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Growth of Microcystis aeruginosa could be inhibited significantly within 24 h by the
extracellular substances prepared from Aeromonas sp. strain FM. During the treatment, the
concentration of extracellular soluble carbohydrates increased significantly in algal culture.
Morphological and ultrastructural changes in M. aeruginosa cells, including breakage of the
cell surface, secretion of mucilage, and intracellular disorganization of thylakoids, were
observed. HPLC-MS analysis showed that the extracellular substances of Aeromonas sp. strain
FM were a mixture of free amino acids, tripeptides, and clavulanate. Among these, the algae-
lysis effects of lysine and clavulanate were confirmed.
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Cyanobacterial blooms severely impair water quality
and pose operational problems to water treatment plants.
Biological methods using algicidal bacteria have the
potential to inhibit algal growth in freshwater and marine
systems [5, 10-15, 17, 21, 23]. To date, most algicidal
bacteria have been reported to exert effects via indirect
attack, by synthesizing algicidal extracellular substances [4,
6, 14, 16, 18, 20, 25]. Aeromonas sp. strain FM was previously
isolated from a reservoir as an algicidal bacterium [22]. In
the present study, its extracellular substances associated
with its algicidal effect were prepared, and the effect on
Microcystis aeruginosa was investigated.

To prepare extracellular substances, strain FM was
cultivated in LB medium for 36 h. The extracellular substances
were extracted with butyl alcohol. The extracts were
subsequently concentrated to dryness on a rotary evaporator,
and then applied to a PAX-SPE column (150 mg/6 ml; Agela
Technologies Co. Ltd., China) after dissolving in distilled
water. The anticyanobacterial substances were eluted with
formic acid—methanol solution (1:20 (v/v)), after which they
were evaporated to dryness. Approximately 0.6 g of dry
anticyanobacterial substance was obtained from 1,200 ml
EM cultures. The collected extracellular substances were

redissolved in sterilized water and subjected to algicidal
test as described previously [26]. After 40 ug/ml extracellular
substances were added to the M. aeruginosa cultures at the
exponential phase (4.6 x 10° cells/ml), the color and dispersity
of the algal culture changed significantly within 15 min. M.
aeruginosa cells tended to aggregate and form a mass (Fig. 1).
Simultaneously, M. aeruginosa cells were monitored by
microscopic observation, and it was shown that most cells
remained intact within 1 h. The cells were completely lysed
after 24 h, whereas the biomass of M. aeruginosa increased
in the untreated control (Fig. 1). Moreover, the effective
concentration of the prepared extracellular substances against
M. aeruginosa was 10 pg/ml.

During treatment with the prepared extracellular
substances, the extracellular soluble carbohydrates in BG11
cultures of M. aeruginosa were monitored. The algal cells
were discarded and the soluble carbohydrates in the BG11
medium were quantified spectrophotometrically by the
phenol-sulfuric acid method using glucose as a standard
[7]. Simultaneously, the BG11 cultures of M. aeruginosa
without treatment were used as a control. As shown in
Fig. 2, 1 h after the extracellular substances were added, the
concentration of soluble carbohydrates increased from
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Fig. 1. Effects of extracellular substances prepared from Aeromonas sp. strain FM on M. aeruginosa.
Pairs of wells show M. aeruginosa cultured in BG11 with (right wells) and without (left wells) extracellular substances after treatment for 0, 15, 60,

and 600 min.

10 to 76 pg/l, after which it slowly increased to 83 pg/1. It
should be noted that the extracellular soluble carbohydrates
concentration of the untreated control as well as that of the
initially treated algal culture was relatively low (10 pg/1).
These results indicate that the extracellular substances of
strain FM stimulated M. aeruginosa to secrete extracellular
soluble carbohydrates. M. aeruginosa is known to produce
extracellular soluble carbohydrates with different compositions
[8]. Similarly, an increase of carbohydrate contents was
observed after M. aeruginosa FACHB-905 cell exposure to
an algicidal Streptomyces sp. [19]. Moreover, it has been
shown that the production of extracellular polysaccharide
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Fig. 2. Extracellular soluble carbohydrates in M. aeruginosa
culture after the addition of extracellular substances from
Aeromonas sp. strain FM ( &), in comparison with untreated M.
aeruginosa control ().

