalteromonas [18,19],

Sinorhizobium kostiense [29], Acidovorax delafieldii [20],
Bacillus, Dietzia, Janibacter, and Micrococcus [21]. As we
have known, the population dynamics of algicidal bac-
teria have a close relationship with the phytoplankton
[30]. For an application purpose, it is important to test
the threshold cell concentration of an algicidal strain
for its effect on algal-lysis. In the present study, the
isolated algicidal bacterium Aeromonas sp. FM had a
threshold density at 2.1 x 10*cfumL ™" to inhibit M.
aeruginosa, which was at an exponential phase and
about 4.6 x 10°cellsmL ™" initially. The algicidal effect
increased with an increase in the FM concentration.
The threshold concentration of SM02 for maximal algi-
cidal activity against a natural bloom of M. aeruginosa
(1.5 x 10°cellsmL™") was 107 cfumL™" [27], and very
similarly, Stephanodiscus-killing bacteria, such as
HYY0510-SK04, HYY0511-SK09, and HYKO0512-5K12,
showed algicidal activity with bacteria at a final con-
centration higher than the 107 cellsmL ™" [20]. Consid-
ering the difference in algal strains and their
concentrations, the algicidal activity of these bacteria
was comparable. In these tests, the growth condition
was optimal to the algal population, but not to the
algicidal heterotrophic bacteria, which where close to
the natural condition. In such a case, the algicidal bac-
teria did not benefit from the decay of algae. This phe-
nomenon was previously proved by the coculture of
SMO02 and M. aeruginosa [27]. In the present study, the
algicidal tests in 12 L tanks showed the decline of algi-
cidal bacteria coupled with the decay of M. aeruginosa.
The result suggested the fates of algicidal bacteria
when they were served as biological agents to control
the M. aeruginosa blooms in the field. It should be
noted that the water quality would worsen owing to
massive cells’ decay. In contrast, when A. denitrificans
were inoculated at low densities (10°cellsmL™")
together with Microcystis species, the bacterium prolif-
erated to 10°cellsmL " and caused algal cell lysis [22],
implying that the algicidal bacterium proliferation took
the place of algae bloom during the period of treat-
ment. Thus, how to use all kinds of algicidal bacteria
as biological agents to control the algal blooms in the
field remains to be speculated.
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