Data are the means + standard deviation of three independent assays.
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can serve as a protective response to adverse factors such
as toxic metal ions [2], cyanobacterial toxin [9], and
protozoan predation [29].

Additionally, cells of M. aeruginosa treated with the
extracellular substances were observed by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). Samples were prepared according to Ozaki ef al.
[24] and Wang et al. [27]. As shown in Fig. 3, cells of M.
aeruginosa changed morphologically and ultrastructurally
during treatment with extracellular substances. Typical
scanning electron micrographs, shown in Figs. 3A-3C,
revealed changes in morphology. Gelatinous substances
appeared on the cell surface after treatment with the
extracellular substances for 1 h (Fig. 3B). The cell surface

E
Fig. 3. SEM and TEM observations of M. aeruginosa during
treatment with the extracellular substances from Aeromonas
sp. strain FM.

Algal cell changes after treatment are shown in the SE micrographs A:
0h, B:1h, and C: 24 h; and TE micrographs D: 0 h, E: 1 h, and F: 24 h.
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was broken and changed from smooth to rough after 24 h
(Fig. 3C). The morphological changes in M. aeruginosa cells
indicated that extracellular polysaccharide was produced
during the treatment, which was in accordance with the
increase of extracellular soluble carbohydrates shown in
Fig. 2. Moreover, the secretion of carbohydrates resulted in
the assembly of algal cells, shown in Fig. 1. Transmission
electron micrographs showed that the untreated cells
appeared as normal prokaryotic cells (Fig. 3D). However,
intracellular damage was observed 1 h after the addition of
extracellular substances, and the thylakoids were disordered
in some algal cells (Fig. 3E). After 24 h, distortion of the
plasma membrane and disorganization of thylakoids were
observed in most cells (Fig. 3F). The ultrastructural change
of M. aeruginosa cells confirmed that the cells collapsed and
growth was inhibited during the treatment. Ozaki et al. [24]
used SEM to demonstrate types of morphological changes
in the cyanobacterial cells corresponding to treatment with
different anticyanobacterial agents, with terpenoids being
found to cause cell stripping and basic amino acids to cause
swelling followed by collapse. Similarly, allelochemicals
produced by bacteria, such as indole and 3-oxo-a-ionone,
could damage the thylakoid membranes of cyanobacteria
and consequently decrease the effective quantum yields,
eventually leading to the failure of photosynthesis [28].

To analyze the anticyanobacterial extracellular substances,
high-performance liquid chromatography mass spectrometry
(HPLC-MS) analysis was performed according to Wang et
al. [26]. Free amino acids of the prepared extracellular
substances were also analyzed using a high-speed automatic
amino acid analyzer (Hitachi 835-50; Japan). The main
components of the extracellular substances of Aeromonas
sp. strain FM determined by HPLC-MS analysis included
16 amino acids (Glu, Ser, Gly, His, Arg, Thr, Ala, Pro, Tyr,
Val, Met, Cys, lle, Leu, Phe, Lys), tripeptides (Asp-Glu-Gln,
Tyr-Lys-Ser, Pro-Phe-Glu, His-Trp-His) and clavulanate. The
lysis effects of each compound on M. aeruginosa (10° cells/ml)
were tested using the corresponding pure substance, and
the algicidal activity was determined as described previously
[26]. The results showed that the effective concentrations
for significant inhibition against M. aeruginosa by lysine
and clavulanate were 10 mg/1 and 0.4 mg/l, respectively.
However, Glu, His, and Arg showed significant inhibitory
effects against M. aeruginosa at concentrations above
100 mg/1 (Table 1). No significant inhibitory effects were
detected for the other components. In addition, although
clavulanate and lysine could significantly inhibit the growth
of cyanobacteria, neither of them could induce an increase
in the soluble carbohydrates concentration of the algal culture.

Table 1. Effective concentrations of algicidal extracellular
substances components

Components ~ Minimum concentration (mg/1) for algicidal effect*
Clavulanate 0.4

Lysine 10

Glutamic acid >100

Histidine >100

Arginine >100

*Algicidal activity > 20%.

Algicidal bacteria strains produce different extracellular
substances targeting specific ranges of algae. Vibrio shiloi
biosynthesized an extracellular 12-residue proline-rich
peptide to inhibit photosynthesis of coral symbiotic algae
[1], and another strain of Vibrio sp. synthesized B-cyano-L-
alanine against cyanobacteria [30]. Dissolved free amino
acids were found to inhibit or strongly decrease the biomass
and growth rates of diatoms, which may serve as a soluble
factor to induce the secretion of extracellular carbohydrates
[3]. Thus, the effects of extracellular substances against M.
aeruginosa observed in the present study were likely the
result of a combined activity of different substances. The
function of each component and their correlation should be
investigated in future studies.

Acknowledgments

This research was supported by the National Major
Projects on Control and Management of Water Body
Pollution (Grant No. 2008ZX07422-002).

References

1. Banin E, Khare SK, Naider F, Rosenberg E. 2001. Proline-
rich peptide from the coral pathogen Vibrio shiloi that inhibits
photosynthesis of zooxanthellae. Appl. Environ. Microbiol. 67:
1536-1541.

2. Bi XD, Zhang SL, Dai W, Xing KZ, Yang F. 2013. Effects of
lead(Il) on the extracellular polysaccharide (EPS) production
and colony formation of cultured Microcystis aeruginosa.
Water Sci. Technol. 67: 803-809.

3. Bruckner CG, Rehm C, Grossart HP, Kroth PG. 2011.
Growth and release of extracellular organic compounds by
benthic diatoms depend on interactions with bacteria.
Environ. Microbiol. 13: 1052-1063.

4. Chen WM, Sheu FS, Sheu SY. 2011. Novel L-amino acid
oxidase with algicidal activity against toxic cyanobacterium
Microcystis aeruginosa synthesized by a bacterium Aquimarina
sp. Enzyme Microb. Technol. 49: 372-379.

September 2013 | Vol. 23 | No.9



1307

10.

11.

12.

13.

14.

15.

16.

17.

Liu et al.

. Choi H, Kim B, Kim ], Han M. 2005. Streptomyces

neyagawaensis as a control for the hazardous biomass of
Microcystis aeruginosa (cyanobacteria) in eutrophic freshwaters.
Biol. Control 33: 335-343.

. Cho JY. 2012. Algicidal activity of marine Alteromonas sp.

KNS-16 and isolation of active compounds. Biosci. Biotechnol.
Biochem. 76: 1452-1458.

. Dubois M, Gilles KA, Hamilton JK, Rebers PA, Smith F.

1956. Colorimetric method for determination of sugars and
related substances. Anal. Chem. 28: 350-356.

. Formi C, Telo” FR, Caiola MG. 1997. Comparative analysis

of the polysaccharides produced by different species of
Microcystis (Chroococcales, Cyanophyta). Phycologia 36: 181-
185.

. Gan N, Xiao Y, Zhu L, Wu Z, Liu J, Hu C, Song L. 2012.

The role of microcystins in maintaining colonies of bloom-
forming Microcystis spp. Environ. Microbiol. 14: 730-742.

Jung SW, Kang YH, Baek SH, Lim D, Han MS. 2013.
Biological control of Stephanodiscus hantzschii (Bacillariophyceae)
blooms in a field mesocosm by the immobilized algicidal
bacterium Pseudomonas fluorescens HYK0210-SK09. J. Appl.
Phycol. 25: 41-50.

Kang YH, Park CS, Han MS. 2012. Pseudomonas aeruginosa
UCBPP-PA14, a useful bacterium capable of lysing Microcystis
aeruginosa cells and degrading microcystins. J. Appl. Phycol.
24: 1517-1525.

Kang YK, Cho SY, Kang YH, Katano T, Jin ES, Kong DS,
Han MS. 2008. Isolation, identification and characterization
of algicidal bacteria against Stephanodiscus hantzschii and
Peridinium bipes for the control of freshwater winter algal
blooms. J. Appl. Phycol. 20: 375-386.

Kim BH, Sang M, Hwang S], Han MS. 2008. In situ bacterial
mitigation of the toxic cyanobacterium Microcystis aeruginosa:
implications for biological bloom control. Limnol. Oceanogr.
Methods 6: 513-522.

Kim D, Kim JF, Yim JH, Kwon SK, Lee CH, Lee HK. 2008.
Red to red — the marine bacterium Hahella chejuensis and its
product prodigiosin for mitigation of harmful algal blooms.
J. Microbiol. Biotechnol. 18: 1621-1629.

Kim JD, Lee CG. 2006. Antialgal effect of a novel
polysaccharolytic Sinorhizobium kostiense AFK-13 on Anabaena
flos-aquae causing water bloom. ]. Microbiol. Biotechnol. 16:
1613-1621.

Kim JD, Lee CG. 2007. Purification and characterization of
extracellular B-glucosidase from Sinorhizobium kostiense AFK-
13 and its algal lytic effect on Anabaena flos-aquae. ].
Microbiol. Biotechnol. 17: 745-752.

Kim YS, Lee DS, Jeong SY, Lee W], Lee MS. 2009. Isolation
and characterization of a marine algicidal bacterium against

J. Microbiol. Biotechnol.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

the harmful raphidophyceae Chattonella marina. J. Microbiol.
47: 9-18.

Kodani S, Imoto A, Mitsutani A, Murakami M. 2002. Isolation
and identification of the antialgal compound, harmane (1-
methyl-B-carboline), produced by the algicidal bacterium,
Pseudomonas sp. K44-1. ]. Appl. Phycol. 14: 109-114.

Kong Y, Xu X, Zhu L. 2013. Cyanobactericidal effect of
Streptomyces sp. HJC-D1 on Microcystis aeruginosa. PLoS One
8: e57654.

Lee S, Kato J, Takiguchi N, Kuroda A, Ikeda T, Mitsutani A,
Ohtake H. 2000. Involvement of an extracellular protease in
algicidal activity of the marine bacterium Pseudoalteromonas
sp. strain A28. Appl. Environ. Microbiol. 66: 4334-4339.

Lee YK, Ahn CY, Kim HS, Oh HM. 2010. Cyanobactericidal
effect of Rhodococcus sp. isolated from eutrophic lake on
Microcystis sp. Biotechnol. Lett. 32: 1673-1678.

Liu YM, Wang MH, Jia RB, Li L. 2012. Removal of
cyanobacteria by an Aeromonas sp. Desalin. Water Treat. 47:
205-210.

Li Y, Hongyi W, Komatsu M, Ishibashi K, Jinsan L, Ito T, et
al. 2012. Isolation and characterization of bacterial isolates
algicidal against a harmful bloom-forming cyanobacterium
Microcystis aeruginosa. Biocontrol Sci. 17: 107-114.

Ozaki K, Ito E, Tanabe S, Natsume K, Tsuji K, Harada K. 2009.
Electron microscopic study on lysis of a cyanobacterium
Microcystis. ]. Health Sci. 55: 578-585.

Park SC, Lee JK, Kim SW, Park Y. 2011. Selective algicidal
action of peptides against harmful algal bloom species. PLoS
One 6: €26733.

Wang MH, Peng P, Liu YM, Jia RB, Li L. 2013. Algicidal
activity of a dibenzofuran-degrader Rhodococcus sp. ]. Microbiol.
Biotechnol. 23: 260-266.

Wang X, Gong L, Liang S, Han X, Zhu C, Li Y. 2005.
Algicidal activity of rhamnolipid biosurfactants produced
by Pseudomonas aeruginosa. Harmful Algae 4: 433-443.

Wu Y, Liu ], Yang L, Chen H, Zhang S, Zhao H, et al. 2011.
Allelopathic control of cyanobacterial blooms by periphyton
biofilms. Environ. Microbiol. 13: 604-615.

Yang Z, Kong F. 2012. Formation of large colonies: a defense
mechanism of Microcystis aeruginosa under continuous grazing
pressure by flagellate Ochromonas sp. J. Limnol. 71: 61-66.
Yoshikawa K, Adachi K, Nishijima M, Takadera T, Tamaki
S, Harada K, et al. 2000. B-Cyanoalanine production by
marine bacteria on cyanide-free medium and its specific
inhibitory activity toward cyanobacteria. Appl. Environ. Microbiol.
66: 718-722.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /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 900
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


